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Abstract. Diclofenac (DCF), a nonsteroidal anti-inflammatory drug, is a micropollutant resistant 
to biodegradation. Consequently, it is necessary to apply processes that induce DCF biodegradabil-
ity or get its mineralisation. The aim of this paper was the investigation of DCF degradation by a 
photocatalytically-assisted electrochemical method. Dimensionally stable anodes (DSA) consisting 
of Ti/RuO2-TiO2 and zeolite-supported TiO2 based on (Z-TiO2-Ag and Z1-TiO2) photocatalysts 
were used. The experiments were carried out by applying current densities of 75, 100 and 200 A/m2 
simultaneously with UV irradiation for 60 and 120 min at concentration of the photocatalysts of 1 
g/l. The concentration of DCF in the solutions that underwent degradation increased incrementally: 
50, 100 and 200 mg/l. The process was followed by ultraviolet (UV) spectra recording and chemi-
cal oxygen demand (COD-Cr) determination. The results showed the effectiveness of this method 
towards degradation and also mineralisation of DCF. For an initial concentration of 50 mg/l DCF, 
an applied current density of 200 A/m2, 120 min electrolysis and UV irradiation, and Z-TiO2-Ag 
photocatalyst, the recorded removal efficiency of COD-Cr was 57.86%. 

Keywords: diclofenac, dimensionally stable anodes, photocatalytically-assisted electrochemical 
degradation.

AIMS AND BACKGROUND

The aim of this study was to assess the degradation of diclofenac (DCF), a non-
steroidal anti-inflammatory drug, by a photocatalytically-assisted electrochemical 
method. Dimensionally stable anodes (DSA) were used in the electrochemical 
reactor. The photocatalysts were based on supported TiO2-zeolite (Z-TiO2-Ag and 
Z1-TiO2). Also, photoelectrochemical experiments were carried out to determinate 
the contribution of the photocatalysts on pollutant degradation.
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DCF is one of the most prescribed drugs in the world for pain relief and it can 
be found in the aquatic environment in the range of ng-μg/l concentrations1,2, thus 
it is called a micropollutant. Even at these low concentrations, DCF has undesired 
effects upon the aquatic organisms3,4. 

Wastewaters from pharmaceutical industry are discharged in the sewerage 
systems and thus pharmaceuticals enter the wastewater treatment plants and pass 
through them almost unchanged. Therefore, the main source of pharmaceuticals 
in the aquatic environment is represented by the effluents of wastewater treatment 
plants5,6. 

Electrochemical methods were applied for pollutants detection7 or waste-
waters treatment8 because of their advantages, i.e. versatility and environmental 
compatibility.

Studies were carried out both for DCF detection9,10 and its degradation. Thus, 
various methods were applied for DCF degradation or removal, as it has been 
reported: sonoelectrochemical degradation11, adsorption12–14, photocatalysis15,16 or 
electrochemical degradation17,18. 

The photocatalytically-assisted electrochemical method is very promising 
with respect to the advanced treatment of pharmaceuticals effluents that contain 
pharmaceuticals. The anode material is crucial regarding the process evolution and 
the DSA could be a viable choice because of its electrochemical stability. 

EXPERIMENTAL

DCF (2-[2′,6′-dichlorophenyl)amino]phenylacetic acid) was supplied by Amoli 
Organics Ltd as sodium salt and was pharmaceutical grade. Sodium sulphate was 
purchased from Merck. Distilled water was used for the preparation of the solu-
tions. The working solutions were of 50, 100 and 200 mg/l DCF, respectively, in 
0.1 M Na2SO4, as supporting electrolyte. 

The DSA anodes used were Ti/RuO2-TiO2 (molar ratio Ru:Ti in the precur-
sors solution was 30:70) and they were prepared by thermal decomposition of 
appropriate precursors. 

The photocatalysts were based on supported TiO2-zeolite: Z-TiO2-Ag (weight 
ratio in the synthesis mixture zeolite: Ag-modified TiO2 was 50:1) and Z1-TiO2 
(weight ratio in the synthesis mixture zeolite: TiO2 was 25:1). The photocatalysts 
were prepared by hydrothermal method under solid-solid conditions from natural 
zeolite and Ag-modified TiO2 or TiO2. Details regarding the photocatalyst synthesis 
and characterisation have been published elsewhere19.

The photocatalytically-assisted electrochemical degradation of DCF was ac-
complished by using two DSA anodes and three stainless steel cathodes at 1 cm 
gap. Active surface area was 36 cm2. Experiments were carried out by applying 
current densities of 75, 100 and 200 A/m2 at electrolysis time of 60 and 120 min. 
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The concentration of the photocatalysts was 1 g/l in any experiments and they were 
kept in suspension by using a magnetic stirrer. The radiation source was a lamp 
UVP: 254 nm UV, 8-W, 230 V ~ 50 Hz and 0.32 A. The irradiation was applied 
on the whole duration of the electrolysis.

The photoelectrochemical experiments were carried out under the same con-
ditions as the photocatalytically-assisted electrochemical ones but in the absence 
of the photocatalyst. 

The samples underwent centrifugation at 5000 rpm and 20 min. A Specord 
205 – Analytic Jena spectrophotometer controlled by computer recorded the UV 
spectra. Also, chemical oxygen demand determination (COD-Cr) was carried out.

RESULTS AND DISCUSSION

The UV spectra of the DCF solutions resulted during the photocatalytically-assisted 
electrochemical degradation process had the shape as it is shown in Fig. 1, for any 
concentration of the initial solution, applied current density or time of degradation. 
The UV spectrum of the DCF in 0.1 M Na2SO4 displayed an absorbance peak at 
277 nm that flattened during the photocatalytically-assisted electrochemical pro-
cess, and new maxima appeared in the spectrum. 
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Fig. 1. UV spectra of DCF in 0.1 M Na2SO4 
Photocatalytically-assisted electrochemical degradation: photocatalyst – Z1-TiO2; anode – Ti/RuO2-
TiO2; current density – 100 A/m2; photocatalysis time: 1 – 0 min, 2 – 60 min, 3 – 120 min

This finding anticipated the yielding of DCF degradation products. But, as it 
is shown in Tables 1–3, the studied process got also the mineralisation of DCF.
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The data listed in Table 1 showed for 200 mg/l DCF initial concentration 
and Z-TiO2-Ag photocatalysts a directly proportional dependence of the COD-Cr 
removal efficiency to applied current density at 60 min and inversely proportional 
at 120 min of photocatalytically-assisted electrochemical process evolution. The 
best results for COD-Cr removal efficiency were recorded at 75 A/m2 both for the 
photocatalytically-assisted electrochemical and photoelectrochemical process, and 
the presence of the photocatalyst had not any contribution to DCF mineralisation. 

The photocatalytically-assisted electrochemical degradation at DCF initial 
concentration of 200 mg/l and Z1-TiO2 photocatalyst revealed a higher COD-Cr 
removal efficiency at 120 min regardless of applied current density. The inversely 
proportional dependence of COD-Cr removal efficiency to applied current density 
was showed for both processes. The data listed in Table 1 showed that for this 
concentration and working conditions, the presence of the photocatalyst did not 
get to best results regarding the aromatic ring breakage.

Table 1. Working conditions and COD-Cr evolution in photocatalytically-assisted electrochemical 
degradation and photoelectrochemical degradation of DCF on Ti/RuO2-TiO2 (cini DCF = 200 mg/l; 
photocatalysts – Z-TiO2-Ag and Z1-TiO2)

Degradation Current  
density  
(A/m2)

Time 
(min)

COD-Cr removal  
efficiency (%)

Z-TiO2-Ag Z1-TiO2
Photocatalytically-assisted electrochemical  75  60 47.78 58.66
Photocatalytically-assisted electrochemical  75 120 65.07 63.25
Photoelectrochemical  75  60 75.41 75.41
Photoelectrochemical  75 120 63.25 63.25
Photocatalytically-assisted electrochemical 100  60 50.71 47.41
Photocatalytically-assisted electrochemical 100 120 58.87 59.26
Photoelectrochemical 100  60 63.48 63.48
Photoelectrochemical 100 120 67.91 67.91
Photocatalytically-assisted electrochemical 200  60 53.90 44.07
Photocatalytically-assisted electrochemical 200 120 33.33 49.26
Photoelectrochemical 200  60 50.71 50.71
Photoelectrochemical 200 120 53.90 53.90

The working conditions and COD-Cr evolution for DCF initial concentration 
of 100 mg/l and the two photocatalysts are presented in Table 2. When Z-TiO2-Ag 
photocatalyst was used for both processes: photocatalytically-assisted electrochemi-
cal and photoelectrochemical, the COD-Cr removal efficiency was higher at 75 A/
m2 and 120 min. Also, COD-Cr removal efficiency was higher for the photoelec-
trochemical process, consequently the contribution of the photocatalyst was not 
significant in the photocatalytically-assisted electrochemical process. 
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The examination of the data listed in Table 2 for Z1-TiO2 photocatalyst showed 
that the photocatalytically-assisted electrochemical degradation was more efficient 
at 120 min regardless of the applied current density. The best results for COD-Cr 
removal efficiency were recorded at the lower of applied current density, namely 
75 A/m2, both in the presence and absence of the photocatalyst. The presence of 
the photocatalyst got to better results regarding COD-Cr removal efficiency only 
for 75 A/m2 and 120 min.

Table 2. Working conditions and COD-Cr evolution in photocatalytically-assisted electrochemical 
degradation and photoelectrochemical degradation of DCF on Ti/RuO2-TiO2 (cini DCF = 100 mg/l; 
photocatalysts – Z-TiO2-Ag and Z1-TiO2)

Degradation Current  
density  
(A/m2)

Time 
(min)

COD-Cr removal  
efficiency (%)

Z-TiO2-Ag Z1-TiO2

Photocatalytically-assisted electrochemical  75  60 42.07 62.96
Photocatalytically-assisted electrochemical  75 120 49.62 73.26
Photoelectrochemical  75  60 65.10 65.10
Photoelectrochemical  75 120 66.59 66.59
Photocatalytically-assisted electrochemical 100  60 26.67 29.22
Photocatalytically-assisted electrochemical 100 120 49.82 35.32
Photoelectrochemical 100  60 41.17 41.17
Photoelectrochemical 100 120 52.92 52.92
Photocatalytically-assisted electrochemical 200  60 – 32.47
Photocatalytically-assisted electrochemical 200 120 – 35.32
Photoelectrochemical 200  60 – 41.17
Photoelectrochemical 200 120 – 44.16

New findings were made when the data shown in Table 3 were taken into 
consideration. When the pollutant concentration was 50 mg/l in the presence of 
Z-TiO2-Ag photocatalyst, the COD-Cr removal efficiency was higher than that 
during the photoelectrochemical process. The best results ware recorded at 120 
min for both applied current densities.

The same behaviour was observed for DCF concentration of 50 mg/l and Z1-
TiO2 photocatalyst. Both processes took place with higher efficiency at 120 min, 
and the presence of the photocatalyst got to higher COD-Cr removal efficiency 
that the photoelectrochemical process. The best results were recorded for the 
photocatalytically-assisted electrochemical degradation at 200 A/m2. 
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Table 3. Working conditions and COD-Cr evolution in photocatalytically-assisted electrochemical 
degradation and photoelectrochemical degradation of DCF on Ti/RuO2-TiO2 (cini DCF =50 mg/l; 
photocatalysts – Z-TiO2-Ag and Z1-TiO2)

Degradation Current  
density  
(A/m2)

Time 
(min)

COD-Cr removal  
efficiency (%)

Z-TiO2-Ag Z1-TiO2
Photocatalytically-assisted electrochemical  75  60 – 25.52
Photocatalytically-assisted electrochemical  75 120 – 50.00
Photoelectrochemical  75  60 – 19.05
Photoelectrochemical  75 120 – 42.84
Photocatalytically-assisted electrochemical 100  60 52.11 23.76
Photocatalytically-assisted electrochemical 100 120 57.86 26.74
Photoelectrochemical 100  60 14.30 14.30
Photoelectrochemical 100 120 19.03 19.03
Photocatalytically-assisted electrochemical 200  60 47.30 41.65
Photocatalytically-assisted electrochemical 200 120 57.86 52.31
Photoelectrochemical 200  60 12.50 12.50
Photoelectrochemical 200 120 22.21 22.21

CONCLUSIONS

This study was focused on photocatalytically-assisted electrochemical degradation 
of DCF, a biorefractory pollutant, by using DSA anodes and photocatalysts based 
on supported TiO2-zeolite. Photoelectrochemical experiments were carried out to 
find out the contribution of the photocatalyst to the degradation and mineralisation 
of the pollutant.

The results revealed that the photocatalytically-assisted electrochemical 
degradation by using Ti/RuO2-TiO2 anode both in the presence of Z-TiO2-Ag and 
Z1-TiO2 photocatalysts got higher COD-Cr removal efficiency than photoelec-
trochemical degradation only for DCF concentration of 50 mg/l regardless of the 
applied current density. 

The contribution of the Z-TiO2-Ag photocatalysts to COD-Cr removal effi-
ciency was 35.65% at 120 min of electrolysis and UV irradiation, and an applied 
current density of 200 A/m2. Under the same working conditions, the contribution 
of Z1-TiO2 photocatalyst was 30.10%. 
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