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The four parallel-connected electrolytic cells in which
degradation of micropollutants takes place with the
help of hydroxyl radicals generated by electrochemical
oxidation of the water molecules.

Interior of the electrolytic cell

Application of electrochemical oxidation of pharmaceutical residues as a 
final step of wastewater treatment in the electrolytic cell equipped with 
diamond electrodes doped with boron.
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PROJECT
BACKGROUND
Use and release of diverse xenobiotics
in the environment result in the
negative impact on the organisms.
Growing concerns represent residues
of pharmaceuticals in water.

One of the alarming anthropogenic pressure on water is
the occurrence of persistent organic pollutants, such as
pesticides, industrial chemicals and by-products of
incineration. Among the so-called newly-emerging
pollutants belong residues of medicines, diagnostic
agents, personal care products and other xenobiotics.
Many studies confirm their direct toxicity to aquatic
organisms, causing changes in the genetic material,
dysfunction of endocrine glands and an increase in the
overall resistance of microbes to antibiotics. Due to their
presence in very low concentrations, they are called
micropollutants.

Existing wastewater treatment (WWT) plants were not
built for the elimination of persistent micropollutants.
Therefore, a large part of used pharmaceuticals pass into
the environment. The information about the actual
presence and impact of different combinations of
micropollutants on the environment are still inadequate.
Determination of their concentrations in the range of
micro- and nanograms per litre in complex samples also
represents a demanding analytical challenge. In 2015
European Commission established a Watch List of
substances that should be monitored at EU level. Six
pharmacologically active substances were also placed on
the list. Their regular monitoring will allow development
of new guidelines on the protection of the aquatic
environment against micropollutants.

Today, it is generally accepted that the existing WWT
plants for municipal WWT, would need to be upgraded
with the advanced treatment solutions. However, the
most effective combination of approaches, which are also
energy and cost-effective, still need to be defined.

Accurate determination of low
concentrations of micropollutants,
their actual impact on living organisms
and the methods of their removal from
(waste)water remain open challenges.

In the project, we upgraded the
analytical methods and demonstrated
a technological solution of advanced
electrochemical oxidation for the
removal of residues of pharmaceuticals
from wastewater.

PROJECT ACTIVITIES

The project team at the Department of Biopharmacy and
Pharmacokinetics of the Faculty of Pharmacy, University
of Ljubljana upgraded the analytical method for the
precise measurement of very low concentrations of
target substances in complex solutions such as
wastewater. For identification and quantification of the
target compounds in the wastewater, liquid
chromatography coupled with tandem mass
spectrometry (LC-MS/MS) was used, and various
combinations of the samples` prior concentration,
extraction and final rinsing with solvents.

INNOVATIVE
TECHNOLOGICAL
SOLUTIONS

Electrolytic cells with boron doped
diamond (BDD) electrodes for
electrochemical oxidation of organic
molecules

In the project, we have tested several versions of
electrolytic cells in which we perform electrochemical
oxidation using advanced electrode materials, such as
BDD electrodes. They produce a high over-potential with
a high capacity of formation of hydroxyl radicals, which
are among the most powerful oxidants, capable of non-
selective oxidation of the most hardly degradable
substances.

With the oxidation of the water, hydroxyl radicals (M
(HO•)) are produced on the anode of the electrolytic cell,
which are lightly bound to the anode (M) surface (1).
Organic molecule (R), which comes into the contact with
HO•, oxidises (2). Constant formation of hydroxyl radicals
allows continuous formation of oxidised organic
molecules (RO), which degrade into smaller and easily
degradable molecules, or completely mineralize.

H2O M(HO•) + H+ + e- (1)

M(HO•) + R M + RO + H+ + e- (2)

Anode oxidation – generation of 
hydroxyl radicals

Innovative adjustment of the interior 
of the electrolytic cells
In the course of the product development, we have
upgraded the water flow through the electrolytic cell to
achieve the highest possible contact of substances
dissolved in the water with the surface of the
electrodes.

The amount of produced radicals depends on the electric current that runs between the electrodes. To this
end, Arhel has developed an innovative current generator. It automatically adjusts the voltage on the
anode to maintain a constant current, irrespective of the electrical properties of the liquid in the
electrolytic cell. Commutating mode of the power supply to the electrolytic cells allows changing the
polarity on the electrodes, which prevents the formation of impurities and limescale on the electrodes. A
special way of polarity exchange prevents wear of the electrodes. The current generator is controlled by a
microcomputer, in conjunction with SCADA control program.

Electrolytic cells with a current generator.

PROJECT RESULTS
In the wastewater from hospitals and
nursing homes, we can found elevated
concentrations of residues of
pharmacologically active substances.
Their presence in the wastewater from
households is also significant.

In the European Union, around 3000 various
pharmacologically active substances are in use in human
medicine. With the ageing of the population, the use of
medicines per capita increases, ranging from 5 to 10
different drugs per individual among the older
population.

In studies carried out in the project, we found elevated
concentrations of certain drug residues in hospital
effluents (e.g., bisoprolol, ciprofloxacin, metoprolol) and
outstanding concentrations of, for example,
carbamazepine in the municipal wastewater, while the
concentration of diclofenac was elevated at both
sampling points (Klančar, A. et al., Levels of
pharmaceuticals in Slovene municipal and hospital
wastewaters: a preliminary study. Arh. Hig Rada Toksikol.
2016:67:106-115).

Average concentrations of pharmaceuticals (ng/L) 
analysed in municipal (ČN2) and hospital wastewater
(ČN1) during the project monitoring activities.

Pilot tests showed promising results in
reduction of concentration of
pharmaceuticals from different
pharmacological groups.
During the test operation of the pilot plant, the following
target pharmaceuticals were analysed in the wastewater:
atorvastatin, bisoprolol, carbamazepine, imatinib,
ciprofloxacin, clofibric acid, diclofenac, fluoxetine,
sertraline, and metoprolol.

Pilot treatment plant LIFE PharmDegrade

Oxidant
Oxidation 

potential (V)
Oxidation potential 

compared to Chlorine

Fluorine 3,06 2,25

Hydroxyl 
radical

2,80 2,05

Oxygen 
(atomic)

2,42 1,78

Ozone 2,08 1,52

Hydrogen 
peroxide

1,78 1,30

Hypochlorite 1,49 1,10

Chlorine 1,36 1,00

Chlorine 
dioxide

1,27 0,93

Oxygen 
(molecular)

1,23 0,90

The interior of the electrolytic cell with flow deflectors to prevent
the formation of preferential flows.

Development of a current generator

DETERMINATION OF PHARMACEUTICALS 
IN WATER SAMPLES
In environmental studies, a sensitive analytical method in combination with an appropriate sample
preparation is a key to measure the environmental concentrations of pharmaceuticals.

A method of choice is liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS), as it
provides high specificity, selectivity and sensitivity. At the Faculty of Pharmacy, we have developed a
method that enables a rapid and sensitive analysis of a large number of analytes. Currently, more than
100 different pharmaceuticals can be analysed simultaneously.

New developed methodology allows a routine monitoring of
pharmaceutical residuals in water samples.

LC-MS/MS quantitation

The result of the analysis is LC-MS
chromatogram where the analytes are
separated by time and their molecular
mass.

Sampling:
• wastewater
• surface and ground water
• drinking water

Semiautomatic solid phase extraction, sample
clean-up and concentration

Indicative relationship between population structure and share of sold drugs.
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Comparison of the removal efficiency of pharmaceuticals from wastewater

Elektrokemijska oksidacija /
Electrochemical oxidation: contaktni
čas / contact time 1,73 s

Elektrokemijska oksidacija /
Electrochemical oxidation: contaktni
čas / contact time 0,58 s

Biološka čistilna naprava / biological
wastewater treatment plant:
zadrževalni čas vode / water
retention time: 1 dan / day

System for extraction of active substances from 
complex mixtures.

Comparison of oxidation potential of different oxidants.

Arhel d.o.o. built a pilot treatment plant next to the
existing municipal wastewater treatment plant treating
wastewater from a nearby hospital. The initial
purification stage in the pilot plant represents a small
biological treatment plant with aerated activated sludge.
The advanced electrochemical oxidation of the
remaining organic matter in the water, such as
pharmaceutical residues, takes place in the electrolytic
cells.

CSADA system for the control of the pilot plant

Anode oxidation principle.

The total concentration of the seven pharmaceuticals
presented in the graph was 4,3 µg/L. In the case of a
medium size WWTP (15500 PE) with 329 m3/h dry
weather flow, the annual mass load of seven
pharmaceuticals would be 12,3 kg. With design goals to
remove 80% of the pharmaceuticals in the fourth stage
of the WWTP, we would prevent an outflow of about 10
kg/year of mentioned pharmaceuticals into the
environment or 500.476 pills. It should be noted here,
that there are several 100 micropollutants in the
wastewater, which would also be degraded by this
process.

The chart presents the percentage of the reduction of
the seven found pharmaceuticals in the municipal
wastewater after biological wastewater treatment
(WWT) followed by a single and double passage of the
wastewater through the electrolytic cells of the pilot
system (corresponding 0,58 and 1,73 seconds contact
time of the media with the electrodes applying 25 mA /
cm2 current density). The average 80% removal efficiency
was achieved already after 0,58 seconds contact time.
With the extension of the electrolysis, the treatment
efficiency increased.


