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Abstract

The chemical complexity of organic contaminants (drugs, agrochemicals, and dyes) requires new, more advanced ways to
remove them from water compared to the conventional treatment methods used. One such method is photocatalytic degrada-
tion. In this paper, the mechanism of degradation of harmful organic compounds using semiconductor materials with photocat-
alytically active properties in the presence of UV or visible radiation will be explained. Methods and selection of components
for the preparation of the latest developed photocatalysts, their stability, as well as the percentage of organic contaminant
removal will be discussed. The discussion will also cover the advantages and drawbacks of photocatalytic methods, as well as

future research in this area.
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1 Introduction

Water pollution is a common problem all over the world.
In most countries, microbiological water pollution is the
principal risk to human health, although the importance
of chemical contamination should not be underestimated.
Large quantities of chemicals introduced from chemical
industry and anthropogenic activities may cause potential
harm to many ecosystems.

Intensive use and unrestricted access to drugs in everyday
life has resulted in their increasing concentrations in water
and environment. Emerging organic contaminants (EOCs)
are heterogeneous groups of chemical compounds with
negative influence on human health. Effluents of waste-
water treatment plants (WWTPs) are the main source of
EOCs. They appear in the concentration range from nano-
molar to micromolar in both raw and treated wastewater.
In order to for a clearer view of this problem, a few exam-
ples will be presented. The concentration of plasticizers as
EOCs in urban wastewater was 5850 ngl~" in influent, and
after their removal at a conventional WWTP in effluent it
was 1840 ngl~" with a removal between 32-100 %. The
next representative of EOCs are antibiotics considered in
the same WWTP with the concentration of 303 500 ngl™
in influent, and 37 000 ngl™" in effluent with a remov-
al range from 0-100 %." A great concern is the presence
of trace organic contaminants (TrOCs) such as pesticides,
pharmaceutical and personal care products, as well as en-
docrine-disrupting chemicals in drinking water sources.?

" Amra Bratovc¢ié, PhD
Email: amra.bratovcic@untz.ba
Note: The investigations in this paper were presented at the
9™ International Conference WATER FOR ALL 2022, held on May
19-20, 2022, Osijek, Croatia.

Although they are present at trace levels, most TrOCs tend
to bio-accumulate in living organisms inducing endocrine
disruption, antibiotic resistance, and carcinogenicity.®

Mechanical (filtration, sedimentation, and flotation pro-
cesses) and biological treatments (biodegradation using the
conventional activated sludge) are usually used for conven-
tional WWTPs. These methods are very often insufficiently
effective to achieve removal of pollutants due to complex
nature of wastewater matrix. Conventional treatment ap-
proaches have some drawbacks, such as incomplete pol-
lutant removal and generation of new solid waste due to
the transfer of EOCs from water to adsorbent, and does not
involve degradation. Finally, the application of advanced
oxidation processes (AOPs) can help overcome these prob-
lems.* AOPs are promising technologies for degrading re-
fractory organic contaminants, removing toxic heavy metal
ions and microorganisms from water and wastewater.®

According to available literature data, the required elec-
trical energy expressed in unit (kWh m= order™") per Fen-
ton-based AOP is 0.98, followed by photochemical 3.20,
ozonation 3.34, electrochemical 29.5, photocatalysis 91,
and ultrasound 971.45.¢

Therefore, scientists today are focused on the development
of new materials, such as adsorbents and photocatalysts for
pollutant removal from both model aqueous solutions and
real water samples.

1.1 Organic contaminants

Pesticides, drugs, dyes, and agrochemicals contain very
complex organic molecules in their structure that are toxic
to human health, plant and animal life, and can cause en-
docrine disorders and cancer. Therefore, the photocatalyt-
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ic degradation of antibiotics, dyes, plastics, and pesticides
is discussed in this work. Many of these compounds appear
in wastewater due to increasing sewage discharge generat-
ed from industrial and pharmaceutical manufacture.”

1.2 Water treatment

Chemical treatment, as a classic method of wastewater
treatment, requires the use of aggressive chemicals, such
as aluminium sulphate or iron chloride, which have a neg-
ative impact on the environment. This brought about the
need to introduce a method such as photocatalytic deg-
radation involving the use of sunlight for the activation of
photocatalysts, which in reaction with the pollutants, leads
to the formation of environmentally acceptable end prod-
ucts such as carbon dioxide (CO,), water (H,0), and min-
eral substances. In addition, photocatalytic processes take
place at room temperature and pressure, as well as in the
presence of oxygen from air, which represents advantages
compared to classical processes.

Recently, increasing interest has been devoted to the de-
velopment of new photocatalysts for the water and air
purification process. For the production of photocatalysts,
different types of semiconductor materials and their com-
binations are used, as well as different substrates for their
heterogenisation. Among the most studied semiconductors
for photocatalytic degradation of organic pollutants is tita-
nium dioxide (TiO,) due to its specific properties, such as
strong oxidising ability, chemical stability, biocompatibility,
non-toxicity, etc.® In addition to the advantages mentioned
so far, photocatalytic processes take place in cycles, and
the same photocatalyst in heterogeneous photocatalysis
can be used several times, depending on its stability and
photocatalytic activity.°

2 Photocatalytic degradation method

AOPs are characterised by in-situ generation of reactive
species, primarily hydroxyl radicals (¢ OH), and have been
recognized as one of the potential technologies for deg-
radation of organic pollutants. The most studied AOPs
include ultraviolet (UV) radiation in combination with: a)
hydrogen peroxide (H,O,), b) ozone (O,), and c) photo-
catalysts.” The major drawback of all extremely powerful
AOP technologies is the high maintenance cost. However,
AOPs can be widely used with the discovery of new pho-
tocatalysts that absorb in the visible region of the spectrum
efficient light sources, and in more advanced reactor de-
signs. However, further research is necessary to make this
possible.

Semiconductors, such as zinc oxide (ZnO),'? tungsten tri-
oxide (WQ,)," titanium dioxide (TiO,),"* and cadmium
sulfide (CdS)™ have been used as catalysts in photocatalyt-
ic reactions. For example, WO, is not easily attainable, and
CdS is easily inactivated and corroded by photons. Howev-
er, the use of cadmium (Cd) is not recommended because
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it is a toxic metal. In addition, pure ZnO and TiO, do not
perform well in the presence of visible light owing to their
limited range of UV activity. In contrast, bismuth(lll) oxy-
iodide (BiOl) has a narrow bandgap (1.7-1.9 eV) and is
chemically stable. Although it is a relatively new material,
BiOl has shown to be an excellent photocatalyst under vis-
ible light irradiation."®"”

Recently, Bratovcic¢ in 2021, discussed heterogeneous pho-
tocatalysis with TiO, nanocomposites for the degradation
of dyes and drugs, which were able to remove 80-99 %
of organic pollutants in aqueous solution under UV and
visible light."® Earlier, in 2019 Bratovci¢ discussed photo-
catalytic degradation of different contaminants present
in textile wastewaters, refinery wastewaters, agricultural
wastewaters, and pharmaceutical wastewaters with TiO,
composites. In the same paper, he discussed in detail pho-
tocatalytic properties of TiO,, its heterogenisation methods
for improving the light absorption efficiency, and reduc-
tion of the recombination rate of generated electrons and
holes.™ Therefore, improved TiO,-heterogenised photo-
catalysts can work under solar irradiation for environmen-
tal purifications without generating harmful by-products.?°

2.1 Mechanism of photocatalytic degradation with TiO,

The photocatalytic mechanism starts when a photon with
energy hv matches or exceeds the band gap energy, E,,
of the semiconductor. The whole mechanism is discussed
in detail in the work of Bratov¢i¢."” The lifetime of elec-
tron-hole pairs (e~ — h*) is only a few nano-seconds, but it
is long enough to initiate redox reactions with semiconduc-
tor material in solutions or gaseous phases. The formation
of very strong oxidising OH radicals (Fig. 1) are a key factor
for reaction with organic compounds resulting in the total
mineralisation of most of these compounds.?'

Photocatalytic degradation is an optical degradation pro-
cess that is very effective for the degradation of recalcitrant
pollutants that resist ordinary oxidation processes. In this
process, the pollutant molecules are oxidised over a cata-
lyst comprised of metal oxide semiconductor (photocata-
lyst) particles exposed to UV or visible light.??

Specifically, the photocatalytic degradation process in-
volves the irradiation of photocatalyst particles with light
in the photocatalytic reactor, which excites electrons from
the valence energy band to the conduction energy band,
followed by the production of *OH that have high oxida-
tion ability.?*** These radicals can quickly mineralise or-
ganic pollutants such as antibiotic molecules into CO, and
minerals.?®

2.2 Physicochemical parameters that affect
photocatalytic activity

The pH value, photocatalyst dose, initial concentration of
contaminant, and photocatalytic reaction time are main
physicochemical parameters that affect photocatalytic ac-
tivity (Fig. 2).



A. BRATOVCIC: Recent Achievements in Photocatalytic Degradation of Organic Water Contaminants, Kem. Ind. 72 (9-10) (2023) 573-583

arbituary
units

TiO, \ L/'\’

250 300 350 400 450 500
wavelength/nm

I excitation, hv = F; hwt — ey~
— conduction band
valence band

recombination e,~ —* hy"

575

pesticide

OH radlcals

o ‘ -

Fig. 1

— Mechanism of photocatalytic degradation with TiO,

Slika 7 — Mehanizam fotokataliticke degradacije s TiO,

neutral )
acidic alkaline

0w

23 45 6 7 8 91011121314 z
Tio,

photocatalyst dose

pH

initial concentration
of contaminant

reaction
time

Fig. 2 - Physicochemical parameters that affect photocatalytic
activity

Slika 2 — Fizikalno-kemijski parametri koji utjecu na fotokatalitic-
ku aktivnost

2.2.1 The pH value

The pH value is a key factor affecting the degradation and
elimination of pollutants, especially pharmaceutical com-
pounds. Specifically, the pH can considerably affect the
sorption capacity and distribution of electric charge on the
nanocomposite surface. Thus, the determination of point
of zero charge (pzc) is necessary to determine the pH range
at which the composite surface is positive or negative.?

2.2.2 Optimal photocatalyst dose

Optimal photocatalyst dose should provide improvement
in degradation efficiency of contaminant due to increased
number of reaction sites, and the higher probability of col-
lision between the photocatalyst particles and pollutant
molecules. However, at higher than optimal doses, a de-
crease in degradation efficiency may occur, probably as a
result of reduced UV or visible or solar light penetration.?”

2.2.3 Optimal initial contaminant concentration

In order to determine the optimal initial contaminant con-
centration, a number of different contaminant concentra-
tions should be prepared. Each of the prepared concen-
trations must be exposed to radiation at a specific time
and with a certain amount of photocatalyst. After photo-
catalytic reaction, the highest yield of the desired product
obtained with the certain amount of the catalyst determine
the optimal dose of the photocatalyst.?® In order to study
the effect of substrate concentration on the degradation of
gentian violet, four different concentrations of gentian vi-
olet in the range (0.18-0.5 mM) were prepared. The opti-
mal concentration of pollutant was 0.25 mM, because the
degradation rate increased with increasing the substrate
concentration up to this value, and then declined.?* Simi-
lar results were obtained by other researchers working with
Acid Orange 7 (AO7). They prepared different solutions
of AO7 in concentration range from 25 to 600 mg =%
They found that the time required for total degradation of
AQ7 was strongly dependent on initial dye concentration.
For concentrations up to 100 mg |~ , the photocatalytic
reactions occur in less than 60 min, and complete decol-
ourisation was achieved, while this was not the case for the
higher concentrations.
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The degradation efficiencies of methylene blue (MB) and
indigo carmine (IC) were studied at 10, 30, and 50 ppm
by composite nanofibers systems containing cellulose ac-
etate (CA), multiwall carbon nanotubes (CNT), and TiO,
nanoparticles under UV light. The result indicated that the
degradation efficiencies were, respectively, 100, 80, and
70 % for MB, and 100, 90, and 80 % for IC. High concen-
tration of the dye activated the photocatalytic process, but
reduced the degradation rate.’’

2.2.4 Mineralisation of contaminant

Finally, in order to investigate the level of mineralisation
of contaminant through the photocatalytic process, the
amounts of total organic carbon (TOC) and chemical oxy-
gen demand (COD) need to be determined.

A mixture of eight antibiotics containing isoniazid, metroni-
dazole, sulfadiazine, sulfamethoxazole, trimethoprim, nor-
floxacin, moxifloxacin, and lincomycin was degraded by
copper (Cu)-modified TiO, photocatalysts. They achieved
complete mineralisation within 6 h of reaction with the
most efficient catalyst (0.8 wt% Cu loading on TiO,) with
75 % reduction of TOC.*

Visible light photodegradation of tetracycline (TC) has
been done with black anatase-TiO, with 66.2 % removal
efficiency of TC, while white TiO, and N-doped TiO, ex-
hibited 43.4 % and 59.6 % removal efficiencies within 4 h,
respectively. The mineralisation products were CO,, H,0,
and inorganic ions were confirmed by 29.6 % of TOC re-
moval in TC photodegradation catalysed with black-TiO,
under visible light. In contrast, with white TiO,, no min-
eralisation of TC occurred and no changes of TOC were
observed.*?

2.3 Photocatalytic degradation of organic compounds

Fig. 3 presents the research trend on ScienceDirect in the
last 10 years in the search terms “photocatalytic degrada-
tion of dyes”, “photocatalytic degradation of pesticides”,
“photocatalytic degradation of drugs”, and “photocatalytic
degradation of plastics”. Exponential growth of publica-
tions is seen for each contaminant per year. Photocatalytic
degradation of dyes is the most studied, followed by drugs,
pesticides, and the least, plastic.

2.3.1 Photocatalytic degradation of plastics

Excessive amounts of plastic waste, and especially the pres-
ence of micro and nanoplastics, is a concern because of
their harmful effects on plant and animal life, as well as
human health. For the time being, more than 90 % of mi-
croplastics waste can be removed with the conventional
method of wastewater treatment. However, the remain-
der of less than 10 % remains in the sludge. Actually, the
removal efficiency of microplastic depends on the stage
of treatment used. Therefore, with primary treatment at
WWTP it is possible to remove from 16.5 to 98.4 % of mi-
croplastics, while with secondary from 78.1 to 100 %, and
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Fig. 3 = Number of publications in last 10 years on photocata-
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Slika 3 — Broj publikacija u posljednjih 10 godina vezanih uz fo-
tokataliticku degradaciju bojila, pesticida, lijekova i pla-
stike prema ScienceDirect bazi podataka

tertiary from 87.3 to 99.9 %, respectively. The largest frac-
tion of microplastics removed conventionally is trapped in
sludge.** For this reason, it is necessary to develop new
methods as soon as possible that will be able to remove all
pollution, and one of them is the promising highly efficient
photocatalytic decomposition. In this perspective,® ex-
plained that the photocatalytic degradation of microplas-
tics creates organic molecules with a number of carbon
atoms smaller than 8, carbon dioxide, and water. When a
photon is absorbed by a macromolecule, an excited state
is created and the C—C bond breaks, and an oxidation
reaction occurs. Therefore, the development of photocata-
lytic process using renewable energy sources, such as solar
energy, is an increasingly attractive option from the eco-
nomic, energy, and environmental perspective.

Multifunctional composites with metal or non-metal do-
pants for photocatalytic degradation of (micro)plastics have
been prepared.*® They reveal that superoxide ions and hy-
droxyl radicals participate in the photocatalytic degrada-
tion, leading to the breaking of the polymer chain and the
production of some intermediates. The complete minerali-
sation of (micro)plastics by photodegradation has not been
achieved to date.

In research carried out by Acuia-Bedoya et al.¥’, the
photocatalytic degradation with visible light irradiation
of polystyrene (PS) has been done. PS particles, the size
of = 350 nm, were degraded using immobilised copper
(I) oxide/copper (II) oxide (Cu,O/CuO) semiconductors
grown in ammonium fluoride (NH,F) and sodium hydrox-
ide (NaOH) media by the anodising process. The result
of photocatalytic experiments with photocatalysts (a band
gap between 1.6 and 2 eV) in visible light promotes poly-
mer chain scissions, and reduces the concentration of pol-
ystyrene nanoparticles (PS-NPs) up to 23 %, representing
six times more than the reductions achieved by photolysis.
In addition, mineralisation of up to 15 % was achieved.
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Fig. 4 — Chemical structures of metronidazole, ofloxacin and oxytetracycline
Slika 4 — Kemijske strukture metronidazole, ofloksacina i oksitetraciklina

The research studies have shown that the presence of the
micro- and nanoplastics are ubiquitous in the environ-
ment. By photocatalytic process, it is possible to degrade
micro- and nanoplastics into a useful lower molecular
weight of organic species, such as carboxylic acids and
aromatic compounds (formate, acetate, benzene, phenol,
benzaldehyde, benzoquinone, acetophenone, benzoate,
dibenzoylmethane, benzoic anchidride), which can be
used further in organic synthesis production of new chem-
ical products or plastics.?® Therefore, photocatalytic degra-
dation is a promising alternative to minimise microplastics
pollution from continental sources with reduced by-prod-
ucts.*

2.3.2 Photocatalytic degradation of antibiotics

Antibiotic pollutants discharged from municipal and phar-
maceutical wastewater are often present in the aquatic en-
vironment due to ineffective treatment of wastewater. In
reality, pollution of water resources with antibiotics or their
degradation by-products can pose serious risks to human
health because of the high toxicity and carcinogenic prop-
erties of these compounds. For example, the presence of
antibiotics in the environment, even at trace levels, can
induce the development of antibiotic-resistant pathogens,
which potentially endanger human health as well as the
ecosystems.*

Metronidazole (MTZ), also known as flagyl, is an antibiot-
ic and antiprotozoal medication prescribed as a remedy
for anaerobic infections.*’** Photocatalytic degradation
of MTZ has been carried out in a continuous flow-loop
photoreactor by titanium dioxide/silver phosphate/graphit-
ic carbon nitride (TiO,/Ag,PO,/g—C;N,) composite under

irradiation with blue light-emitting diodes. The successful
degradation was achieved thanks to the formation of hy-
droxyl radicals with an efficiency of MNZ 97.18 %. Dur-
ing this process, several reactions (hydroxyethyl cleavage,
N-denitration, nitro-reduction, and ring-opening) occurred
and formed 13 types of intermediate products. A part of
the by-products had oxidised and mineralised into low
toxicity substances, including carboxylic acid, CO,, H,O,
and nitrate (NO,).%

Pharmaceutical waste is a source of dangerous pollutants
that can be carcinogenic to humans. Therefore, the remov-
al of these residues from wastewater is a priority in envi-
ronmental engineering.

The presence of oxytetracycline (OTC) is one of the most
frequently detected antibiotics in water and sediment, and
is a serious problem for the environment due to its high
toxicity, while its removal by conventional treatment pro-
cesses is difficult because of stable naphthol ring structure,
and high toxicity to the microorganisms used in biological
treatment.*

By photolytic degradation of 20 mgl~" of OTC solution af-
ter 4 h of irradiation by a 500 W medium mercury lamp,
the degradation rate was 90 %, but only 13.5 % of TOC
was reduced. During the photolytic degradation, by-prod-
ucts containing the naphthol ring were proved to be even
more toxic than the parent, when tested with luminescent
bacterium P phosphoreum.*®

Fig. 4 presents the chemical structures of antibiotics dis-
cussed in this paper.

Bionanocomposites are known as a novel class of advanced
materials. Bionanocomposites consist of biopolymers and
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inorganic solids. Actually, they can be defined in two ways:
i) as materials made from renewable nanoparticles such
as cellulose and petroleum-derived polymers such as
polypropylene (PP), polyethylene (PE) and epoxies, and
ii) bionanocomposites derived from biopolymers such as
polylactide (PLA) and polyhydroxyalkanoates (PHA), and
synthetic or inorganic nanofillers like carbon nanotubes
and nanoclay.*® The properties of a composite vary consid-
erably from point to point in the material, depending on
in which material phase the point is located. Polymers are
relatively weak, low-stiffness materials, but in combination
reinforcement materials, it is possible to improve their me-
chanical and physical properties.*

For the preparation of composite materials, chitosan is
mainly used. Chitosan is a second most abundant natural
polymer obtained by the deacetylation of chitin, a struc-
tural macromolecule found in the exoskeletons of crusta-
ceans, as well as fungal cell walls. This polymer possesses
desirable properties, such as non-toxicity, antibacterial ac-
tivity, biodegradability, low price, high natural abundance,
and excellent chelating properties, that make it suitable as
a purification agent for removing contaminants.*?

In 2021, Arghavan et al.** synthetised a photocatalyst com-
posed of FeNi/chitosan/BiOl and used for MTZ degrada-
tion. At the optimal conditions (pH = 7; FeNi,/chitosan/
BiOIl dose = 0.04 gl~', MTZ concentration = 20 mgl™,
and reaction time = 200 min), the degradation of MTZ
was 100 %. The prepared photocatalyst was very stable
and could be reused six times with only slight losses in its
activity. The mineralised products were final by-products
of MTZ degradation.

In the study of Shang et al.,*® the heterogeneous photo-
catalyst composed of titanium silica-carbon nitride (TS-1/
C;N,) was prepared and used for photocatalytic treatment
of wastewater polluted with ofloxacin (OFX). The pre-
pared photocatalyst was very efficient and able to remove
82.92 % of OFX.

Wau et al. chose bismuth sulphide, Bi,S; (BS) and 2D g-C;N,
nanosheets (CN) for hydrothermal preparation of the pho-
tocatalyst Bi,S;/g-C;N, (BSCN) with different mass ratios of
CN to BS.”" The structure of the CN was not changed by

malachite green (MC)
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the introduction of Bi,S;. The best photocatalytic activity
of BSCN (98.98 %) was achieved with the mass ratio of
CN/BS 8 : 1. The stability of prepared photocatalyst was
confirmed with 5 cycles of high degradation efficiency of
tetracycline. They explained that the h* and O, played a
major role in the mechanism of the photocatalytic reac-
tion, while *OH species played a secondary role.

2.3.3 Photocatalytic degradation of dyes

Azo dyes are potentially toxic, allergenic, and have car-
cinogenic effects.> It has been reported that over 100 000
various types of dyes are currently used with annual pro-
duction exceeding 700 000 t.>* Recently, binary nanocom-
posite copper oxide/zinc oxide (CuO/ZnO) and its ternary
nanocomposite with beta cyclodextrin (3-CD), p-CD-CuO/
ZnO were synthetised by sol-gel method for photocatalyt-
ic degradation of textile dyes malachite green (MC) and
MB.>* The chemical structures of MG and MB are present-
ed in Fig. 5.

The coupling of metal oxides (CuO/ZnO) increases the ef-
ficiency due to its broad light absorption and fast dynamic
process. Introduction of -CD in generation of 3-CD-CuO/
ZnO significantly prevented the recombination of e - h*,
and its photocatalytic activity was higher than coupled
metal oxides CuO/ZnO. The degradation efficiency was al-
most 90 % for MB and 80 % for MG after 3 h of irradiation
using B-CD-CuO/ZnO. The hydrophilic exterior and hy-
drophobic interior cavity of B-CD-CuO/ZnO may explain
a good adsorption tendency of pollutant molecules.

ZnO-Fe,O, nanoparticles were synthesised using the leaves
of Camellia sinensis and immobilised in crosslinked algi-
nate—chitosan polymer beads, and tested for photocatalytic
degradation of acid violet 7 (AV7) dye.>> The optimisation
of reaction conditions ensured higher dye removal effi-
ciency up to 94.21 = 1.02 % using the nanocomposite un-
der UV-C irradiation of 365 nm. The removal efficiency in
tap water, groundwater, and lake water was 83.2 = 0.4 %,
69.1 = 1.6 %, and 67.9 = 0.3 %, respectively. The resid-
ual toxicity of the degraded AV7 solution was tested on
model organisms like freshwater algae, Scenedesmus sp.,
and plant model, Allium cepa, demonstrating the lower

9 10 1
9 N
8 SN 2
Cl-
7 4a
\N 53 s \N+/
6 : 4

-

methylene blue (MB)

Fig. 5 — Chemical structures of malachite green and methylene blue dyes
Slika 5 — Kemijska struktura bojila malahitno zelenilo i metilensko modrilo
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toxicity of the degraded AV7 product. The present work
aimed at synthesising photocatalytic NPs, i.e., ZnO-Fe;O,
NPs encapsulated in a crosslinked polymer of alginate-chi-
tosan (Cs/Alg). The quantification of AV7 dye concentra-
tion was performed using a UV-visible spectrophotometer,
by measuring the absorbance at A,,,, = 556 nm.

max

2.3.4 Photocatalytic degradation of pesticides

Excessive use of organophosphorus pesticides (OP) in agri-
culture has led to their accumulation in soil and water. The
danger of excessive concentrations of OP can negatively
affect the nervous system in humans and other mammals.
The degradation of OP is catalysed by the enzyme organ-
ophosphorus hydrolase (OPH) to p-nitrophenol (p-NP),
which is still toxic. For this reason, Zhang et al. prepared an
enzyme-photocatalytic integrated catalyst by immobilising
OPH on hollow structured Au-TiO, (named OPH@H-Au-
TiO,) and further degradation of p-NP.>® This OPH@H-
Au-TiO, catalyst was activated under visible light and could
successfully degrade methyl parathion to p-NP by OPH,
and then degrade p-NP to hydroquinone. The prepared
photocatalyst showed very high stability and activity after 4
cycles of photocatalytic experiments with more than 80 %
of generated p-NP, which was further degraded into hy-
droquinone. Each photocatalytic reaction lasted 150 min
per cycle.

Structural design in a semiconductor photocatalyst is sig-
nificant to improve the photocatalytic efficiency to solve
current energy or environmental problems. A Z-scheme
photocatalyst consisting of polyaniline/zinc oxide/cobalt
molybdate (PANI/ZnO-CoMoO,) under visible-light irradi-
ation for pesticide degradation of imidacloprid (IMI) has
been developed by Adabavazeh et al.*” Under optimal
conditions (4.5 ppm of IMI, pH = 4, and 163.5 mg pho-
tocatalyst), about 97 % of the IMI was degraded within
180 min of irradiation. The prepared photocatalyst can
be readily recovered and reutilised with the centrifugation
process. The chemical structure of imidacloprid pesticide
is presented in Fig. 6.

imidacloprid (IMI)

Fig. 6 — Chemical structure of imidacloprid pesticide
Slika 6 — Kemijska struktura pesticida imidakloprida
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3 Conclusions

Heterogeneous photocatalysis has proven to be a very en-
couraging method for purifying waters loaded with various
high molecular weight and complex organic compounds.
The paper presents the advantages of photocatalytic meth-
ods compared to conventional methods of purification. A
different selection of components for the preparation of
various composite photocatalysts is presented with the aim
of achieving a greater photocatalytic effect in degradation,
but also using visible light for their activation, and reduc-
ing the recombination process of electrons and holes. In
future research, experiments should be carried out on real
wastewater samples, instead of the mostly studied modal
synthetic solutions of individual organic contaminants.

List of abbreviations
Popis kratica

EOCs - emerging organic contaminants

— nastajuci organski zagadivaci

WWTPs — wastewater treatment plants
— postrojenje za procis¢avanje otpadnih voda

TrOCs  —trace organic contaminants
— organski zagadivaci u tragovima
AOPs - advanced oxidation processes
— napredni oksidacijski procesi
*OH - hydroxyl radical
— hidroksilni radikal
uv — ultraviolet
— ultraljubicasto
E, —gapenergy
— energetski procjep
e” — h* — electron-hole pairs
— par elektron-supljina
pzc — point of zero charge
— toc¢ka nultog naboja
AO7 - acid orange 7
— kiselo narancasto 7
MB — methylene blue
— metilen plavo
IC - indigo carmine
— indigo karmin
CA — cellulose acetate
— celulozni acetat
CNT - carbon nanotubes
— ugljikove nanocjevcice
TOC - total organic carbon
— ukupni organski ugljik
COD - chemical oxygen demand

— kemijska potrosnja kisika
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TC — tetracycline
— tetraciklin

PS — polystyrene
— polistiren

PS-NPs — polystyrene nanoparticles
—nanocestice polistirena

NPs — nanoparticles
— nanocestice

MTZ — metronidazole
— metronidazol

Ag,PO, - silver phosphate
— srebrni fosfat

g-C;N, — graphitic carbon nitride
— grafitni ugljikov nitrid

OTC - oxytetracycline
— oksitetraciklin
PP — polypropylene
— polipropilen
PE — polyethylene
— polietilen
PLA — polylactide
— polilaktid

PHA - polyhydroxyalkanoates
— polihidroksialkanoat

TS-1/  —titanium silica-carbon nitride
C;N,  —ftitanijev silika-ugljik nitrid
OFX — ofloxacin

— ofloksacin
BS — bismuth sulphide

— bizmitov sulfid

CN - g-C;N, nanosheets
- 8-C;N, nanocjevcice

B-CD - beta cyclodextrin
— beta ciklodekstrin

MG — malachite green
— malahit zelena
AV7 —acid violet 7

— kiseli violet 7

Cs/Alg - alginate-chitosan
— alginat-hitozan

Armax — maximum wavelength
— maksimalna valna duljina
orp — organophosphorus pesticides

— organofosforni pesticidi

OPH - organophosphorus hydrolase
— organofosforna hidrolaza
p-NP  — p-nitrophenol
— p-nitrofenol
PANI' - polyaniline
— polianilin
CoMoO,~ cobalt molybdate
— kobaltov molibdat
IMI — imidacloprid
— imidakloprid

References
Literatura

1.

10.

11.

12.

13.

14.

M. T. Garcia-Cércoles, R. Rodriguez-Gémez, B. de Alarcén-
Gémez, M. Cipa, L. Martin-Pozo, J.-M. Kauffmann, A. Za-
fra-Gémez, Chromatographic methods for the determination
of emerging contaminants in natural water and wastewater
samples: A review. Crit. Rev. Anal. Chem. 49 (2019) 160-
186, doi: https://doi.org/10.1080/10408347.2018.1496010.

. S. D. Richardson, T. A. Temes, Water analysis: Emerging con-

taminants and current issues, Anal. Chem. 90 (2018) 398-
428, doi: https://doi.org/10.1021/acs.analchem.7b04577.

. C. M. Villanueva, M. Kogevinas, S. Cordier, M. R. Templeton,

R. Vermeulen, ). R. Nuckols, M. J. Nieuwenhuijsen, P Leval-
lois, Assessing exposure and health consequences of chem-
icals in drinking water: Current state of knowledge and re-
search needs, Environ. Health. Persp. 122 (2014) 213-221,
doi: https://doi.org/10.1289/ehp.1206229.

. J. Karpiriska, U. Kotowska, Removal of Organic Pollution in

the Water Environment, Water 11 (2019) 2017, doi: https://
doi.org/10.3390/w11102017.

. K. W. Getu, K. S. Assefu, 5 Photocatalytic degradation of

organic contaminants in wastewater treatment, in: Environ-
mental Microbiology: Emerging Technologies, Maulin Shah
(Ed.), Berlin, Boston: De Gruyter, 2022, pp. 113-136, doi:
https://doi.org/10.1515/9783110727227-005.

Y. Zhang, K. Shaad, D. Vollmer, C. Ma, Treatment of Textile
Wastewater Using Advanced Oxidation Processes — A Critical
Review, Water 13 (2021) 3515, doi: https://doi.org/10.3390/
w13243515.

K. Samal, S. Mahapatra, M. H. Ali, Pharmaceutical waste-
water as Emerging Contaminants (EC): Treatment technol-
ogies, impact on environment and human health, Energy
Nexus 6 (2022) 100076, doi: https://doi.org/10.1016/j.nex-
us.2022.100076.

I. Ali, M. Suhail, Z A. Alothman, A. Alwart-
han, Recent advances in syntheses, properties and
applications of TiO, nanostructures, RSC Adv. 8 (2018)
30125, doi: https://doi.org/10.1039/c8ra06517a.

M. Mousavi, J. B. Chasemi, Novel visible-light-responsive
Black-TiO,/CoTiO, Z-scheme heterojunction photocatalyst
with efficient photocatalytic performance for the degra-
dation of different organic dyes and tetracycline, J. Taiwan
Inst. Chem.| Eng. 121 (2021) 168-183, doi: https://doi.
org/10.1016/j.jtice.2021.04.009.

G.-Q. Liu, X.-J. Pan, J. Li, C. Li, C.-L. Ji, Facile preparation
and characterization of anatase TiO,/nanocellulose com-
posite for photocatalytic degradation of methyl orange,
J. Saudi Chem. Soc. 25 (2021) 101383, doi: https://doi.
org/10.1016/j.jscs.2021.101383.

S. G. Poulopoulos, A. Yerkinova, G. Ulykbanova, V. J. In-
glezakis, Photocatalytic treatment of organic pollutants in
a synthetic wastewatr using UV light and combinations of
TiO,, H,0, and Fe(lll), PloS One 14 (2019) e0216745, doi:
https://doi.org/10.1371/journal.pone.0216745.

C. B. Ong L. Y. Ng, A. W. Mohammad, A review of ZnO
nanoparticles as solar photocatalysts: synthesis, mechanisms
and applications, Renew. Sustain. Energy Rev. 81 (2018)
536-551, doi: https://doi.org/10.1016/j.rser.2017.08.020.

T. T. Nguyen, S. N. Nam, J. Son, J. Oh, Tungsten trioxide
(WO,)-assisted photocatalytic degradation of amoxicillin by
simulated solar irradiation, Sci. Rep. 9 (1) (2019) 9349, doi:
https://doi.org/10.1038/s41598-019-45644-8.

N. Yaacob, G. P Sean, N. A. M. Nazri, A. F. Ismail, M. N. Z.
Abidin, M. N. Subramaniam, Simultaneous oily wastewater
adsorption nd photodegradation by ZrO,-TiO, heterojunc-


https://doi.org/10.1021/acs.analchem.7b04577
https://doi.org/10.1515/9783110727227-005
https://doi.org/10.3390/w13243515
https://doi.org/10.3390/w13243515
https://doi.org/10.1016/j.nexus.2022.100076
https://doi.org/10.1016/j.nexus.2022.100076
https://doi.org/10.1016/j.jtice.2021.04.009
https://doi.org/10.1016/j.jtice.2021.04.009
https://doi.org/10.1016/j.jscs.2021.101383
https://doi.org/10.1016/j.jscs.2021.101383
https://doi.org/10.1371/journal.pone.0216745
https://doi.org/10.1016/j.rser.2017.08.020
https://doi.org/10.1038/s41598-019-45644-8

A. BRATOVCIC: Recent Achievernents in Photocatalytic Degradation of Organic Water Contaminants, Kem. Ind. 72 (9-10) (2023) 573-583

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

tion photocatalysts, J. Water Process Eng. 39 (2021) 101644,
doi: https://doi.org/10.1016/j.jwpe.2020.101644.

J.-Y. Yu, Z.-J. Chen, X.-Y. Zeng, C. Liu, F-Y. Cai, H.-L. Cao, J.
Li, Morphological control of CdS@AC nanocomposites for
enhanced photocatalytic degradation of tetracycline anti-
biotics under visible irradiation, Inorg. Chem. Commun.
95 (2018) 134-138, doi: https://doi.org/10.1016/j.ino-
che.2018.07.024.

S. S. Kekade, P V. Caikwad, S. A. Raut, R. J. Choudhary, V. L.
Mathe, D. Phase, A. Kshirsagar, S. I. Patil, Electronic struc-
ture of visible light-driven photocatalyst 3-Bi11VO19 na-
noparticles synthesized by thermal plasma, ACS Omega 3
(2018) 5853-5864, doi: https://doi.org/10.1021/acsome-
ga.8b00564.

W. W. Lee, C. S. Lu, C. W. Chuang, Y. ). Chen, J. Y. Fu, C. W.
Siao, C. C. Chen, Synthesis of bismuth oxyiodides and their
composites: characterization, photocatalytic activity, and
degradation mechanisms, RSC Adv. 5 (2015) 23450-23463,
doi: https://doi.org/10.1039/C4RA15072D.

A. Bratovcic, TiO, — Based Nanocomposites for Photocat-
alytic Degradation of Dyes and Drugs. In: Karabegovi¢ I.
(Eds) New Technologies, Development and Application IV.
NT 2021. Lecture Notes in Networks and Systems, Vol. 233,
Springer, Cham., 2021, doi: https://doi.org/10.1007/978-3-
030-75275-0_93.

A. Bratovci¢, Photocatalytic degradation of organic com-
pounds in wastewaters, Technologica Acta 11 (2019) 17-23,
doi: https://doi.org/10.5281/zenodo.2563022.

L. Liu, H. Bai, J. Liu, D. D. Sun, Multifunctional graphene
oxide-TiO,-Ag nanocomposites for high performance wa-
ter disinfection and decontamination under solar irradia-
tion, J. Hazard. Mater. 261 (2013) 214-223. https://doi.
org/10.1016/j.jhazmat.2013.07.034.

A. Aguedach, S. Brosillon, J. Morvan, E. Lhadi, Photocatalytic
degradation of azo-dyes reactive black 5 and reactive yel-
low 145 in water over a newly deposited titanium dioxide,
Appl. Catal. B Environ. 57 (2005) 55-62, doi: https://doi.
org/10.1016/j.apcatb.2004.10.009.

S. H. S. Chan, T. Yeong Wu, J. C. Juan, C. Y. Teh, Recent de-
velopments of metal oxide semiconductors as photocatalysts
in advanced oxidation processes (AOPs) for treatment of dye
wastewater, J. Chem. Technol. Biotechnol. 86 (2011) 1130-
1158, doi: https://doi.org/10.1002/jctb.2636.

P Cholami, A. Khataee, R. Soltani, L. Dinpazhoh, A. Bhat-
nagar, Photocatalytic degradation of gemifloxacin antibiotic
using Zn-Co-LDH@biochar nanocomposite, J. Hazard. Ma-
ter. 382 (2020) 121070, doi: https://doi.org/10.1016/].jhaz-
mat.2019.121070.

R. Hassandoost, S. R. Pouran, A. Khataee, Y. Orooji, S. W.
Joo, Hierarchically structured ternary heterojunctions based
on Ce**/Ce** modified Fe;O, nanoparticles anchored onto
graphene oxide sheets as magnetic visible-light-active pho-
tocatalysts for decontamination of oxytetracycline, J. Hazard.
Mater. 376 (2019) 200-211, doi: https://doi.org/10.1016/j.
jhazmat.2019.05.035.

R. Pelalak, R. Alizadeh, E. Ghareshabani, Z. Heidari, Deg-
radation of sulfonamide antibiotics using ozone-based ad-
vanced oxidation process: experimental, modeling, trans-
formation mechanism and DFT study, Sci. Total Environ.
734 (2020) 139446, doi: https://doi.org/10.1016/j.scito-
tenv.2020.139446.

E. Tombécz, pH-dependent surface charging of metal oxides,
Period. Polytech. Chem. Eng. 53 (2009) 77-86, doi: https://
doi.org/10.3311/pp.ch.2009-2.08.

Y. Caliskan, H. C. Yatmaz, N. Bektas, Photocatalytic oxidation
of high concentrated dye solutions enhanced by hydrody-

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

S8

namic cavitation in a pilot reactor, PSEP 111 (2017) 428-
438, doi: https://doi.org/10.1016/j.psep.2017.08.003

S. K. Kansal, N. Kaur, S. Singh, Photocatalytic Degradation
of Two Commercial Reactive Dyes in Aqueous Phase Using
Nanophotocatalysts. Nanoscale Res. Lett. 4 (2009) 709, doi:
https://doi.org/10.1007/511671-009-9300-3.

M. Saquib, M. Muneer, TiO,-mediated photocatalytic deg-
radation of a triphenylmethane dye (gentian violet), in
aqueous suspensions, Dyes Pigments 56 (2003) 37-49, doi:
https://doi.org/10.1016/S0143-7208(02)00101-8.

F. Kiriakidou, D. I. Kondarides, X. E. Verykios, The effect of
operational parameters and TiO,-doping on the photocata-
lytic degradation of azo-dyes, Catal. Today 54 (1999) 119-
130, doi: https://doi.org/10.1016/50920-5861(99)00174-1.

A. Salama, A. Mohamed, N. M. Aboamera, T. A. Osman, A.
Khattab, Photocatalytic degradation of organic dyes using
composite nanofibers under UV irradiation, Appl. Nanosci.
8 (2018) 155-161, doi: https://doi.org/10.1007/s13204-
018-0660-9.

E. Evgenidou, Z. Chatzisalata, A. Tsevis, K. Bourikas, P
Torounidou, D. Sergelidis, A. Koltsakidou, D. A. Lambropou-
lou, Photocatalytic degradation of a mixture of eight antibi-
otics using Cu-modified TiO, photocatalysts: Kinetics, miner-
alization, antimicrobial activity elimination and disinfection,
J. Environ. Chem. Eng. 9 (2021) 105295, doi: https://doi.
org/10.1016/j.jece.2021.105295.

S. Wu, X. Li, Y. Tian, Y. Lin, Y. H. Hu, Excellent photocatalytic
degradation of tetracycline over black anatase-TiO, under
visible light, J. Chem. Eng. 406 (2021) 126747, doi: https://
doi.org/10.1016/j.cej.2020.126747.

K. H. D. Tang, T. Hadibarata, Microplastics removal through
water treatment plants: lIts feasibility, efficiency, future
prospects and enhancement by proper waste manage-
ment, Environ. Challeng. 5 (2021) 100264, doi: https://doi.
org/10.1016/j.envc.2021.100264.

K. Su, H. Liu, C. Zhang, F. Wang, Photocatalytic conver-
sion of waste plastics to low carbon number organic prod-
ucts, Chinese J. Catal. 43 (2022) 589-594, doi: https://doi.
org/10.1016/51872-2067(21)63885-8.

J. Ge, Z. Zhang, Z. Ouyang, M. Shang, P Liu, H Li, X. Guo,
Photocatalytic degradation of (micro)plastics using TiO,-
based and other catalysts: Properties, influencing factor, and
mechanism, Environ. Res. 209 (2022) 112729, doi: https://
doi.org/10.1016/j.envres.2022.112729.

J. D. Acuna-Bedoya, E. Luévano-Hipdlito, E. 1. Cedil-
lo-Gonzélez, L. P Dominguez-Jaimes, A. Martinez Hurtado,
J. M. Herndndez-Lépez, Boosting visible-light photocata-
lytic degradation of polystyrene nanoplastics with immo-
bilized CuxO obtained by anodization, J. Environ. Chem.
Eng. 9 (2021) 106208, doi: https://doi.org/10.1016/j.
jece.2021.106208.

A. Bianco, F. Sordello, M. Ehn, D. Vione, M. Passananti, Deg-
radation of nanoplastics in the environment: Reactivity and
impact on atmospheric and surface waters, Sci. Total Envi-
ron. 742 (2020) 140413, doi: https://doi.org/10.1016/].sci-
totenv.2020.140413.

A. Bratovcic, Degradation of Micro- and Nano-Plastics by
Photocatalytic Methods, J. Nanosci. Nanotechnol. Appl. 3
(2019) 304, url: http://article.scholarena.com/Degrada-
tion-of-Micro-and-Nano-Plastics-by-Photocatalytic-Meth-
ods.pdf.

M. Shakak, R. Rezaee, A. Maleki, A. Jafari, M. Safari, B.
Shahmoradi, H. Daraei, S.-M. Lee, Synthesis and charac-
terization of nanocomposite ultrafiltration membrane (PSF/
PVP/SiO,) and performance evaluation for the removal of
amoxicillin from aqueous solutions, Environ. Technol. In-


https://doi.org/10.1016/j.jwpe.2020.101644
https://doi.org/10.1016/j.inoche.2018.07.024
https://doi.org/10.1016/j.inoche.2018.07.024
https://doi.org/10.1021/acsomega.8b00564
https://doi.org/10.1021/acsomega.8b00564
https://doi.org/10.1039/C4RA15072D
https://doi.org/10.1007/978-3-030-75275-0_93
https://doi.org/10.1007/978-3-030-75275-0_93
https://doi.org/10.5281/zenodo.2563022
https://doi.org/10.1016/j.jhazmat.2013.07.034
https://doi.org/10.1016/j.jhazmat.2013.07.034
https://doi.org/10.1016/j.apcatb.2004.10.009
https://doi.org/10.1016/j.apcatb.2004.10.009
https://doi.org/10.1002/jctb.2636
https://doi.org/10.1016/j.jhazmat.2019.121070
https://doi.org/10.1016/j.jhazmat.2019.121070
https://doi.org/10.1016/j.jhazmat.2019.05.035
https://doi.org/10.1016/j.jhazmat.2019.05.035
https://doi.org/10.1016/j.scitotenv.2020.139446
https://doi.org/10.1016/j.scitotenv.2020.139446
https://doi.org/10.3311/pp.ch.2009-2.08
https://doi.org/10.3311/pp.ch.2009-2.08
https://doi.org/10.1016/j.psep.2017.08.003
https://doi.org/10.1007/s11671-009-9300-3
https://doi.org/10.1016/S0143-7208(02)00101-8
https://doi.org/10.1016/S0920-5861(99)00174-1
https://doi.org/10.1007/s13204-018-0660-9
https://doi.org/10.1007/s13204-018-0660-9
https://doi.org/10.1016/j.jece.2021.105295
https://doi.org/10.1016/j.jece.2021.105295
https://doi.org/10.1016/j.cej.2020.126747
https://doi.org/10.1016/j.cej.2020.126747
https://doi.org/10.1016/j.envc.2021.100264
https://doi.org/10.1016/j.envc.2021.100264
https://doi.org/10.1016/S1872-2067(21)63885-8
https://doi.org/10.1016/S1872-2067(21)63885-8
https://doi.org/10.1016/j.envres.2022.112729
https://doi.org/10.1016/j.envres.2022.112729
https://doi.org/10.1016/j.jece.2021.106208
https://doi.org/10.1016/j.jece.2021.106208
https://doi.org/10.1016/j.scitotenv.2020.140413
https://doi.org/10.1016/j.scitotenv.2020.140413
http://article.scholarena.com/Degradation-of-Micro-and-Nano-Plastics-by-Photocatalytic-Methods.pdf
http://article.scholarena.com/Degradation-of-Micro-and-Nano-Plastics-by-Photocatalytic-Methods.pdf
http://article.scholarena.com/Degradation-of-Micro-and-Nano-Plastics-by-Photocatalytic-Methods.pdf

582 A. BRATOVCIC: Recent Achievements in Photocatalytic Degradation of Organic Water Contaminants, Kem. Ind. 72 (9-10) (2023) 573-583

41.

42.

43.

44,

45.

46.

47.

48.

49.

nov. 17 (2020) 100529, doi: https://doi.org/10.1016/).
ET1.2019.100529.

T. Kudo, Y. Endo, R. Taguchi, M. Yatsu, K. Ito, Metronidazole
reduces the expression of cytochrome P450 enzymes in
HepaRG cells and cryopreserved human hepatocytes, Xeno-
biotica 45 (2015) 413-419, doi: https://doi.org/10.3109/00
498254.2014.990948.

O. Sheehy, F. Santos, E. Ferreira, A. Berard, The use of metro-
nidazole during pregnancy: a review of evidence, Curr. Drug
Saf. 10 (2015) 170-179, doi: 10.2174/1574886310021505
15124548.

H. Abbasi-Asl, M. M. Sabzehmeidani, M. Ghaedi, Efficient
degradation of metronidazole antibiotic by TiO2/Ag3PO4/g-
C3N4 ternary composite photocatalyst in a continuous flow-
loop photoreactor, J. Environ. Chem. Eng. 9 (2021) 105963,
doi: https://doi.org/10.1016/j.jece.2021.105963.

M. G. Antoniou, C. Zhao, K. E. O’Shea, G. Zhang, D. D.
Dionysiou, C. Zhao, C. Han, M. N. Nadagouda, H. Choi,
T. Fotiou, T. M. Triantis, A. Hiskia, CHAPTER 1: Photocat-
alytic Degradation of Organic Contaminants in Water:
Process Optimization and Degradation Pathways, in: Pho-
tocatalysis: Applications, 2016, pp. 1-34, doi: https://doi.
0rg/10.1039/9781782627104-00001.

S. Jiao, S. Zheng, D. Yin, L. Wang, L. Chen, Aqueous oxytet-
racycline degradation and the toxicity change of degrada-
tion compounds in photoirradiation process, J. Environ. Sci.
20 (2008) 806-813, doi: https://doi.org/10.1016/S1001-
0742(08)62130-0.

B. Arora, R. Bhatia, R Attri, 28 — Bionanocomposites: Green
materials for a sustainable future, in: Chaudhery Mustansar
Hussain, Ajay Kumar Mishra (Eds.), New Polymer Nanocom-
posites for Environmental Remediation, Elsevier, 2018, pp.
699-712, doi: https://doi.org/10.1016/B978-0-12-811033-
1.00027-5.

C. Zweben, 10 Composite Materials Volume I. Materials
and Engineering Mechanics Part 1. on: Myer Kutz (Ed.),
Materials in Mechanical Engineers’ Handbook, Fourth
Edition, 2015, John Wiley & Sons, Inc., doi: https://doi.
org/10.1002/9781118985960.meh110.

D. Elieh-Ali-Komi, M. R. Hamblin, Chitin and Chitosan: Pro-
duction and Application of Versatile Biomedical Nanomate-
rials, Int. J. Adv. Res. 4 (2016) 411-427.

F S. Arghavan, T. J. Al-Musawi, G. Abu Rumman, R. Pelalak, A.
Khataee, N. Nasseh, Photocatalytic performance of a nickel
ferrite/chitosan/bismuth(lll) oxyiodide nanocomposite for
metronidazole degradation under simulated sunlight illumi-

50.

51.

52.

53.

54.

55.

56.

57.

nation, J. Environ. Chem. Eng. 9 (2021)105619, doi: https://
doi.org/10.1016/j.jece.2021.105619.

Q. Shang, X. Liu, M. Zhang, P Zhang, Y. Ling, G. Cui, W. Liu,
X. Shi, J. Yue, B. Tang, Photocatalytic degradation of ofloxacin
antibiotic wastewater using TS-1/C;N, composite photocat-
alyst: Reaction performance optimisation and estimation of
wastewater component synergistic effect by artificial neural
network and genetic algorithm, Chem. Eng. J. 443 (2022)
136354, doi: https://doi.org/10.1016/j.ce}.2022.136354.

Q. Wu, D. Lu, K. K. Kondamareddy, W. Ho, D. Cao, Y. Zeng,
B. Zhang, Y. Zhang, L. Xie, B. Zhao, Z.Wang, H. Hao, H. Fan,
H. Wang, Highly efficient photocatalytic degradation for an-
tibiotics and mechanism insight for Bi,S,/g-C;N, with fast
interfacial charges transfer and excellent stability, Arab. ).
Chem. 15 (2022) 103689, doi: https://doi.org/10.1016/j.
arabjc.2022.103689.

V. Y. Chang, C. Fedele, A. Priimagi, A. Shishido, C. J. Barrett,
Photoreversible soft azo dye materials: toward optical con-
trol of bio-interfaces, Adv. Opt. Mater. 7 (2019) 1900091,
doi: https://doi.org/10.1002/adom.201900091.

R. Foroutan, R., Mohammadi, N. Sohrabi, S. Sahebi, S. Far-
jadfard, Z. Esvandi, B. Ramavandi, Calcined alluvium of ag-
ricultural streams as a recyclable and cleaning tool for cat-
ionic dye removal from aqueous media, Environ. Technol.
Innov. 17 (2020) 100530, doi: https://doi.org/10.1016/).
ET1.2019.100530.

R. Yadav, TS. Chundawat, R K. Surolia, D. Vaya, Photocata-
lytic degradation of textile dyes using $-CD-CuO/ZnO nano-
composite, J. Phys. Chem. Solids 165 (2022) 110691, doi:
https://doi.org/10.1016/j.jpcs.2022.110691.

N. Roy, S. A. Alex, N. Chandrasekaran, K. Kannabiran, A.
Mukherjee, Studies on the removal of acid violet 7 dye from
aqueous solutions by green ZnO@Fe;O, chitosan-alginate
nanocomposite synthesized using Camellia sinensis extract,
J. Environ. Manage. 303 (2022) 114128, doi: https://doi.
org/10.1016/j.jenvman.2021.114128.

Y. Zhang, X. Cao, Y. Yang, S. Guan, X. Wang, H. Li, X. Zheng, L.
Zhou, Y. Jiang, J. Gao, Visible light assisted enzyme-photocat-
alytic cascade degradation of organophosphorus pesticides,
Green ChE, 2022, in press, doi: https://doi.org/10.1016/].
gce.2022.02.001.

H. Adabavazeh, A. Saljoogqi, T. Shamspur, A. Mostafavi, Syn-
thesis of polyaniline decorated with ZnO and CoMoO, nan-
oparticles for enhanced photocatalytic degradation of imida-
cloprid pesticide under visible light, Polyhedron 198 (2021)
115058, doi: https://doi.org/10.1016/j.poly.2021.115058.


https://doi.org/10.1016/J.ETI.2019.100529
https://doi.org/10.1016/J.ETI.2019.100529
https://doi.org/10.3109/00498254.2014.990948
https://doi.org/10.3109/00498254.2014.990948
http://dx.doi.org/10.2174/157488631002150515124548
http://dx.doi.org/10.2174/157488631002150515124548
https://doi.org/10.1016/j.jece.2021.105963
https://doi.org/10.1039/9781782627104-00001
https://doi.org/10.1016/S1001-0742(08)62130-0
https://doi.org/10.1016/S1001-0742(08)62130-0
https://doi.org/10.1016/B978-0-12-811033-1.00027-5
https://doi.org/10.1016/B978-0-12-811033-1.00027-5
https://doi.org/10.1002/9781118985960.meh110
https://doi.org/10.1002/9781118985960.meh110
https://doi.org/10.1016/j.jece.2021.105619
https://doi.org/10.1016/j.jece.2021.105619
https://doi.org/10.1016/j.arabjc.2022.103689
https://doi.org/10.1016/j.arabjc.2022.103689
https://doi.org/10.1002/adom.201900091
https://doi.org/10.1016/J.ETI.2019.100530
https://doi.org/10.1016/J.ETI.2019.100530
https://doi.org/10.1016/j.jpcs.2022.110691
https://doi.org/10.1016/j.jenvman.2021.114128
https://doi.org/10.1016/j.jenvman.2021.114128
https://doi.org/10.1016/j.gce.2022.02.001
https://doi.org/10.1016/j.gce.2022.02.001
https://doi.org/10.1016/j.poly.2021.115058

A. BRATOVCIC: Recent Achievements in Photocatalytic Degradation of Organic Water Contaminants, Kem. Ind. 72 (9-10) (2023) 573-583 583

SAZETAK

Najnovija dostignuc¢a u fotokatalitickoj degradaciji organskih
oneciscujucih tvari u vodama
Amra Bratovcic¢

Kemijska slozenost organskih oneciséujucih tvari u prirodnim vodama, poput lijekova, agrokemi-
kalija i boja, zahtijeva primjenu novih i naprednijih nacina njihova uklanjanja iz voda u odnosu
na konvencionalne metode njihova procis¢avanja. Jedna od takvih metoda je fotokataliticka raz-
gradnja. U ovom radu opisani su mehanizmi razgradnje stetnih organskih spojeva pomocu polu-
vodickih materijala s aktivnim fotokatalitickim svojstvima uz djelovanje UV ili vidljivog zracenja.
Raspravljat ¢e se o metodama i odabiru komponenata za pripravu najnovijih fotokatalizatora, o
njihovoj stabilnosti te u¢inkovitosti uklanjanja organskih onecisé¢ujucih tvari. Rasprava ¢ée takoder
obuhvatiti prednosti i nedostatke fotokatalitickih metoda, kao i buduca istrazivanja u tom podruc-

ju.
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