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ABSTRACT

Recently, nano-photocatalysis has appeared as an efficient and green method of disinfection. It has
been found that the process allows deactivation of various types of microorganisms. The antibacterial
effect has already been checked on a number of gram-positive and gram-negative bacteria includ-
ing Escherichia coli, Staphylococcus aureus, and others. Moreover, the actions targeted on destruction
of fungi, algae and viruses have also been performed. Despite intensive research on novel photo-
catalysts, titanium dioxide (TiO,) remains the most commonly used material due to its proper-
ties. Additionally, TiO, can be easy modified using physical and chemical methods, what allows
for its wide use in industrial scale. One possibility for modification is the use of photocatalysts in
the form of nanoparticles. This review gives the latest developments in the deactivation of micro-
organisms in water and wastewater using photocatalysts in nanoforms.
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1. Introduction

Industrial expansion accompanied by economic and
civilization growth affect water resources and often leads
to contamination of water streams and water scarcity (espe-
cially in regard to surface and ground water resources used
for potable water production). It is a highly undesired effect,
as it becomes a serious, worldwide problem, harmful not
only to environment, but also to human health. The access
to fresh and sanitary safe water is a fundamental of sustain-
able development. However, it is estimated that more than
1/6 of human population suffers because of poor water qual-
ity, which leads to death to millions of people, especially
children. One of the most important issue is related with
microbial water contamination, especially transmission of
mutated species resistant to antibiotics, such as Methicillin
Resistant Staphylococcus aureus (MRSA) and Clostridium
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difficile (C. diff) [1]. Due to these facts, novel methods of water
treatment, targeted on removal and decomposition of not
only chemical pollutants like organic compound and heavy
metals, but also enabling elimination of microorganisms
are seek for. The latter are desired to be used as colloidal
solutions or surface coats, which should characterize with
high efficiency and stability [2-7].

Photocatalysis as disinfection method of water and
wastewater has been widely studied since the 1990s [1-5].
The experiments is related to novel materials, the use of
visible light for excitation of photocatalysts and complete
mineralization of pollutants which has been evaluated [2].
However, there are problems, which need further research
and solution, namely, the reduction of energy band gap of
photocatalysts, and fabrication of new photo-catalysts with
low band gap [8-11]. In this range, nano-photocatalysts
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(1-100 nm) are an ideal solution because they meet the
above-mentioned requirements.

Nanoparticles (NPs) have strong antimicrobial proper-
ties. Different from chemical disinfectants, nanomaterials
produce less toxic disinfection by-products, do not have
such strong oxidizing properties and are inert in water
[12]. The most commonly used nanomaterials in the water
and wastewater disinfection are titanium dioxide (TiO,),
zinc oxide (ZnO) and carbon-based nanoparticles [13,14].

The presented paper reviews the current state on the
art on the use of nano-photocatalysis in water and waste-
water disinfection. Fundamentals of process mechanism
and discussion on microorganisms used in investigation of
disinfection processes are also included. The results of the
research on the use of different types of nano-photocata-
lysts and possible methods of their modification has been
shown. A short summary on the use of the process to remove
organic compounds present in water and wastewater is also
given in order to highlight the possible combined effect
of the treatment with the use of the discussed method.

2. General photocatalysis mechanism

In the photocatalysis process, a light radiation is involved
in initiation of photocatalytic reaction by bombarding of a
photocatalyst surface with photons [15-17]. The detailed
mechanism of the photocatalysis is quite a complex sub-
ject but the basic principle is the same. Upon irradiation of
the light with the energy equal or more than the band gap
of the semiconductor photocatalyst, the electrons (e”) are
excited from the valance band of the catalyst to the con-
duction band (e;), leaving the holes behind in the valance
band (hy,) [3-5,8,11,18] [Eq. (1) and Fig. 1].

Photocatalyst + hv — hy, +e_, @)

These photo-generated electrons and holes can possibly
recombine by releasing the heat between 10 and 100 nano-
seconds (Eq. 2) [20]. This recombination of the electrons and
holes causes the low quantum efficiency of the photocata-
lyst. This recombination process of the electrons and holes
can be reduced significantly if these charge-carrier spe-
cies are separated by the addition of suitable scavenger or
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Fig. 1. Mechanisms of photocatalysis (compiled from [8-10,19]).

incorporation of some of the trap sites on the surface as a
result of producing defects, surface adsorbents, or other sites.

e +hy, — heat )

In conduction band (eg,), e reacts with oxygen, form-
ing two radicals: peroxyl (*O*) and hydroperoxyl (‘*OH,),
while in the valence band (h};) water is oxidized with the
formation of hydroxyl radicals ("OH) and hydrogen ions (H")
[Fig. 1 and Egs. (3) and (4)] [8-10]. If impurities are present
in solution then they degrade to water (H,0) and carbon
dioxide (CO,) [4,9-10].

e, +0, >0 ®3)

h, +H,0 - "OH+H" )

Most photocatalysts are activated under near ultra-
violet (UV) light (300400 nm), which is a result from the
high energy “transfer band” of many photocatalysts, such
as 3.2 eV for TiO,. Sunlight-based photocatalysis requires a
large surface area [21]. In order to use sunlight in the pho-
tocatalysis of contaminants found in water and wastewa-
ter, the photo-catalysts used so far must be modified [18].
A number of successful attempts have been made to mod-
ify semiconductor catalysts with a wide “band gap” to shift
light absorption to the visible range. In order to increase
the range of absorbed light, what is crucial in case of pho-
to-degradation and photo-mineralization of contaminants
present in water and wastewater, modification of proper-
ties of involved photocatalysts [22]. Such procedures are
very advantageous due to the free access and availability
of natural light. A number of successful modifications of
semi-conductive photocatalysts of wide transition band ded-
icated to shipment of absorption toward visible light have
been made. Such photocatalysts, however, characterize with
significantly lower photoactivity due to favoring of recom-
bination process [3,23]. Among available modification tech-
niques one may distinguish [3,11,22]:

¢ addition of transition metals (manganese, copper, nickel,
cobalt, etc.) or non-metals (nitrogen, sulphur, boron,
halogens, etc.) to semi-conductive photocatalysts;

e mixing of different semi-conductors, application of
mMesoporous supports;

* application of nanotechnology to modification of pho-
tocatalyst (nanostructured photocatalysts (ns-PhC),
addition of dyes or organic polymers to ns-PhC, coat-
ing of photocatalysts surface with metallic nanoparticles
(NPs) induced with visible light plasma).

Such modifications can change the fermi level and delay
the electron-hole recombination process. For example, dop-
ing of metals (Au, Ag, Cr, Si, Co, Mg, Mn, Fe, Fe, Al, In and
Ga) to photocatalytic material may decrease both energy of
band gap and rate of recombination of e/h+ pairs, as elec-
trons excited by radiation have a tendency to migrate to
noble metals, of lower Fermi energy, while electron holes
remain on a photocatalyst surface [7,21,22]. The combination
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of semi-conductors with nanoparticles of noble metals
like silver (Ag), gold (Au), platinum (Pt) and palladium
(Pd) increases photocatalytic activity of final composites
according to two possible mechanisms, which are shown in
Fig. 2 [24,25].

3. Photocatalytic removal of organic compounds

Photocatalysis is widely used in water and wastewater
treatment to degrade pollutants into harmless products,
primarily using metal oxide semiconductor nanoparticles,
mainly TiO, and ZnO [3,6,18,26-31].

Endocrine disrupting compounds (EDCs), that is, com-
pounds which disrupt functioning of hormonal system, are
harmful group of chemicals, which are disposed to natural
waters and cause undesired changes in biochemical activity
of endocrine processes, what results in serious health effects.
The recent researches have shown, that EDCs appear more
often in natural water as well as in wastewater, even after
biological treatment. Among EDCs one may find endog-
enic hormones, natural organic compounds produced by
fungi (mycoestrogens) and plants (phytoestrogens), as well
as wide range of anthropogenic micropollutants including
polyaromatic hydrocarbons (PAHs), surfactants, plant pro-
tection products (pesticides, herbicides and insecticides),
preservatives, phthalates, phenolic compounds (alkylphe-
nols, bisphenols), synthetic hormones, pharmaceutical com-
pounds and personal care products [26,32-36].

Nano-TiO, photocatalyst is frequently used to pesti-
cides removal. Compounds like endosulfan, quinalphos,
imidacloprid, chlorpyrifos, dichlorvos, phosphamidon and
aldrin has been successfully degraded using commercial
Degussa P25 TiO, as well as ZnO in the form of nanopar-
ticles, [37,38]. Water soluble pesticides of carbamate type
(cymoxanil, dimethoate, methomyl, oxamyl, pyrimethanil
and 1,3-dichloroproen) has been completely mineralized
during heterogeneous photocatalysis carried out under solar
UV light radiation and using nano- TiO, in pilot scale process
[39]. Pesticides like thiabendazole, imazalil and acetamiprid,
chlorpyrifos, lambda-cyhalothrin and diazinon have been
efficiently degraded in reactor with immobilized sunlight
activated photocatalyst containing TiO, [40]. The magnetic
photocatalytic system comprised of Fe,O,/SiO,/TiO, has been
used to degradation and mineralization of pesticides like
acephate, omethoate and methyl parathion [41] to inorganic
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Fig. 2. Enhancement of photocatalytic activity of metal/semi-
conductor composites: (a) mechanism of charge separation and
(b) mechanism of charge transfer (compiled from [24-26]).

products and any organic carbon has not remained in the
treated stream.

Photocatalysis is one of the most important methods
applied to removal of organic dyes from wastewater, espe-
cially having carcinogenic and mutagenic effect on living
organisms. Nano-metal oxides (TiO, and ZnO) show the high
efficiency degradation of a lot of dyes detected in water and
wastewater [42]. For example, the methyl orange and methy-
lene blue degraded by nano-ZnO in the form of powder and
nanowires is faster than commercial TiO,, due to the large
active surface [22]. Also nanocomposite photocatalyst made
of ZnO and CuO shows high mineralization of Acid Red
88 dye in wastewater compared to non-modified ZnO [43].
Similarly, nanocomposite polyaniline/ZnO shows removal
of methylene blue and malachite in 99 at low dose equal
0.4 g/L [44], and nanoparticles of y-Fe,O, degrade Bengal
rose and methylene blue at visible light radiation with high
efficiency [45].

Photocatalysis is found to be suitable technique of the
removal of pharmaceuticals and personal care products
(PPCPs). Zhang et al. [46] have revealed, that NPs of TiO,
have high photodegradation efficiency of chemotherapeutic
and antibiotic doxorubicin carbamazepine, venlafaxine, flu-
oxetine, atenolol, sulfamethoxazole, ibuprofen, atorvastatin,
naproxen, trioxolane, triclocarban and their metabolites [47].
The photocatalysis mechanism of consists of surface adsorp-
tion of the compound on NPs of TiO, and oxidation by UV
induced electron holes. Immobilized TiO, in the form of
quartz fibers filters and porous TiO, sheets and nanowires
have been applied to treat wastewater containing pharma-
ceuticals (naproxen, carbamazepine) and personal care prod-
ucts (theophylline) at wavelength 30-100 nm [48]. TiO, nano-
composites modified with graphene (Gr-TiO,) photo-cata-
lytically degrade carbamazepine from drinking water and
complete removal is obtained at the dose 25.14 mg/L Gr-TiO,
after 5 min under UV radiation of intensity 1.35 mW/cm?
[49]. Photocatalytic removal of carbamazepine, diclofenac
and sulfamethoxazole by composite materials comprised
of a semiconductor-carbon nanomaterial reveals signifi-
cant increase of efficiency already under sunlight radiation
[50]. TiO, photocatalysis has been degraded of gemfibrozil
and 17B-estradiol in 95% and 93%, respectively at pH of 5
and TiO, dose 1.5 g/L. 17B-estradiol have been degraded
by nanocrystalline TiO, modified with nitrogen and
graphene oxide below its detection [51].

The use of photo-catalysis is also effective in the removal
of phenolic xenoestrogens from water and wastewater The
research included octylphenol, nonylphenol, bisphenol A
and bisphenol F as well as 2-chlorophenol, 4-chlorophe-
nol and 2,6-dichlorophenol [52,53]. It was found that on
the removal efficiency depends on such parameters as pH
and phenol concentration and structure, irradiation inten-
sity, surface properties, and adsorption effect of interme-
diate products. In the study, Degussa TiO, and TiO,-based
composite photo-catalysts such as InVO,/TiO, were used,
which showed complete degradation for 2-chlorophenol,
while in comparison, the removal efficiency on was 50.5%
with TiO, [54].

Photocatalysis is proven to efficiently degrade and min-
eralize variety of organic compounds, which are harmful
to human health, especially in regard to endocrine system
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functioning. The contaminants, which are of the highest con-
cern are pesticides, pharmaceuticals and personal care prod-
ucts, detergents, phenolic compounds, chloro- and non-halo-
genated organic derivatives have been successfully removed
by the process. One should also note that this is especially
important due to the fact, that a number of these compounds
are highly persistent contaminants, which during treatment
may form even more harmful by-products or keep their
activity even after a series of conventional oxidative treat-
ment techniques [26]. Despite many research showing that
TiO, and its nanocomposite are able to decompose endo-
crine disruptors, only several research discusses the final
toxicity of the treated stream. Nevertheless, photocatalysis,
except for its high usability in organic compounds elimina-
tion, has become regarded as an efficient, “green” method
of water and wastewater disinfection. It has been observed,
that photocatalytic antimicrobial effect can be obtained in
regard to many types of microorganisms [10,18].

4. Water and wastewater disinfection by
nano-photocatalysis

Water and wastewater treatment methods should allow
not only for removal of chemical contaminants, but also
microbial ones such as viruses, bacteria, fungi or moulds.
Photocatalytic inactivation of microorganisms is a complex
process and its efficiency depends on a range of factors such
as type of microorganisms, their concentration and physio-
logical stage [18]. Moreover, type, morphology, concentra-
tion and phase (suspended or immobilized) of photocata-
lyst are crucial for efficient process performance. Among
different microorganisms, Escherichia coli is the most often
used in testing and optimization of photocatalysis parame-
ters as well as in designing of novel photoreactors [17,18].
However other microorganisms like Pseudomonas aeruginosa,
Salmonella typhimurium and Enterobacter cloacae have been
used in research on their photocatalytic deactivation in order
to prove the suitability of the process toward removal of
biologically active microbial species.

4.1. Photocatalytic disinfection mechanism

Radicals generated during the photocatalysis. called also
reactive oxygen species (ROS), are the most probable mech-
anism of bacteria degradation, and cell’s death is caused by
the damage of cell wall membrane [18,26,55,56]. The leak-
age of potassium ions and intercellular substances such as
RNA and proteins leads to complete destruction of cells
[26,55]. Antibacterial activity decreases after addition of ROS
sweeper, but it is not completely stopped due to formation
of highly reactive hydrogen peroxide. Hence, antimicrobial
activity results from a synergic action of all types of ROS
formed during photocatalytic reaction [26]. The progress
in investigations of photocatalytic disinfection mechanism
leads to understanding and description of the most proba-
ble mechanism of cellular wall damage [18,26,55]. It has been
proven that peroxidation of phospholipid component of cel-
lular wall due to the possible ROS attack results in its decay.
Lipids peroxidation results in formation of malonic dialde-
hyde, while continuous radiation allows for the aldehyde
mineralization to carbon dioxide (CO,) and water (H,O)
[18,26,55].

Pigeot-Rémy et al. [57] have investigated bacterial cells
and evaluated the possibility of their growth together with
integrity of cellular walls in the dark and under visible
light radiation. The authors have stated that TiO, particles
reveal potential antibacterial features before the light radia-
tion is applied, while the increase of TiO, content limits the
growth of bacteria cells due to perturbations observed in
wall’s permeability. The particles cause the breakage in the
integrity of cellular wall, what leads to the improved deacti-
vation effect. On the other hand, the permeability of cellular
wall remains unchanged at the presence of silica nanopar-
ticles. It results from the difference in electrostatic charge
between particular particles and cellular wall. Under further
radiation, the inactivation effect is continued by the oxida-
tive attack of ROS on cells RNA and DNA formed during
photocatalytic treatment with UV light [57].

Wang et al. [58] have investigated dominant ROS respon-
sible for deactivation of E. coli under visible light radiation
using TiO, microspheres doped with boron (B) and nickel
(Ni). Hydrogen peroxide (H,O,) generated in the system has
been defined as the most dominant specie. Hydroxyl radical
(*OH), on the other hand, which is present in the solution
and on the catalyst surface, enhances H,0O, formation.

Matai et al. [59] have investigated antibacterial mech-
anism revealed by Ag-ZnO composite and have effectively
defined probable inactivation pathways. The first pathway
is based on direct interaction of the composite with a bac-
terial cell. It may be caused by surface oxidation followed
by dissolution of Ag and Zn ions. The interaction may be
also achieved by direct contact of composite particles with
cellular wall based on electrostatic interactions. The sec-
ond pathway relies on the damage of cellular wall by ionic
potential or generated ROS. The third method of inactivation
is based on change/inhibition of DNA replication by ions
or ROS interaction with hydrocarbon-phosphate groups,
which cause changes in protein genes responsible for func-
tioning of the cell. Finally, possible damage of a cellular wall
leads to the leakage of intercellular substances, which ends
with lysis of a cell.

It should also be noted that lipid peroxidation, DNA
and protein leakage studies, demonstrated irreversible
comptonization of bacterial cell membrane, metabolism and
morphology with simultaneous validation using electron
microscopy and fluorescent staining [60]. Additionally, time
dependent increase in membrane by-product 4-hydroxy-
2-nonenal (4-HNE), which acts as a suicidal molecule syn-
ergistically acting on the bacteria for enhancing the rate of
disinfection, confirms the disinfection of the targeted bacte-
ria. The current reports about deleterious and detrimental
effect of the solar-photocatalytic disinfection process on the
resistance pattern of the bacteria, which showed substan-
tial down-regulation of antibiotic resistance as compared to
traditional chemical-based disinfection techniques.

Hence, the proceedings in determination of a mechanism of
antibacterial actions of a photocatalyst may be defined as [18]:

e Coenzyme A degradation,

¢ Cellular wall malfunctions observed in transmission
electron microscopy (TEM) images,

® Metabolic activity damage as confirmed by resazurin
assay,



6 M. Bodzek et al. | Desalination and Water Treatment 305 (2023) 2-16

e Hydrogen peroxide production,

¢ Scanning electron microscopy microphotographs and C,,
labelling for visualization of colonies disappearance,

® Peroxidation of phospholipid component of cellular wall,

e Change in fatty acid composition (increase omega 9 fatty
acids) of the membranes (desaturation due to oxidative
stress) supports ROS attack,

e Determination of toxic nature of nanoparticles and
detection of materials of cellular nucleus as potential
target of inactivation actions,

¢ Identification of dominant ROS types and indication
that hydroxyl peroxide is the main specie responsible
for inactivation occurrence.

To sum up, ROS are crucial in destruction of microor-
ganisms using semiconductive materials and UV radiation,
whereas the strongest effect is assigned to hydroxyl rad-
icals ("OH) [17]. The inactivating properties of hydroxyl
radicals lies in high oxidation potential and non-specific
reactivity. Hydroxyl radicals formed on nano-TiO, surface,
during their contact with water, characterize with long
lifespan and may penetrate cellular wall and damage DNA,
similarly as H,0,, as well as cause peroxidation of lipids
(Fig. 3) [51,61].

Photocatalytic mechanism, which leads to antimicro-
bial effect, starts with destruction of cellular wall mem-
brane, what results in leakage in intracellular substances
such as RNA and proteins, followed by complete cell
destruction and death [54]. The leaked material is oxi-
dized at photocatalytic sites of a semiconductor. It has
been found, however, that the presence of extracellular
polymeric substance (EPS) may lead to the decrease of
antibacterial activity due to its competition toward ROS.
Hence, it is important to remove EPS from the reaction
environment in order to obtain desired disinfection effect
[62]. Apart EPS, bacterial contaminants also face compe-
tition from the already generated disinfected by-prod-
ucts in the system after a few minutes of photocatalytic
treatment. Moreover, generated ROS are able to create so
called oxidative stress in aqueous phase what addition-
ally enhances the overall disinfection effect.

Multidrug-resistant bacteria (MDR bacteria) are
bacteria that are resistant to three or more classes of

Conduction band .
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Membrane rupture DNA/RNA
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Band gap Eg
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Fig. 3. Photocatalytic inactivation bacteria (compiled from
[51,61]).

antimicrobial drugs [63]. MDR bacteria have seen an
increase in prevalence in recent years and pose serious
risks to public health. These bacteria employ various adap-
tations to avoid or mitigate the damage done by disinfec-
tants. These bacteria employ various adaptations to avoid
or mitigate the damage done by antimicrobials. That is why
MDR bacteria may possess certain defence mechanisms
to counter the photocatalytic stress.

The post-photocatalytic bacterial reactivation/regrowth
is one of the important parts of photocatalytic disinfec-
tion. Bacterial regrowth occurs through three mecha-
nisms: (1) reactivation from a viable but non-culturable
(VBNC) state, (2) repair of photo-induced DNA damage,
and (3) reproduction of surviving bacteria in disinfected
water. The literature shows that bacterial regrowth occurs
at different degrees, depending on disinfection processes
and post-disinfection storage conditions [64].

4.2. Photocatalytic disinfection with titanium dioxide

The nano-TiO, photocatalyst shows the ability to deac-
tivate pathogenic organisms in water and wastewater.
Studies have shown that nano-TiO, particles (Degussa P25)
activated by sunlight deactivate both gram-negative and
gram-positive bacteria, fungi, protozoa and cysts [18,55,56].
The effectiveness of photocatalytic deactivation of bacte-
ria with nano-TiO, can be arranged in the following order:
E. coli> gram-negative bacteria (other than E. coli) > gram-pos-
itive bacteria (other than Enterococcus sp.) > Enterococcus sp.
[65]. The differences in the photocatalytic effectiveness of
bacteria are due to the various structure of their cell wall and
susceptibility to the oxidative damage of its components. In
addition, the bactericidal efficacy of TiO,/UV disinfection
depends on the concentration and size of the photocatalyst
particles, pH, temperature and radiation intensity as well
as the initial concentration of bacteria and the presence of
associated contaminants [66]. The presence of organic sub-
stances can reduce the efficiency of bacterial inactivation
by TiO, photocatalysis by up to 40%/UV [67]. The results of
other work suggest that high concentrations above 10% IU/
mL underlie the weakening of the photocatalytic effect of
nano-TiO, [55]. Another parameter is also the polymorphic
form of nano-TiO,, namely, the greatest antibacterial activ-
ity, shows a mixture of anatase and rutile in a ratio of 4:1
[55]. Also, a mixture of anatase and rutile TiO, doped with
carbon in a ratio of 80/20 provides effective inactivation of
S. aureus under visible light radiation [68].

TiO, in the form of nanotubes (NT) is one of the most
favourable morphologies for the removal of microorgan-
isms from water and wastewater due to its high specific
surface area and good light absorption [17,69,70]. This was
confirmed by studies of the effectiveness of germicidal
nanotubes against E. coli and S. aureus, in which removal of
97.53% and S. 99.94%, respectively, was achieved within 24 h
of UV irradiation [69]. In addition, hydroxyl radicals on the
TiO, surface were found to determine inactivation, as indi-
cated by the length-to-diameter ratio of the nanotube shape
(100 um and 20 nm). In another study on the inactivation of
E. coli, P. aeruginosa and S. aureus with TiO, nanotubes, it was
shown, the calcination temperature of NT TiO, affected the
inactivation efficiency of bacteria [63]. As the temperature
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and the rutile content increased, there was a decrease in
bacterial inactivation to less than 1 log,  at 600°C and 800°C.
At lower temperatures (non-calcined and 200°C), E. coli
showed a high level of inactivation (2.7 log, reduction) [70].

4.3. Disinfection with TiO, nanocomposites

TiO, composites have a higher inactivation efficiency
against microorganisms in water and wastewater disinfec-
tion than pure TiO,. There is a lot of dopants of TiO, that
have been applied for the inactivation of microorganisms,
some examples include nitrogen, silver, sulphur, carbon,
nickel, copper, palladium, zirconium dioxide (ZrO,) tin
dioxide (SnO,), molybdenum, iron, boron and cerium [26].

Pure silver is known as one of the most interesting anti-
microbial materials. Silver nanoparticles, when used as TiO,
doping, enable the semiconductor activation already in vis-
ible light [71]. The recent researches have also shown that
Ag doped TiO, reveals significantly improved inactivation
of bacteria. For example, the presence of 1 wt.% of Ag in
TiO, shortens UV-A radiation period for complete removal
of E. coli four times [72]. Ag nanoparticles improve TiO,
photoactivity by the slowing of charge carriers recombina-
tion and/or by the increase of absorption surface. It is also
supposed, that visible light absorption by Ag nanopar-
ticles surface induces transfer of electrons to TiO, what
leads to charge separation and thus allows for activation of
the material under visible light range [71]. Hence, Ag-TiO,
nanocomposites are promising photocatalytic materials suit-
able to be used in processes carried out under visible light
radiation.

The introduction of Ag nanoparticles on the surface of
TiO, films (Ag/TiO,) results in anti-bacterial activity against
E. coli under visible and sunlight [73]. The resulting compos-
ite has more active sites on the surface to deactivate bacte-
ria, due to the high surface concentration of OH groups as
well as the H O content, which resulted in the formation of
more silver ions. The main mechanism for the release of sil-
ver ions was the interdiffusion of water and silver nanopar-
ticles through the pores of the TiO, layer. The antibacterial
activity of the nanocomposite layer irradiated with sunlight
was several times higher than that of the anatase (a-TiO,)
layer. Therefore, the Ag-TiO,/Ag/a-TiO, photo-catalyst can be
considered as one of the effective and durable antibacterial
nano-composite materials.

Reddy et al. [72] described the formation of catalyst
composed of Ag-TiO, and hydroxyapatite (HAP). The addi-
tion of hydroxyapatite increased the disinfection capacity
of Ag-TiO,, resulting in complete disinfection of E. coli. The
study showed that in HAP-Ag-TiO, composite, titanium is
present as tetravalent and silver as Ag’. It was also found that
HAP irradiation causes surface changes of the PO group,
which translates into increased photocatalytic activity of the
composite. The TiO,/Ag PO, was also tested for disinfection
of E. coli bacteria and Fusarium graminearum fungi under
visible light [74], which reduced its survival rate to about
2. The disinfection mechanism involved damage to the cell
wall by attacking oxygen-containing radicals [74].

Also composites Agl/TiO, and AgBr/TiO, have antimi-
crobial properties toward E. coli and S. aureus under visible
light radiation [55]. The complete degradation of cellular

wall has been observed in TEM images, whereas interme-
diate products such as aldehydes, ketones and carboxylic
acids have been identified using Fourier-transform infra-
red spectroscopy. These results have indicated that photo-
catalytic destruction of cellular wall is the main reason of
microorganisms death. Moreover, electrostatic interaction
between bacteria and catalyst significantly influences on
disinfection efficiency basing on E. coli inactivation results
obtained at different conditions.

Rtimi et al. [75] have presented results of the research on
the use of sputtered Cu/TiO, foils to bacteria inactivation.
Cu and TiO,/Cu sputtered films have allowed for complete
inactivation of E. coli carried out in dark conditions, while
such an effect has not been observed in case of TiO,. The
presence of Cu has enhanced inactivation of bacteria under
simulated sunlight radiation of low intensity, what influ-
ences on practical use of such materials. Composite layers
formed during plasma sputtering allow for significant metal
savings in regard to layers formed using conventional sput-
tering methods. The leakage of Cu during bacteria inactiva-
tion has been monitored using inductively coupled plasma
mass spectrometry analyses, which show that the content of
copper is in ppb range, that is, below cytotoxic level estab-
lished in human health standards. Similarly, a TiO,-ZrO,
composite on polyester (PES) with Cu doping showed a
strong bactericidal effect. Inactivation increased threefold
for the Cu-containing composite compared to the Cu-free
composite, at low concentration of Cu (0.01-0.02 wt.%).
The antibacterial properties are evident from the strong
affinity between the phosphate and the thiol group in the
negatively charged bacterial cell wall with copper (a strong
electron donor) [76].

Fisher et al. [77] described molybdenum-doped tita-
nium dioxide that effectively inactivated brewing microor-
ganisms, that is, 5-log for bacteria after 4 to 24 h and 1-log
for fungi after 72 h in the dark. The research suggests that
composites may have dual function — antimicrobial and
photocatalytic, and TiO,-Mo coating may act as a second-
ary barrier to help prevent the accumulation of microbial
contaminants on surfaces of brewing installations during
long production runs. The TiO,(Eu)/CuO nanocompos-
ite exhibits bactericidal properties against bacteria of the
Enterococcus species [78], with higher activity obtained
against Enterococcus faecalis than against Enterococcus faecium.
The mechanism of the antibacterial action of the composite
was based on the selective binding of CuO to the surface
of the microorganism. Titanium dioxide doped with boron
and/or cerium (B/Ce-TiO,) exhibits antibacterial properties
against S. aureus [79]. In the case of boron. the composite
obtained enhanced antibacterial properties due to the nar-
rowing “band gap” of the TiO,, increasing of the catalyst
surface area, the presence of B instead of oxygen O, and
the formation of B-O-B bonds. In materials with cerium,
Ce?®" and Ce* ions co-occur. Photocatalytic and antibacterial
properties are demonstrated by cotton fabrics coated with
TiO,-1% Fe-N nanoparticles obtained by hydrothermal
method and annealed at 400°C [80]. Antibacterial efficacy
depends on the composition of the composite, the type of
bacteria and the incubation time. The TiO, in the compos-
ite consisted primarily of an anatase phase and in 15%-20%
brucite, containing Fe* ions and nitrogen.
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TiO, composites containing nickel ferrate (NiFe,0O,) are
characterized not only by photo-catalytic properties, but also
by magnetic properties, making it possible to recover the
catalyst in a magnetic field [81]. The obtained TiO,/NiFe,O,
and TiO,/NiFe O,/diatomite composites show effective anti-
bacterial activity against E. coli strains. Bacterial inactivation
in the presence of TiO, nanoparticles coated with NiFeO,
is faster than in the absence of NiFe,O,, and the presence
of diatomite increased the adsorption of microorganisms.
Magnetic properties also characterize the antibacterial
Fe,O,-AgBr composite, which effectively inactivates both
gram-negative (E. coli) and gram-positive (S. aureus) bacte-
ria [82]. The mechanism of bacterial inactivation relies on
the oxidative action of H,0, generated by photocatalysis.

Rengifo-Herrera et al. [83] have doped nitrogen and sul-
phur compounds N-S to TiO, in order to study the impact
of the semiconductor modification on E. coli photocatalytic
inactivation. The authors have used thiourea as the source
of N-S dopes to TiO, [83]. The formation of reactive oxy-
gen species (ROS) has been found to depend on the dope
properties, particles size and surface hydroxylation.

4.4. Photocatalytic disinfection with zinc oxide

Zinc nano-oxide (nano-ZnO), like TiO,, exhibits sig-
nificant antibacterial activity even at low concentrations.
A number of both gram-positive and gram-negative bacte-
ria have been studied, with the effectiveness of nano-ZnO
being greater against the former [55,84]. The reason for this
is the structure of the bacterial cell membrane, that is, the
thicker cell membrane of gram-negative bacteria may block
the penetration of nano-ZnO into the bacterial cell. For
example, the bacteria Pseudomonas spp. are resistant to ZnO
photocatalyst, while Bacillus cereus bacteria were destroyed
after 2-4 h of contact with nano-ZnO [55,84]. Not only the
nature of the bacteria, but also the size of nano-ZnO has
a large effect on antibacterial activity due to the greater
accumulation of nanoparticles on the surface and inside
the cell membrane [55,84]. It was shown that the effect of
nano-ZnO size on the inactivation of S. aureus was smaller
than that for E. coli, due to differences in the structure and
chemical composition of the cell membrane layers. E. coli
bacteria have layers of peptidoglycan, lipid and lipopoly-
saccharide on the cell surface, while S. aureus only has a
peptidoglycan layer [51,77].

Other factors influencing bacterial disinfection are the
structure of ZnO nanoparticles and the type of radiation
that activates photocatalysis. Studies have been carried out
on the effectiveness of disinfection by ZnO nanoparticles
immobilized on paper prepared from cellulose under visible
light and in the dark [55,84]. Inactivation of gram-negative
E. coli and gram-positive Bacillus subtilis bacteria in visible
light was almost twice as high as in darkness, indicating
the possibility of disinfecting water in sunlight.

Nano-ZnO also shows disinfecting activity on patho-
genic fungi Botrytis cinerea and Penicillium expansum, with
P. expansum fungi being more sensitive to ZnO [85]. The con-
centration of the nanocatalyst is of great importance in this
case, that is, with increasing concentration the disinfection
efficiency increases.

Studies have shown enhanced antibacterial activity of
ZnO photocatalysts containing silver and gold nanoparti-
cles deposited on the surface, introduced by photoreduction
of metal compounds [86,87]. The Ag@ZnO photocatalyst
has been tested in the disinfection of model gram-negative
Vibrio cholerae 569B bacteria present in water using radiation
sunlight [87]. The nano-composite system showed a deac-
tivation rate of about 98% within 40-60 min of exposure to
sunlight. In the case of the Au@ZnO composite, a low con-
centration of Au enhanced the antibacterial effect many
times over, due to increased levels of ROS produced during
the disinfection process [86].

Nano-ZnO disinfection studies have also been per-
formed in municipal wastewater for the bacteria Klebsiella
pneumoniae, E. coli, Proteus and Staphylococcus epidermidis and
compared with the disinfection efficiency of chlorine and
ultraviolet light [88]. It was shown that, similar to the model
studies, the disinfection efficiency depended on the type of
bacteria and the concentration of the nano-catalyst. Thus,
nano-ZnO showed activity against E. coli and Staphylococcus
epidermidis, but not Klebsiella pneumoniae and Proteus; more-
over, activity increased with increasing nano-ZnO concentra-
tion. Thus, ZnO nanoparticles can be an antibacterial agent
in wastewater treatment, especially as a complementary
method to UV disinfection [81].

The studies demonstrated that nano-ZnO is very effi-
cient in water and wastewater disinfection, especially as a
method together with UV disinfection, and the better effect
shows in relation to gram-positive than to gram-negative
bacteria. Table 1 presents selective efficiency studies of nano-
ZnO antibacterial activity against different bacteria [88-92].

4.5. Carbon based photocatalysts in water and wastewater
disinfection

Very important photocatalysts used in water and waste-
water disinfection are those that are based on carbon. It can
be distinguish composites first of all with TiO, by their com-
bination with graphene oxide, carbon nanotubes, fullerenes
and graphitic carbon nitride g-C\N,. Also this group of
photocatalysts has gain the attention in regard to their
use in photocatalytic disinfection processes.

Cao et al. [93] have investigated inactivation of
E. coli using composite comprised of titanium dioxide and
graphene oxide (TiO,-GO) exposed to visible light radiation.
GO has been prepared using Hummer method, whereas the
developed composite has characterized with better inacti-
vation properties for bacteria E. coli compared to TiO, and
graphene separately. Fernandes-Ibanez et al. [94] have stud-
ied the possible use of the same composite against E. coli and
F. solani and compared the results with Degussa P25 (stan-
dard nanoparticles of TiO, with mixed anatase and rutile
phases). The composite has shown faster disinfection effect
than commercial photocatalyst and the reason of this fact has
been related with formation of singlet oxygen. Akhavan and
Ghaderilt [95] have prepared nanocomposites comprised
of TiO, and reduced graphene oxide which have character-
ized with improved antimicrobial properties under sunlight
radiation. This activity has been assigned to better light
absorption or acceptance of electrons revealed by reduced
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Table 1

Antibacterial efficiency of nano-ZnO for different bacteria at different ZnO concentrations

Bacteria type Nano-ZnO Antibacterial test results
concentration
Staphylococcus aureus 0.1-0.3 uL Zone of inhibition was 10-13 mm depending on nano-ZnO concentration
Escherichia coli 5-100 mM Efficient anti-bacterial activity at investigated concentration range.
For concentration <1 mM, no anti-bacterial activity found
Escherichia coli 0.1-2.0 wt.% For 2% dose of nano-ZnO complete deactivation of both bacteria was obtained,

Bacillus subtilis
Staphylococcus aureus (20-100) pg/mL

Salmonella typhimurium

Escherichia coli 1M ZnO
Bacillus cereus

Pseudomonas aeruginosa

Escherichia coli 0.01-50 mM

Klebsiella pneumoniae
Staphylococcus epidermidis
Staphylococcus aureus
Escherichia coli

(20-100) pg/mL

at >2% Bacillus subtilis was better deactivated than Escherichia coli

Minimum nano-ZnO concentration for both bacteria was ca. 40 pg/mL,

and disinfection effect increase with concentration increase

Zone of inhibition was ca. 21 mm for Escherichia coli, ca. 34 mm for Bacillus cereus,
ca. 17 mm for Pseudomonas aeruginosa

Zone of inhibition at 25 mM was: ca. 12 mm for Escherichia coli, ca. 18 mm for
Staphylococcus epidermidis and ca. 0 mm for Klebsiella pneumoniae

Zone of inhibition at 20 pg/mL was: ca. 18 mm for Staphylococcus aureus, ca. 13 mm
for Escherichia coli, ca. 10 mm for Klebsiella pneumoniae, ca. 10 mm for Enterococcus

Klebsiella pneumoniae
Enterococcus faecalis
Pseudomonas aeruginosa
Escherichia coli 0.02925-30 mg/mL
Pseudomonas aeruginosa

Staphylococcus aureus Bacillus subtilis

Bacillus subtilis

faecalis and ca. 25 mm for Pseudomonas aeruginosa

Zone of inhibition at 0.938 mg/mL was: ca. 22 mm for Escherichia coli, ca. 24 mm
for Pseudomonas aeruginosa, ca. 18 mm for Staphylococcus aureus and ca. 15 for

graphene oxide, which sufficiently participates in charge
separation and delays recombination process. Liu et al. [96]
produced graphene oxide photocatalyst, with better deacti-
vation properties of E. coli than TiO, nano-rods. The better
performance was attributed to the interaction of two-dimen-
sional graphene and surface of TiO,. Also three component
composites of nano-titanium dioxide, carbon dots (C-dots)
and reduced graphene oxide (rGO) has been found to pos-
sess disinfection properties [97]. Photocatalytic activity of
TiO,/rGO (TR) and C-dots/TiO,/rGO (CTR) against E. coli
in buffer phosphate (pH = 7.0) in dark as well as exposed
to simulated and natural sunlight has been investigated.
The results showed that under sunlight, the inactivation of
E. coli for CTR was 1.03 log at 60 min, and 0.58 for TR, while
in darkness or simulated sunlight, the inactivation was vir-
tually imperceptible. The reason was the transfer, electrons
from TiO, to carbon atoms via nano-rGO, which were then
transferred to O,, forming *O* radicals that ruptured the bac-
teria’s cell membranes. In Fig. 4, the mechanism of exemplary
degradation of pollutants/microorganisms with the use of
TiO,/graphene composite photocatalyst is shown [9,26].
ZnO/graphene oxide nanoparticles have revealed very
high antibacterial activity, whereas minimum inhibiting con-
centration have been 25 g/L for E. coli and S. typhimurium,
12.5 g/L for B. subtilis and 25 g/L for Enterococcus faecalis
[99]. During the disinfection process, a large number of oxy-
gen-containing radicals were formed on the surface of the
nano-photocatalyst, which caused the ZnO-GO composites
to become antibacterial. The fabricated graphene oxide/

zinc oxide (GO-ZnO) nano-catalyst by a simple hydro-
thermal method showed disinfecting activity for E. coli,
with the deactivation efficiency being higher under visible
light [100]. The reason for this phenomenon was the strong
interaction between GO and ZnO.

Table 2 summarizes selected results of bacterial inac-
tivation with graphene oxide-containing photocatalysts
[96-101].

Carbon nanotubes (CNTs) also has antibacterial prop-
erties, against a range of microorganisms present in water
and wastewater. First proves on such the CNTs activity has
been obtained for single-wall carbon nanotubes (SWCNTs)
and multiwall carbon nanotubes (MWCNTs) applied to inac-
tivation of E. coli by Kang et al. [102]. On the basis of their
observations other applications of CNTs to microbiologi-
cal inactivation of pathogens like Micrococcus lysodeikticus,
Streptococcus mutans, E. coli, Salmonella spp. have been dis-
cussed [103]. The toxicity of CNTs to bacteria depends on a
multitude of parameters, among which are the physicochem-
ical properties of the nanomaterials and water/wastewater
and the transport capabilities of the nano-catalysts [102].
The introduction of functional groups into CNTs has been
found to increase their disinfection efficiency by increasing
the dispersion and stability of CNTs [104]. CNTs are also
introduced into semipermeable membranes (ultra- or micro-
filtration), which are used in water disinfection to remove
bacteria and viruses [103].

Nanocrystalline TiO, and MWCNTs are important
functional materials, which in recent years have gained
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Fig. 4. The mechanism of exemplary degradation with the use of composite TiO,/graphene photocatalyst (compiled from [26,98]).

Table 2

Deactivation bacteria with photocatalysts containing graphene oxide

Photocatalyst type Catalyst activation radiation Results of deactivation

rGOe@film TiO, Sunlight Complete deactivation of Escherichia coli bacteria

GO-TiO, nanowires Sunlight Complete deactivation of Escherichia coli bacteria

GO-ZnO-Ag Visible Deactivation of Escherichia coli bacteria in 99.99%

GO-CdS Visible Complete deactivation of Escherichia coli and Bacillus subtilis bacteria
rGO-CN,-S Visible Complete deactivation of Escherichia coli bacteria

TiO,-C-dots/rGO Sunlight Deactivation of Escherichia coli bacteria in 1.03 log

a wide interest in regard to their use in water disinfec-
tion. Composites comprised of TiO, and CNTs reveal effi-
cient E. coli inactivation under visible light radiation [105].
Vertically arranged MWCNTs bundles has been deposited
on thin Ni layer of ~5 nm thickness placed on Si support
from gaseous phase enhanced with plasma at 650°C. Next,
MWCNTs have been coated with TiO, using sol-gel method
followed by calcination at 400°C, then crystallization of
TiO, takes place and formation of Ti-C and Ti-O-C bonds.
Composites calcined at 400°C have greater activity than
composites calcined at 100°C. Photoinactivation of bacteria
induced at visible light has increased in the following series:
MWCNTs < TiO, < TiO,/MWCNTs. Other bacterial disin-
fection studies of the TiO,/MWCNT photocatalyst included
E. coli and S. aureus bacteria under visible light radiation
[106]. TiO,/MWCNT exhibited faster disinfection than TiO,
alone due to easier charge separation by MWCNTs.
Nanocatalysts containing TiO, with Fe and MWCNTs
(0.1%-0.5%) have higher deactivation properties against a
wide range of bacterial microorganisms, including B. subtilis
and P. aeruginosa, than other TiO, and carbon-based nano-
composite photo-catalysts [107]. The reason is the ability of
Fe-TiO,-MWNTs nano-catalysts to generate more oxygen
atom-containing radicals than other nanocomposites.
Ouyang et al. [108] have prepared nanocomposite con-
taining of fullerene and TiO, (C,-TiO,) and investigated its
antibacterial properties under visible light. Disinfection stud-
ies of water containing E. coli indicator bacteria showed that
73% of the bacteria died within 2 h, which is three times more
than TiO, alone [108]. In addition, it was found, deactivation

is associated with the formation of hydroxyl radicals, which
play animportantrole in photo-catalytic disinfection. Another
polyhydroxy-fullerene (PHF)-containing nano-photocatalyst
is a transparent nano-TiO, coating with enhanced antibacte-
rial potential, which has been used to inactivate Aspergillus
niger spores, a fungus that commonly causes asthma [109].
The nanocomposite inactivated the spores three times faster
than a TiO, coating containing no PHF.

The novel class of photocatalyst is based on graphitic
carbon nitride g-C,N,, which characterizes with efficient
disinfection activity for many toxic contaminant, includ-
ing microorganisms and harmful pathogens, due to large
adsorption, thermal stability and suitable band gap energy
[110]. The disinfection ability is mainly due to genera-
tion of radicals containing oxygen atoms [111]. In order to
increase the disinfection efficiency, it is proposed to modify
pure g-C N, by (1) changing the texture and morphology of
g-C,N,; (2) doping with metals (as Au, Pt, Ag Cu, Ni, Fe, Ni
and Sn) and non-metals (as S, C, F, B, and P); and (3) com-
bining with semiconducting materials (e.g., TiO,, ZnO, CuO,
Cu0O,, BiOC], BiVO,, Bi2MoO,, Bi,WO,, In2S,, 5rTiO,, WO,,
AgX (X=Br, Cland I) and GO) [110]. The modification results
in a reduction of the energy band gap and an expansion of
visible light absorption. Nitrogen-rich g-C,N, can be an alter-
native to metal oxide-based photo-catalysts (TiO, and ZnO)
in photo-catalytic disinfection water and wastewater.

The mesoporous structure of g-C,N, is highly effective in
deactivating E. coli bacteria due to a 20-fold larger catalyst
surface area (190 m?/g) than g-C,N, with a normal structure,
and the “electron holes” generated on the surface of g-C,N,
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greatly facilitate bacterial inactivation [112]. Complete inac-
tivation efficiency was obtained after 4-h visible light irradi-
ation, while g-C.N, alone can only destroy 77.1% of E. coli
cells. Thurston et al. [113] studied the disinfection activity of
g-C,N, film against not only E. coli bacteria, but also S. aureus.
The high disinfection efficiency of g-C,N, was a result of
its large surface area (72.2 m?%g), reduced energy of “band
gap” (2.86 eV) and efficient separation of photo-generated
electron-hole pairs.

De-amination and functionalization of g-CN, can sig-
nificantly increase the water disinfection activity compared
to normal g-C,N, and under visible light irradiation [114].
The introduction of -COOH and —C=O functional groups
into the structure of g-C,N, results in an E. coli inactivation
efficiency of >99.9999% with lower catalyst consumption
than the g-C N, catalyst without functionalization. The
reason disinfection efficiency improvement of the function-
alized g-C,N, catalyst is that it effectively promotes elec-
tron-hole pair separation, enhanced H,0, generation [114].
The g-C,N, photocatalyst obtained from urea inactivated
Bacillus anthracis (B. anthracis) endospores and E. coli bacteria
after 4 h of visible light irradiation with an efficiency of about
5-3 log [115]. Also, inactivation of MS2 viruses using g-C,N,
was virtually complete in about 6 h [116].

The photo-catalytic efficiency of g-C)N, can also be
enhanced by incorporating metals into the photo-catalysts.
Noble metals can play the role of charge carriers, extend
light absorption into the visible region, and can absorb free
electrons, promoting electron-hole charge carrier separa-
tion and enhancing the anti-bacterial efficiency of g-C,N,
through ROS generation [117-120]. Increased ROS gener-
ation on the surface of nano-Ag/g-C,N, in the presence of
visible light results in higher inactivation efficiency of E. coli
bacteria and better ability to destroy proteins, nucleic acids
and polysaccharides, compared to g-C.N, [118]. The Ag/g-
C,N, photocatalyst has been shown to effectively destroy S.
aureus bacterial cells in 99.4%, while g-C N, alone inactivates
only29.6% [119]. The destruction of bacteria using the Ag/g-
C,N, catalyst contributes to the formation of a h* and *O*.
Munoz-Batista et al. [120] have shown that g-C,N, doped
with Ag (Ag/g-C,N,) characterizes with much better effi-
ciency in destruction of E. coli under both UV and VIS light
radiation. Nanocomposites Ag/g-C.N, reveal excellent disin-
fection effect that bare Ag-nanoparticles due to much better
distribution and stability of Ag placed on g-C,N,.

Combining g-CN, with semiconductors enhances
its photo-catalytic efficiency, due to the expansion of its
exploitation capabilities in the visible region and effective
separation of the e7/h" pair, as there is a shift of electrons
from higher CB to lower CB, and electron holes from higher
VB to lower VB. Studies conducted on the combination of
TiO, with g-C.N, (g-C,N,/TiO,), showed complete inactiva-
tion of E. coli under visible light within 180 min [121]. The
use of a composite of g-C.N, and TiO, nanotubes (TiNT) to
remove E. coli resulted in bacterial survival rates for g-C,N,/
TiNT and g-C,N, of about 86% and about 16%, respectively
[122]. Also, g-C,N, quantum dots (QDs) immobilized on TiO,
nanotubes (g-C,N, QDs/TNA) showed complete elimination
of E. coli when filtering water containing these bacteria [123].
In addition, combining semiconductors containing bismuth
atoms, namely Bi,MoO, /g-C,N, (BM/CNNs) and (g-C,N,/

Bi,0,) showed higher photo-catalytic activity in inactivat-
ing E. coli K-12 than g-C,N, under visible light [124,125]. For
the latter composite (g-C,N,/Bi,O,), the removal efficiency of
E. coli was 6 log, compared to 1.5 log for g-C,N, and 4 log
for Bi,O, during exposure to visible light [125]. Also, g-C,N,
and graphene oxide (GO) composites have also been used to
disinfect of E. coli bacteria in 97.9% by a 100 pug/mL GO/g-
C,N, composite after 120 min of visible light irradiation,
with antimicrobial activity occurring under both aerobic and
anaerobic conditions [126]. Similarly, fullerene (C , and C,)
in combination with g-C.N, showed antimicrobial activity
against E. coli under visible light than g-C N, with the C_/
C,N, composite showing higher activity than the C /CN,
photocatalyst [127].

5. Possibilities of industrial application

A number of studies have been examined for photo-
catalytic disinfection. From them, it can be concluded that
the inactivation of microbes is dependent on a number of
properties, for example, the composition of the material,
effective design of the reactors, the concentration and the
irradiation source. Future studies in this direction have to
be carried out along with the toxicological assays for eval-
uating the applicability of the process and also for further
development.

Although a lot of work has been done on basic photo-
catalytic research, there is still a gap between laboratory
and industrial application. Laboratory studies can take no
account of the cost, catalyst recycle, energy consumption,
environmental protection, and other issues, but only to
prove the feasibility and mechanism of the photocatalytic
system. However, in the case of amplifying industrial appli-
cation, there are various uncontrollable factors in the actual
production process, and the preparation conditions of the
catalysts will not be as controllable and stable as in the lab-
oratory [128]. Therefore, the development of economical,
feasible, and stable large-scale preparation methods is the
key to realize the industrial application of photocatalytic
systems. The improvement and optimization of the reactor
is also an important factor for the industrial application of
photocatalytic technology [129,130]. It is necessary to opti-
mize the system design of the reactor to achieve the optimal
photocatalytic efficiency, since a well-designed reactor can
not only improve the reaction efficiency, but also reduce
the waste of energy and catalyst and improve the eco-
nomic benefit.

Kim et al., investigated the removal efficiencies of mixed
EDCs, in two different scales of rotating and flat-type TiO,
photocatalytic reactors (Fig. 5) and compared the reactor per-
formances on removal efficiency [131]. Several operational
parameters such as hydraulic retention time (HRT), initial
concentrations, single and mixed compounds, UV intensities,
and dissolved oxygen, effect of the average solar UV inten-
sities, effect of Cr(VI), pH on EDC-removal process were
demonstrated under outdoor solar irradiation. The results
revealed that for the both photocatalytic reactors (rotat-
ing and flat-type) decrease in HRT increased degradation
efficiency because of increased mass transfer [132].

However, several important challenges remain with
respect to their commercial use. First, it is necessary to
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Fig. 5. Photographs of photocatalytic scale-up reactors including TiO, (a) flat-type reactor (b) rotating-type reactor (compiled from

[129,130]).

remove particles from water as they may negatively interfere
in secondary treatment processes or, due to their inherent
toxicity, may present a risk for the environment (biomass)
or water consumers. Second, electrostatic or van der Waals
interactions among nanoparticles to form larger aggre-
gates may be useful to obtain particle sizes easily trapped
by traditional filtration methods or to induce spontaneous
precipitation. Their size may also increase due to inter-
actions with organic matter dispersed in solution (humic
and fulvic acids, carbonaceous materials, among others).
Core—shell nanoparticles involving a ferromagnetic layer is
another attractive option as the latter may be used to remove
nanoparticles by simply applying a strong external mag-
netic field. Functionalization of their surfaces to maintain
their solubility, increase their stability against aggregation,
decrease their chemical reactivity at a wide range of pH val-
ues, or avoid interactions with chemical substances present
at solution is also key for their eventual consideration in
wastewater treatment procedures. Biological interactions
with other organisms (not only microbes, but also other
phyla such as invertebrates, vertebrates, and plants) may
prove to be another challenge, as the nanoparticles may bio-
degrade, suffering biologically induced chemical and phys-
ical transformations, which affects their stability and chem-
ical reactivity, or even changes their biological activity from
nontoxic to highly toxic or vice versa. All these problems
make the field more attractive for further research in order
to overcome the difficulties and better exploit the unique
properties of nanomaterials for wastewater treatment.

6. Conclusions and future perspectives

The inactivation of bacteria has becoming an important
research area in recent years for a number of applications,
including in the environmental and in hospitals. There has
been an extensive amount of studies into photocatalysis
disinfection since its first discovery. The specific biocide
activity of some nanomaterials against microorganisms
present in wastewater is a very attractive property for their

incorporation for water and wastewater disinfection. Titania
still remains to be the photocatalyst of choice in many cases.
This is due to a number of things which include low lost,
nontoxicity and high oxidizing ability. In order to produce
TiO, that is activated by both UV and visible light a number
of improvements have been developed. These include form-
ing composites (either with two of the titania phases or TiO,
and another photocatalyst) and the use of dopants/chemical
modifiers or additives in order to narrow the band gap. Both
of these methods have been studied and been proven effec-
tive. TiO, composites have a higher inactivation efficiency
against microorganisms in water and wastewater disinfec-
tion than pure TiO,. There is a lot of dopants of TiO, that
have been applied for the inactivation of microorganisms,
some examples include nitrogen, silver, sulphur, carbon,
nickel, copper, palladium, zirconium dioxide (ZrO,) tin diox-
ide (SnO,), molybdenum, iron, boron and cerium. There has
been a growing interest in examining photocatalysts other
than TiO,. The studies demonstrated that nano-ZnO is very
efficient in water and wastewater disinfection, especially
as a method together with UV disinfection, and the better
effect shows in relation to gram-positive than to gram-neg-
ative bacteria. Very important photocatalysts used in water
and wastewater disinfection are those that are based on car-
bon. It can be distinguish composites first of all with TiO, by
their combination with graphene oxide, carbon nanotubes,
fullerenes and graphitic carbon nitride g-CN,. Also this
group of photocatalysts has gain the attention in regard to
their use in photocatalytic disinfection processes.

The rate of photocatalytic degradation strongly depend
on adsorption of a given contaminant on a photocatalyst
surface. It is also valid for photocatalytic inactivation of
microorganisms. In order to assure efficient photoinac-
tivation, microbes need to interact with a photocatalytic
material surface. Reactive oxygen species (ROS) generated
during the process firstly damage lipopolysaccharide layer
of cellular wall, next they react with peptidoglycan layer,
and finally oxidize lipid layer and peptides. The destruc-
tion of these layer results in the leakage of potassium ions
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from cellular interior, what influences on cells viability. This
leakage leads to the loss of crucial cell functions and finally
causes death of a cell.

The future development of nano-disinfection containing

metal/metal oxides and carbon based nanoparticles should
focuse on:

improving disinfection efficiency through different
manufacturing strategies,

proper clarification and understanding of the role and
mechanism of interaction of the nano-material with
the microorganisms,

progress in scaling up the production of commercial
nano-photocatalysts,

determination of the extent of environmental release
of nano-photocatalysts and their toxicity.
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