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PHOTOCATALYSIS IN THE TREATMENT
AND DISINFECTION OF WATER.
PART I. THEORETICAL BACKGROUNDS

FOTOKATALIZA W OCZYSZCZANIU | DEZYNFEKCJI WODY
CZESC |. PODSTAWY TEORETYCZNE

Abstract: Photocatalysis process belongs to an advancedatdidtechnology for the removal of persistent
organic compounds and microorganisms from wateis Ithe technology with a great potential, a lowgtco
environmental friendly and sustainable treatmewhnelogy to align with the “zero” waste scheme fre t
water/wastewater industry. At present, the maihnel barriers that impede its full commercialiaatremained
on the post-recovery of the catalyst particlesraftater treatment. This paper reviews the backgfoointhe
process and photooxidation mechanisms of the argawilutants and microorganisms. The review of lttest
progresses of engineered-photocatalysts, photteresygstems, and the kinetics and modeling assatiaith the
photocatalytic and photodisinfection water and waster treatment process, has been presented. Aenush
potential and commercial photocatalytic reactorfigomations are discussed, in particular the phatalgtic
membrane reactors. The effects of key photo-reagieration parameters and water quality on thequtotess
performances in terms of the mineralization anthéistion are assessed.

Keywords: photocatalysis, Ti@ water and wastewater treatment, photocatalitic toesac kinetic of
photocatalysis, disinfection

Introduction

The increasing demand for clean water together itgitlecreasing resources caused by
the expansion of industries, human population s$meeliand long-term droughts have
become the serious problem all over the worldesults in the demand of development of
new, practically and economically attractive tedbg@s enabling reasonable water use. It
is estimated that over 4 billions of people haveesy limited access to clean water and
millions of people die every year because of disgasused by bacteriologically damaged
water [1]. It should be expected that in futurestaumbers will increase according to
rising environment pollution caused by depositiémazardous substances to natural water
cycle [2]. According to the poor quality of natunahter and clean water deficiency the
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development of cheap and effective water and wageswtreatment technologies are
required.

Classical water treatment methods (coagulatiorgtiation/sedimentation, filtration,
activated carbon adsorption and chlorination) agaphs single or integrated processes are
not able to eliminate microorganisms and toxic gamic and organic compounds from
drinking water sources. Thus, the development afehevater and wastewater treatment
processege membrane technologies, UV disinfection addiVanced Oxidation Processes
is observed [3, 4]. However, those methods enatilethe concentration or transportation
of impurities to another phase, while their tofghaation or neutralization is not obtained.
Chlorination is generally applied to disinfectioropess, but it may result in formation of
mutagenic and cancerogenic by-products [5]. Chdmiaad membrane methods
(ie microfiltration, ultrafiltration, nanofiltrationrad reverse osmosis) characterize with high
operational costs and can generate toxic secormarnaminants which are introduced to
ecosystems. Despite that membrane technologies iea@me an alternative for classical
treatment methods [6] they are significantly lirdité=irstly, those processes assure only
physical separation of microorganisms, organic &matganic compounds. Hence, the
concentrated streamie(ca 10% volume of treated water) contains activéhgigenic
microorganisms and may cause a significant damafged stream or deposition place [6].
Secondly, the exploitation of membrane processesways limited by fouling, which is
especially characteristic for polymeric membrangs Several fouling mechanisms have
been distinguished among which (a) crystals foromattaused by the excess over the
solubility equilibrium of salts in concentratedestm (membrane scaling), (b) deposition of
natural organic matter (organic fouling), (c) ddpon of flocks and colloids (colloidal
fouling) and (d) adhesion of polymeric extraceliulsubstances and microorganisms
(biofouling) are of the greatest importance. A-pey of fouling also known as physical
fouling, which can be removed using hydraulic oerdital methods. Biofouling, on the
other hand, is very problematic as it is initialgdmicroorganisms, extracellular polymeric
compounds and even DNA [7], which are very stricitynected to membrane surface and
cause changes in its selectivity and hydraulic paitility. Chemical cleaning and hydraulic
actions are usually applied to keep membrane fialyls. However, they generate additional
costs, which can reach up to 30% of total treatmests [7]. Additionally, biofouling often
appear in the irreversible form, thus it is not ay& possible to recover initial membrane
capacityvia cleaning.

Difficulties observed in the discussed treatmenttho@s have resulted in fast
development oAdvanced Oxidation Process@sOP) as a novel technology for water and
wastewater treatment. AOP are based on trangiesitu generation of highly reactive
oxidants and radicals (mainly QHD,™, H,0O,, Os;) which cause mineralization of organic
compounds, water pathogens and disinfection byursd [2]. Among heterogenic
photocatalysts applied in AOP semiconductive malei(TiO,, ZnO, FgO;, CdS, GaP and
ZnS) are very popular. Those catalysts characteritie highly effective organic matter
decomposition which results in formation of mored#gradable compounds or their total
mineralization to carbon dioxide and water. Titamidioxide (TiQ) is semiconductive
material usually applied in photocatalysis techggldl'iO, is the most active photocatalysts
of photon energy 300 nm < | < 390 nm which remaitable during repetition catalytic
cycles [1]. It also characterizes with high chemighysical and thermal stability what
guarantees it successful and wide application itemend wastewater treatment [1, 2, 4, 7].
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Introduction of heterogenic photocatalysis to watad wastewater technology processes
has many advantagesy exploitation in the ambient temperature and norprassure,
complete mineralization of chemical substanceslandoperational costs [2]. It has been
already reported that highly reactive oxygen forgeserated during photo-induction on
TiO, surface lead to microbiological inactivation anthenalization of organic compounds
without the risk of formation of secondary contaamits [2, 8]. The main limitation of
global scale application of the process is thel fegparation of semiconductive catalyst
TiO, from the treated stream. Small size of Tigarticles and its high specific surface and
surface energy result in the catalyst agglomeratonng the reaction. It causes the
reduction of specific surface and limits the muéi@pplication of TiQ. Moreover, the
process should be improved in the field of catalp$toto-activity range or the possibility of
integration into photocatalytic reactors [2, 7, 9].

The paper discusses the possibility of applicatibphotocatalysis to the treatment of
water and wastewater and is focused on mineradizatf harmful and chemically and
biologically stable contaminants and microorganigmastivation.

Photocatalysis definition and mechanism

During photocatalysis solid, semiconductive catalgenerates active oxygen forms on
its surface at radiation of light of proper wavejdn These oxygen forms are responsible
for oxidation and reduction of compounds adsorbed catalyst surface [1, 2, 7-9].
By definition, catalysts takes part in the reactamd speeds transformation of organic
compounds, but remains in unchanged form at theoétite catalytic cycle [8].

The aim of the heterogenic photocatalysis withube of semiconductive catalyst LiO
is to perform series of redox reactions on thelgsttaurface [1, 2, 7-9]. It is exclusively
connected with properties of electrons locatedhenauter molecular orbital. When photon
energy (l) of greater than or equal to valence to biemd gap energyTR) of TiO, is
illuminated onto the catalyst surface (usually 8\2 - anatase or 3.0 eV - rutile), free
electrons are transferred from TR to empdynductive bandCB) within few femtoseconds
(1 quadrillionth - 10" of second). Hence, “electron gap - electron” pairs formed
(e - h") [2]. In case of TiQthe energy gap between bands can be balanced ibgrie)
photon energy from near-UV, what usually correspgotal the wavelengtih < 400 nm.
Energy consumption and next generation of “electyap - electron” pairs are stages that
initiate photolycatalysis process. Chain redox tieas which occur on the photocatalyst
surface are described by equations (1)-(11) [209,

Photoexcitation: Ti@+ hv — & + h' (1)
Charge-carrier trapping of:ee cg — €1r (2)
Charge-carrier trapping of hh'yg — h'rg (3)

Electron-hole recombinationtg + h*yg(h'1r) — € cs + heat (4)
Photoexcited escavenging: (Qags+ € — O, (5)

The & and Hyg in equations (1)-(4) correspond to electrons itemee band and
electron gaps in conductive band, respectively.s€halectron gaps are carriers of trapped
electrons and do not recombine immediately afteir tbxcitation with photons [2]. In the
absence of electron scavengers, the photo-exditett@n is recombined with the valence
band within few nanosecond with simultaneous héspedsion (equation (4)). Thus, the
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presence of electrons scavengers (acceptegspxygen is crucial for recombination
elongation and successful photocatalysis performaride action of oxygen avoiding
electron recombination and enabling formation afopiele (Q") free radicals is shown in
equation (5). Those radicals can again undergmpation forming hydroperoxide radicals
(HO,) and, finally, hydrogen peroxide, what is showithe equations [9]:
O;”+H' — HO, (6)
0, + 0, — H0, +0;, (7)
The HQ' radicals also act as electrons scavenger and #menrding to their

coexistence, the recombination time d§zin the entire photocatalysis reaction, can be

doubled. Interaction of electron gaps with watertipies and hydroxyl ions results in
formation of highly reactive hydroxyl radicals:

Oxidation of water: BD + '— OH + H' (8)
Oxidation hydroxyl ions: OH+ h" — OH’ (9)

Those radicals are bonded to the surface of hydinatetal oxide and act as a basic
oxidant in photocatalytic system [2, 8, 9]:

Photodegradation caused with Okdicals: Re-H + OH— R + H,0O (10)
Direct contribution of electron hole:

R + H — R"” — Intermediate(s) - final degradation products (1)
0,
Reduction
: 0,"
Conductionband freeeczaaa o e
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Fig. 1. Photo-induced formation of electron - hodgr in a semiconductor Ti(particle
One must notice that all discussed photocatalyticgsses occur only in the presence

of dissolved oxygen and water molecules. At theeabs of water the formation of highly
reactive hydroxyl radicals (OHcould not be formed and photodegradation of dmgan
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substances present in the liquid phase is not lpessfome simple organic compounds
(egoxalate and formic acid) can be mineralizéal direct electrochemical oxidation, during
which the &y is scavenged by metal ions in the absence of WaieEven though it is
supposed that thé+x posses the ability of direct oxidation of orgaoimmpounds, however
this ability is inconsistent.

In Figure 1 the electron gap formation mechanismvatence band - electron in
conductive band pairs while TiQarticles are already radiated is shown [2, 9Fiqure 2
the influence of light wavelength on photocatalytaction is presented [7].

The photoexcitation of Ti©that causes generation of ,electron - hole” paird next
OH’ free radicals requires greater energy than thebgapeen valence and conductive band
(Ep). It corresponds to the radiation wavelength thas 380 nm for anatase (the most often
used polymorphic Ti@ form) and below 400 nm for rutile (crystalline T)O Those
wavelengths are covered by near-UV range (300+4@) and must be provided by
commercial UV lamps or UV part of solar light (Fig). However, sun radiation
characterizes with only 5% of UV range. Thus, phatalytic systems based on sun
radiation and TiQ characterize with significant surface area, whigsult in high
operational costs [11]. Many successful studiesvstie possibility of addition of several
metals to TiQ in order to change the wavelength range to visie. However, final
catalysts characterize with decreased photo-actast recombination process is enhanced
by metal ions [12]. Experiments with NBIH addition to colloidal TiQ also has been
performed. They have resulted in absorption oblgslight by the material as the energy of
electron transfer from valence to the conductivadbhas decreased [7]. Those studies
caused the increase of the interest in detailedriggi®n of TiO, properties in the mixture
with anions [13]. It has been shown that Tintaining carbon atoms is a very promising
alternative for nitrogen-based materials [14].

Orgamics,
microorganisms

e

VIS
VIS

Fig. 2. Scheme of the photocatalytic action of Ji@der UV (1) and visible (2) irradiation
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Organic compounds photodegradation mechanism

Many basic studies of photochemical degradatiomasfous chemical compounds on
TiO, surface ie phenols, chlorophenols, dyes, pesticides, hersgidiumic and fulvic
acids, pharmaceuticals, endocrine disruptors, hastals and other inorganic compounds)
have already been performed [2, 4, 7, 10, 15-1@]fdct, every group of chemical
compounds can undergo photodegradation accordinglifferent mechanism, which
depends on chemical structure and character otifuna groups. For example, aromatic
compounds can be hydroxylated by reactive” @dicals and undergo oxidation/addition
which is finished with the ring opening. Obtainegtgyoducts, aldehydes and carboxylic
acids, are next oxidized to carbon dioxide and wats photocatalytic reaction takes place
on TiO, surface activated by photons, it is crucial to ensthnd stages of organic
compounds photodegradation in order to developtikireguations. In case of heterogenic
photocatalysis organic compounds present in aquepbsse are transformed
into by-product and finally mineralized to carborioxdde and water at proper
radiation:

Organic contaminants Intermediate )41 — CO, + H,0 (12)

Generally, photocatalytic reaction defined by emumt(12) can be divided into

6 independent steps [2, 9]:

1. Diffusion of organic compoundeg A) from aqueous phase to TiGurface - external
mass transport.

2. Diffusion of substrates between and/or inside pkedito the active catalyst surface -
internal mass transport.

3. Adsorption of organic compounds on Ti€urface activated by photons (the activation
of catalyst surface by photon energy also occurs).

4. Photocatalysis of phase adsorbed on, &gy A—B).

5. Desorption of by-product®§ B) from TiO, surface.

6. Transport of by-product®g B) from interfacial surface to aqueous phase.

Photodisinfection mechanism

As photocatalysis can be effectively applied torddgtion of organic and inorganic
compounds, it should be possible to use it for rdesbn of microorganisms. All
microorganisms, such as bacteria cell, consistatémn(70+90%) and major cell compounds
ie polysaccharides, lipids, lipopolysaccharides, girst and nucleic acids. Thus, their cell
can be attacked by oxygen containing radicals amdptetely destroyed [8]. Matsunaga
et al [18] were frontiers that prove bactericidabgerties of TiQ. TiO, can cause
significant damage in amino acids [19] and DNA rnoales [20], when they are oxidized
separately. However, many of these molecules ang a@mplex, and collectively, posses
different chemical and physical resistances toipdg of total cell degradation. There are
several phospholipids groups of various types wiiitfer in composition of fatty acids.
Thus, many genetic differences and various growshditions can be observed [21].
Moreover, except of differences in particular comguats the specific structureg double-
layer lipids or cross-linked peptides chains) atgweases their resistance to inactivation.

Nevertheless, photocatalysis can be used for dwistnuof bacteria and viruses.
Nowadays, the application of the process to watdrwwastewater disinfection is of a great
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interest. The possibility of using sunlight as thdiation source is very attractive. Several
pilot scale studies revealed the occurrence of quadélytic disinfection at sunlight
radiation [22, 23].Streptococcus natuss, Streptococcus cricetascalis and aureus,
Escherichia coliand totalColi, Scaccharomyces cerevisisdsactobacillus acidophilus,
Enterobacter cloacae Chlorella vulgaris, Candiddiahns, Fusarium solami, Aspergillus
niger, Polio 1 virus have been successfully inactivatsidgiheterogenic photocatalysis [2,
10]. The expanding algal blooms observed in freatemwsources results in possibility of its
contamination withMicrocystin toxing which can be eliminated by application of }it®
their degradation [7, 10, 24]. PhotodisinfectionthwiliO, has also resulted in partial
degradation ofChlorella vulgaris(Green algae) which cells has significant wall khiess
[10].

Several mechanisms of photocatalytic inactivatienehbeen proposed. However, as
a simplification, they can be divided into extrdgkelr and intracellular mechanisms [8].
Cell membrane and wall are classified as extraleellalements. Surface interaction of
microorganisms with photocatalyst is crucial foadtivation process. External cellular
layers {e wall and membrane) are very complex, however thegemany places which can
be affected by free radicals and highly active arid action. In case of bacteria 3 types of
structures are taken into consideration [8]:

- peptidoglycan layer, present in Gram-positive andanGnegative bacteria, is

a component of bacteria cell wall composed of paigharide and peptide chains in

a strong molecular network. Chemically it is a litymer of muramic acid and

N-acetylglucosoamine  with tripeptide: D-alanine, Dtgmic acid and

mesodiaminpimelinic acid,;

- lipopolysacchariddayer (LPS), peripheral layer characteristic only for @raegative
bacteria;

- phospholipids double layer - 2 layers in Gram-niegagnd one in Gram-positive
bacteria.

Peptidoglycan layer can be affected by free radioaly in a limited extent according
to its porous nature (it enables transport of mdk=: of diameter ca 2 nm) [8]. While the
size of pores can be suitable for transport of tygror peroxyl radicals, it may still be
difficult for such molecules to permeate to theenoell structure due to their reactivity in
the external environment.

During the direct contact of free radicals and graxidants with microorganisms
results firstly in the action on lipopolysaccharidgerie external layer of the cell wall [2,
8], especially polyunsaturated fatty acids. Therfation of perhydroxyl groups takes place
and leads to oxidation of cell membrane proteins. photocatalytic lipids reaction
peroxidation step is very important as LPS layed @hospholipids double layer are
composed from fatty acids which are susceptiblpamxidation. Peroxidation of lipids is
based on biological oxidation of lipidda chain and free radical reaction during which
peroxides of those lipids are formed in cells (RBY. It has been shown that the process
takes place in both, photocatalytic experiments & and also other reactions with free
radicals [27, 28]. Poly-unsaturated fatty acidsspre in lipids are usually oxygen-sensitive
compounds. The reaction of unsaturated fatty awittsradicals at the presence of oxygen
results in formation of peroxyl radicals, which a@act with other nearby lipid molecules
generating additional lipid radicals [8]. The prgpdon of the process takes place as
formed lipid radicals react with other unsaturdipils (Fig. 3). All those actions result in
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leakage of potassium from bacteria cell, what §icgmtly affects cell life. The limitation of
cell vitality usually results of peroxyl groups fieation from unsaturated phospholipids -
components of cell membrands t(he loss of basic cell functions) what finally desato the
cell death.

Unsaturated lipad o ]
Lipid radical
Ha Oy
+ 0D

/ /
sOH + Hj,,

x’/ w\
a R R

Lipsd peroxy! radical
/ / / /
O0OH —H + =00»

Fig. 3. Scheme of lipid peroxidation

Lipid peroxide

Other intracellular substanceg ¢ytoplasm) can also be the target of oxidantacti
during photocatalysis. DNA, RNS and ribosome presercytoplasm together with other
dissolved or suspended substances are cruciatdpepfunctionality of the cell. However,
cytoplasm is protected by cell membrane, whichnipaérmeable for most of compounds
except of water, oxygen, carbon dioxide and feveotieutral substances. Thus, the access
to intracellular structures is highly limited [129-31]. The inactivation of intracellular
components must be preceded by generation of ottidantsie lipid radicals, hydrogen
peroxide, peroxides or surface bonded radicalsctwban reach cytoplasm after a serious
damage of membrane cell [32, 33]. Despite dirdetclt peroxides and hydrogen peroxide
are able to form perhydroxyl radical&a Fenton reaction in intracellular environment as
many cells contain iron [34-36].

Influence of process parameters on photocatalysis effectiveness

Photocatalytic oxidation effectiveness is depengiederies of operational parameters,
which impact on the process is discussed belo®,[37-39].

Catalyst dose

The increase of catalyst dose results in incredsactive surface available for
adsorption and degradation processes. On the dided, the turbidity of the solution
increases, thus the penetration of stream by pbdtofimited [40]. Moreover, the surface
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decrease can be also observed as at high solidemmaton TiQ particles form
agglomerates [41]. Hence, the initial rate of phedation and its effectiveness are directly
proportional to catalyst mass. However, when tlitecat dose is exceeded, the reaction rate
is independent from it and remains constant or edecreases with the catalyst dose
increase. Thus, the proper estimation of optimadlgst dose must be done for a given
application {e reactor configuration, source of radiation, coritemts concentration, etc).

pH

The influence of pH on photocatalytic degradatiérol@anic compounds in water is
mainly related to the rate of ionization of GiSurface, position of valence and conductive
bands of photocatalyst, the degree of Ji@glomeration and formation of hydroxyl
radicals [9, 42]. The isoelectric point of TiQzero charge point ZCP) changes within pH
range 6-7 depending on the catalyst applied [239, For commercial Ti®(eg Degussa
P25, ZCP is obtained at pH = 6.8) at pH < ZCP¢Jithe surface charge of the catalyst
becomes positive and step wisely increases théredtatic attraction of negatively charged
compounds. Such a polar interaction betweer, i@l charged anionic organic compounds
can intensify the adsorption on the Fi€urface, which is activated with photons for next
photocatalytic reactions [2, 44]. It is especidltyportant in case of low concentration of
anionic organic compounds. At pH > ZCP(E)Qhe catalyst surface becomes negatively
charged and repulses anionic compounds presenatermpH changes can affect surface
charge density of TiQcatalyst [25, 26] according to the presented égusitof chemical
equilibrium in water:

at pH < PZC: TiOH + HTiOH," (13)
at pH > PZC: TiOH + OF TiO™ + H,0 (14)

The distribution of surface charge density of Ti€atalyst depends on the reaction
environment pH. It has been found that the contehtTiOH may exceed 80%
at 3 < pH <10, while TiO> 20% at pH > 10 and TiOH> 20% at pH < 3. The equilibrium
constants of those reactions at various pH arel égériono+ = 2.4 and pkion = 8.0 [2].

Similar electrostatic interactions have been oleg#also in photo-disinfection process
[44]. During photodisinfection the destruction ofternal cellular walls layers containing
liposaccharides and peptidoglycans firstly takesel It results in peroxidation of the lipid
membrane and next, the oxidation of the membrapéeins and polysaccharides occurs.
The increase of TiOH density (at low pH) may form an electrostatic bdretween the
bacteria cell and negatively charged surface spgetie disinfection up. One must concern
that the improved bactericidal action of i@t low pH is caused only by Ti@hotoeffect,
not by the cell acidification. The confirmation sfich a behavior can be found in Rincon
and Pulgari studies [45, 46], during which no pifeef (in the range 4-9) oBscherichia
coli cells inactivation was observed.

Except of discussed phenomena also pH dependedadtitms between catalyst
particles are observed. The size of catalyst pestimay vary from 300 nm up to 4 mm
depending on the difference between ZCP ,Té@d reaction pH [1]. At pH = ZCP the
neutral charge of the catalyst surface is not &dbleold solid particles in the liquid. Thus,
the aggregation of catalyst particles and theirinsedtation takes place [47, 48]. The
phenomenon is usually used in membrane photoreagstems, in which wastewater after
the phototreatment is neutralized to pH = 7 in ortte recover catalyst particles. The
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efficiency of the catalyst recovery by means oftradization can reach up to 97%. The rest
of the catalyst can be recovered for example bynse@& microfiltration. Nevertheless, the
proper design of the pH control of the photorearti® crucial for every photocatalytic
water treatment process.

Temperature

Many studies have revealed the dependence of tleetigéness and rate of the
photocatalysis on the temperature [2, 8, 9]. Gdlyeithe process should be carried out at
the temperature range of 20+80°C [8, 37, 38]. Ay\Jew temperaturei¢ below 0°C) the
activity of the catalyst decreases and the desorpif the final product from the catalyst
surface becomes the limiting step of the reactete.rOn the other hand, at temperature
above 80°C, the adsorption of contaminants is éuwtiffe and thus the photoreaction
performance is limited [38, 39]. At the temperatuamge 20+60°C the increase of the
photoreaction rate with the increase of the tempegds observed [49-51]. The activation
of TiO, surface and the proper understanding of the waatite dependence on the
temperature is very important when the processaisied out under natural sunlight
conditions.

In case of photodisinfection performance using ,Ti€talyst the increase of the
temperature results in the more effective inadtvatof microorganisms [46]. Such
a dependence is described by Van't Hoff-Arrhenigisagion, in whichk constant is linearly

proportional to exp(—TJ:
In ﬁ = —5 i—i (15)
K, RIT, T,

wherek; andk, are the constants for temperatiieand T,, E, is the energy of activation
and R is the universal gas constant. The vitality of nmgzganisms with respect to the
catalyst activity depends on the incubation tempeeaand type and resistance to
temperature change. Generally, the order of resist@f microorganisms to conventional
disinfection systems is of: non-spore forming bdate& viruses < spore forming bacteria
< parasites < protozoa (oocytes) [8]. Neverthelasg,complex studies of the impact of the
photodisinfection with Ti@ at various temperature conditions on microorgasi¢rave
been performed. Thus, usually the photodisinfecisocarried out at the temperature below
80°C in order to reduce operational costs connewtittd water heating (high water heat
capacity) [8].

Dissolved oxygen

The concentration of the dissolved oxygen in thetptatalytic system with TiDis
very important as it provides the efficient eleatrscavenging in the conductive band and
prevents their recombination [2, 52]. The preserfcihe dissolved oxygen also influences
the formation of oxygen-containing radicals othesrt hydroxyl ones and guarantees the
stability of semi-radicals, mineralization and pie#talytic reaction itself. The dissolved
oxygen also allows to hold Tiparticles in the suspension. However, the opearabib
photoreactor equipped with the pure oxygen supplydry expensive. Thus, it can be
replaced with air as any significant differencestlie process performance have been
observed.
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The influence of the dissolved oxygen concentratimm the photodisinfection
efficiency has not been investigated in detailhds been assumed that the formation of
various oxygen-containing radicals which take pantedox reactions on the photocatalyst
surface is similar for both, photomineralizatiordgrhotodisinfection [2]. If the amount of
nutrients in the system is sufficient, the constamiygen supply will promote the
microbiological growth and may affect photodisirifen effectiveness. It results in the
elongation of the radiation time required for thesided microorganisms inactivation. Thus,
it is recommended to investigate in detail the iotpaf the dissolved oxygen content on
particular steps of the photodisinfection in orttedesign the proper strategy of the oxygen
introduction to the system.

Initial concentration of reagents

In general, the rate of organic contaminants degdian increases with the increase of
substrates initial concentration. However, thisréase is observed only to a given point,
exceeding of which results in the decrease of dggatiation rate [2, 9, 42].

The study confirmed that at the similar processdi@ns the change of the initial
water contaminants concentration causes the chafngecessary radiation time required for
total disinfection or mineralization. In respectii@ photonic character of the photocatalytic
reaction the excessive concentration of organicstsates causes both, the saturation of
TiO, surface and the reduction of photocatalysis efficy, what results in the inactivation
of the photocatalyst [53]. Moreover, the time dliedion strongly depends on the chemical
character of organic substrates. More complex camg® generally undergo through series
of degradation reactions and many various by-prisdiscformed, while simple compounds
(egoxalic acid) are directly decomposed to carbonxid® and water [2]. Such an evolution
through by-products formation results in the eldingaof the radiation time necessary for
complete mineralization according to the direct petition of compounds to TiCactive
site.

Recently, the heterogenic photocatalysis has beseined with biological wastewater
treatment in order to improve its industrial apgtion [54]. Such a combination allow to
reduce the retention time of biological treatmest rafractive compounds present in
wastewater can be transformed to biodegradable dnesg photocatalytic oxidation.
Additionally, the evaluation of photodisinfectiorf warious microorganisms has been
performed to check the possibility of the replacetma chemical disinfection methods by
the photocatalytic technology. In general, the raacdm of microbiological disinfection is
based on the destruction of protein structuresthednhibition of enzymatic activity [54].
Among all investigated microorganisms the highesmunity has been revealed by
Coccidia parasites Qryptosporidiun), next by Endospores bacteriaBagillus),
Mycobacterium tuberculosi@MTB), viruses(Polio), fungi (Aspergillug, Gram-negative
bacteria Pseudomongsand eventually Gram-positive bacterienferococcus[1].

Feed water quality

In practical application photocatalysis can be ufedtreatment of water of various
quality. Treated water parameters have a greatdmpa the performance of advanced
photocatalytic processes with Ti{2].

Turbidity , which is caused by insoluble solid particles présn the raw water, is
a significant disruptor of photocatalytic processséd on TiQ Suspended or dispersed
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particles have a huge influence on optical watesperties and further impede the
transmission of UV light by strong dispersion amg@ption of the rays [55, 56]. It causes
changes in expected Ti@harge and affects pathway and intensity of UVitlidvioreover,

a significant turbidity may cause shielding effeathich decreases light transmission,
protects contaminants from UV rays action and Bmihe performance of both,
photocatalysis and photodisinfection [25, 55, F8hally, the action of all those factors
causes the ineffective photocatalytic water treatmia order to ensure the proper rate of
photocatalytic reaction the water turbidity showldt exceed 5 NTU what enables the
optimal use of UV light [57, 58]. Rincon and Puligad5] observed that the increase of the
turbidity above 30 NTU had a negative effect ontpbatalytic disinfection rate. 5 NTU
limit is arbitrary and depends on water source aedired treatment level [2]. As
photocatalytic processes with Ti@re used at the advanced stage of water treatiment
decrease of the turbidity may be obtained duringveotional treatmenie sieving,
filtration, sedimentation, coagulation and floctida.

Water and wastewater used to photocatalytic treatragth TiO, usually contain
inorganic ions. Thus, the understanding of their influence on thieotocatalysis
performance is very important. It has been fouhdt tluring the application of suspended
or fixed-bed catalyst configurations in treatmehtvater containing various inorganic ions,
the inactivation of the photocatalyst surface isesled [2]. Thus, the impact of inorganic
cations (N&, K*, c&*, CU#*, Mn?*, Mg, Ni?*, F&*, zr**, AI**) and anions (C) NOy,
HCO;, CIO,, SQ*, HPQ?, PQ*) on photocatalytic water treatment has been
investigated [2]. The study showed that at certaincentration Cl, F&*, AlI**, CI', PO~
ions caused the decrease of photocatalytic reaeffiiency, while C&'", Mg, Zr** ions
had no influence on the process, probably becdeereached their maximum oxidation
state. If F&" ions are present in water they can catalyze He¢hton and photo-Fenton
reactions. Moreover, Choi et al [59] observed &t ions cause fouling of photocatalysts
surface by the formation of Fe(OHyvhich changes the color of the photocatalyst to
reddish-orange, while P® ions at nomina pH range are strongly adsorbechercatalyst
surface and inhibit its photoactivity [2, 60]. lashbeen also found that NSO, CIO,~
and HCQ ions limited activity of photocatalysts surfaceridg both, mineralization and
disinfection [61]. C&" ions may improve the activity of photocatalystst fmnly at
concentration below 0.01 mM, while above this lethed decrease of the reaction rate is
observed [62]. The inhibition character has beeo alefined for nitrogen containing
molecules, which are mineralized mainly to NGind NH’, while sulfur present in
compounds is transformed directly to sulfate idjs [

The influence of catalyst surface fouling with iganic ions on photoactivity of TiO
has been described by several mechanisms [63,T6&} include screening effect of UV
rays, adsorption competition of active sites andtpihs on particles surface, radicals and
electron gaps scavenging and direct interactiom \photocatalyst. Such properties are
mainly exhibited by N@, CI, SQ%, HCO, and PQ* ions. The mechanism of the
photocatalysis inhibition by Cland HCQ@™ anions by scavenging of radicals and electron
gaps can be described by following reactions [&2, 6

CFr+OH - CI+OH (16)
Cr+h - cCr a7)
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The CI ions also cause inhibition of photocatalysis witlfD, described by the
mechanism of preferential adsorption towards  Qéhs bonded with the surface. It
decreases the amount of available ‘Gbhs on TiQ surface, while substitute Tlons
increase the recombination of electron-electronggrs [2].

In order to avoid Ti@ photocatalyst fouling prevention or regeneratitrategies are
applied in regard to inactivation character in wat@trix. The prevention strategies based
on water pretreatmendg complexation of fouling substances and modificatif the
catalyst surface, while washing of TiQwith various chemicals is regarded as the
regeneration strategy [2].

The strong toxic effect on the photocatalysis Hag been revealed theavy metalsat
certain oxidation states which were present inéeatream in trace amounts [66].

Parameters of light source

The applied light with different wavelength emitginanges will have a great impact on
the photocatalytic reaction rate, depending on type crystalline form of catalyst used. In
case of commercial TilP-25 Degussa catalyst which characterizes witktaline ratio of
anatase to rutile 70/80:20/30 the wavelengthl of 380 nm is sufficient for photonic
activation [2, 67]. Crystalline phase of rutile LiGave lower energy for conductive band
formation comparing with anatase Ti(68]. Hence, rutile can be activated at the
wavelength up to 400 nm. It shows that in ordepéoform photocatalytic decomposition
reaction the applied light spectrum should be astlat near-UV range. Both light sources
can be usede artificial light or sun light [69]. However, thertdicial UV light source
immersed or placed outside of the reactor and dthtsA (Anax = 355+365 nm) or UV-C
(germicidal lampsi{max = 254 nm) light, is most frequently applied. Thiglev application
of artificial light is caused by the fact that thigher photon streams are obtained. The study
show that UV-A and UV-B light posses photons whick able to activate catalyst [55, 70,
71]. However, the mechanism of photolysis of UV-Ada UV-B radiation and
microorganisms cells inactivation differs from timechanism of UV-C radiation. In case of
sun light, UV-C radiation is usually absorbed bg #tmosphere and does not reach to the
Earth surface. Thus, the photocatalytic disinfectics performed in systems of
photoreactors, which use artificial UV-C radiatifam catalytic activation. Longer sunlight
wavelengths A < 400 nm) have also been investigated for sunligjstnfection [2].
However, the mechanism of photodisinfection of comabl UV-A radiation and sunlight
spectrum is not clear yet. It has been shown thanhg sunlight disinfection pathogens
present in drinking water placed in PET bottlesdmee inactivated within 6 hours exposure
to sunlight [2].

The typical UV light stream measure near earthgisaéto 2030 W/ It corresponds
to 0.2+0.3 mol of photonsfh in the range of 300+400 nm delivered by the Sun.
Nevertheless, only 5% of total sun radiation posssargy sufficient for photoexcitation
[68]. Those photons can be used for photocatatigmomposition of contaminants present
in water. It has been proved during series of @rmts which were carried out in sun
photoreactors designed and tented within last tyvwgedrs [67]. One must know that during
clouded days the application of sunlight is siguifitly limited. Thus, latest experiments are
focused on the development and application of natalygsts which are able to use visible
light spectrum [72].
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In order to characterize the influence of tlight intensity on the photocatalytic
reaction rate it can be said that [2, 73, 74]:

- at low irradiance (020 mW/chthe increase of the reaction rate with the ineeeaf
the light intensity is linear (first order react)oas electron gaps formation is dominant,
their recombination is absent,

- at medium irradiance (ca 25 mW/@nthe reaction rate depends on the square root of
irradiance (0.5 order reaction) as electron gapwadtion competes with recombination
and thus limits its influence on the total reactiate,

- at high irradiance the reaction rate is indepenttent the light intensity.

The increase of light intensity results in the @ase of the reaction rate until the mass
transport in the reaction becomes limitad &t high light intensity) [74]. The higher
irradiance causes the move of the electron froralygsttto oxygen present in the solution,
what results in the formation of,0 radicals which limit reaction rate especially iase
when photocatalyst particles are agglomerated [75].

The effectiveness of photocatalytic disinfectiogoasignificantly depends on the time
of radiation at given irradiance. Rincon and Putg§t5] investigated the influence of light
intensity at the range of 400 and 1000 Wlethality and regrowth of bacteria and showed
that the higher constant irradiance caused irréderslamage oE. coli bacteria cells. In
case of irregular radiation bacteria had a tenddocyegrowth within 24 to 48 hours.
Several study suggest that the bacteria regrowdhused by the recovery of cell fragments
at the present of nutrients [76]. Other studiesgesy that partially damaged but not
completely inactivated cell can recover the viyalat 300-500 nm radiation or the
re-synthesis and replication of cells takes plat®, [7/7]. The results of disinfection at
irradiance 400 W/fcarried out for 2.5 h are different from once afed for processes at
irradiance 1000 W/frun for 1h. Thus, in order to predict the mininexbosure time at
constant irradiance the preliminary studies disagsgphotoreactor characteristic and
microbiological resistance of microorganisms shdddoerformed [2].

Kinetics and modeling

Kinetics and mechanistic studies of water pollgamghotomineralization and
photodisinfection are very useful tool considerthg process scale-up. The proper use of
kinetic models to interpretation of experimentatadanables design and optimization of
photoreactor system with the sufficient accuraay sime [2, 4, 8, 9].

Photomineralization kinetics

In most of the studies of photocatalysis kineticenechanistic modeling usually single
representative organic compound is used. Thusdties of papers discussing the kinetic of
photodecomposition of various organic compoundsininalyes, pesticides, herbicides,
phenols, halogenated phenols, alkanes, halogeatktades, aliphatic alcohols, carboxylic
acids and series of others can be found in theatitee [1, 39, 67, 68]. Non-selective
character of OHradicals suggests that the rate of decompositiwh tane of exposure
should not be only parameters considered duringtoeadesign. It is caused by the
formation of many mineralization by-products whishusually omitted in kinetic model of
photomineralization. Thus, the concentration ofamig compounds should be commonly
marked as COD or TOC to enable the deeper unddiataof photomineralization kinetics.
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It is sometimes said that simple first-order orozerder reaction kinetics is sufficient
enough to model photomineralization of organic compls. However, it can only be
applied in limited cases, generally when compowugentration is sufficiently low [2].

In general, the non-linear kinetic profile is obiil as the rate of oxidation increases
with radiation time until zero rate is reached [78)]. Such a kinetic run usually
corresponds to Langmuir-Hinshelwood (LH) model [8@, 81]. As LH model depends on
catalyst surface, the reaction rate increase wighradiation time is expected, as during
radiation concentration of organic substrate desggavhile the access to catalyst surface
increases. The zero degradation rate is connedthdashievement of the total degradation
point. There are several assumptions of LH kinedicd possibilities of its application to
photomineralization effectiveness calculations, levlthe reaction can occur between: (1)
two adsorbed componenies radicals and organic compounds; (2) aqueous pleieat
and adsorbed organic compound; (3) radical on #t@lyst surface and organic compound
in the aqueous phase; (4) both, radical and orgamicpound in the aqueous phase [2].
Hence, according to LH model theate of photocatalytic reaction(r) is directly
proportional to the part of the surface coveredhwitganic substrat®X) [2, 9]:

_dC_, o - kKC

r=—-=

dt Y 1+KC

where:k; - reaction rate constant, - concentration of organic - Langmuir adsorption
constant.

The applicability of equation (18) depends on salvassumptionge (1) the reaction
system is in the dynamic equilibrium; (2) the réattoccurs on the surface; (3) the
competition of by-products adsorption on the acfii®, surface takes place and other
types of oxygen reactive forms are unlimited [SHjus, it is assumed that the photocatalyst
is only composed of active adsorption sites, omganblecules and their by-products,
electron gap-electron pairs and several reactiygex forms. The reaction rate constant
(k) is equal to 1B10° M/s for most of photocatalytic reactions takingq® in water. Such
k. values indicate that the photocatalysis effectdgsnis directly proportional to substance
concentration. Thd parameter is the Langmuir dynamic adsorption @misfM) which
represents the capability of catalysts to adsompfgauation (19)), which is the solution of
equation (18) at boundary conditions frem 0 C = C; (initial concentration) to any time
t at which concentration is equal@

(18)

In£+ K(C-C,) = -k Kt (29)
C0
The value oK can be also calculated from equation (18) aftedrization from the
plot 1k as a function of T:

i1, 1 (20)
r, k kKC,

T

It has been found tha¢ values obtained from above equations are pralgticalich
lower [1]. It has been explained by differences ddsorption-desorption processes
performed without and with catalyst exposure. B ttoncentration of organic substances
is low (mM) the first order reaction rate constaman be expressed as
K (min™) = kK:
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=g =kKc=kcC (21)

The transformation and integration of equation (2flye the typical model of
pseudo-first order reaction show by equations:

C=Ge™ (22)

InE =-k Kt =k't (23)
C0

However, the apparent reaction rate constant iy aisled as a comparison of
photocatalytic reaction rate description. In Figdra common kinetic plot of saturation for
degradation of organic dye in the annular photdogasystem is shown. The reaction rate
increases to the point where the flat surface efcilirve course is observed [2]. In order to
interpret maximum photomineralization reaction rtgiing (deviation) of LH saturation
profile should be omitted. Only the tangent slopéflexion point should be used to obtain
maximum photomineralization rate. In this caseuhi of the slop is of the same chemical
reaction order as the zero order reaction ratetanhs
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Fig. 4. Typical saturation kinetics plot for thegdadation of organic dye molecules in an annular
photoreactor system

LH saturation kinetic profile has also been usedproximate particular systems of
photocatalytic reactor in practical application][82 such an empirical LH approximation
the mineralization rate of organic substancestisadly expressed as TOC:

. __ Bltod]
TOC,O
B, + B[TOC]
Equation (24) allows to predict the rate of TOC rdeigtion as a function of exposure
time. As it is shown, the plot of iAks 1/[TOC] enables the determination of empirical

parameterss;, S, and Sz in equation (24). The times of exposure necesfarypartial
decomposition of TOC can also be approximated whgunation (23) is introduced to

(24)
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reaction (19). Such an empirical LH model enablestige determination of kinetics and
accurate approximation of every photoreactor system

Photodisinfection kinetics and modeling

Chick model is based on a classical chemical disiidn, at which disinfection rate)(

is a first order reaction defined by the equat®n [
r=-kN (25)
wherek is rate constant arid microorganism concentration.

The model is regarded as a diparticle chemicaltiaat which microorganisms act as
particles of chemical substances. Chick model iy gamplified, nevertheless it is widely
applied to disinfection processes with chlorinegrag, hydrogen peroxide and chloramines
[8]. Watts et al [83] have applied Chick model talculations of reaction rate of
disinfection performed via photocatalytic inactieat of viruses andt. coli bacteria present
in secondary sediment tank at real wastewatemteatplant.

However, the most popular model applied to phototiistion studies is Chick-Watson
mechanistic model [2, 8, 84, 85]:

N/Ny= e (26)
where:N - microorganism number survivors at irradiatiandit, Ny - initial microorganism
numberk’ - pseudo-kinetic constants expressed by equaion [

k' = —K[c]" (27)
wherec andn are constants.

In Chick-Watson model the rate of photodisinfectiom a linear function of
microorganisms number and catalyst charge, thassumes first order reaction kinetics.
Moreover, introduced constant parametarsaiid n) does not have a physical meaning.
Hence, Chick-Watson model is not always used amany studies linear dependence of
photodisinfection derived from the model is notasbéd. The modified Chick-Watson
model [2] introduces “delay” parameter for initidisinfection phase and enables the
approximation of kinetic parameter, which defind®e tdependence between catalyst
concentration and time of exposure necessary (Ganpeter) for total inactivation. The
parameter is widely applied as a reference pomdésigning of photoreactors.

Hom [86] derived a very useful empirical modificati of Chick-Watson model for
disinfection of algae bacteria systems which reag¢gdower dependence of concentration
change in time:

Iogﬁ =-kC"T" (28)
NO

In the Hom model the predicted level of bacterictivation is not a linear function of
C andT, but the dependence has a power character congpaiihh n and m constants. As
Hom model is two-parameter model it can be appdielgt to photodisinfection profile with
maximum two non-linear areas. For m values highantl, the inactivation curve firstly
shows the deviation to higher values, while for elolv 1 the curve “tailing” to lower
values can be observed. Thus, the model includgal iand final deviation depending on
the curve.
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Power kinetic model is also often applied. In thedel the inactivation rate assumes
the power dependence on microorganisms concemtri@jolt can be expressed as:

dN _
i
The integration of equation (29) results in the plakpressed by the equation:
N _ log[1+ N, (x-1)K"T]
N, (x-1)

Model expressed by equation (30) also describamlirdeviations and “tailing” of
kinetic curves what is characteristic for x valgesater or smaller than 1, respectively.

N*C" (29)

log (30)

Configuration of photocatalytic reactors

Considering the form of the catalyst, photocatalytiater and wastewater treatment
reactors can be designed in configuratiens

- reactors with suspended catalyst,

- reactors with catalyst immobilized on the neuttadgsort.

The main difference between those systems is thd néseparate catalyst separation
system in case of suspended reactor, while thendesgstem can be operated in the
continuous mode. If the construction of the reaid@onsidered, annular suspended (slurry)
photoreactors [52], cascade photoreactors [87]tacbrphotoreactors [71], but also other
design solutions can be distinguished.

Pareek et al [88] showed in their studies that st important in choosing the
photoreactor configuration are the total irradiatete surface area of the catalyst per
volume unit and the proper light distribution withthe reactor. Suspended photocatalytic
reactors characterize with high ratio of the cafalgurface per volume unit while
immobilized reactors have limited mass transfefquarance over the immobilized layer of
the photocatalyst. The radiation of the reactor lsarmade using direct or dispersed light
[89]. In the first type the catalyst is directlyti@ated by photons light and parabolic light
deflectors (baffles) are used. The proper locatibthe light source is crucial in order to
obtain uniform photon stream dispersion in the t@aand maximum and symmetric light
transmittance and distribution. Quite recently,psuigled photocatalytic reactor used to be
a preferable configuration according to significaatio of total photocatalyst surface on
unit volume as well as to easy reusing of the gatalCatalyst particles can be separated in
sedimentation tank or external filtration systerperated in the cross flow mode enabling
constant reactor performance. The separation ofophtalyst particles after the end of
photoreaction using hybrid membrane photoreactopsdmising technical solution [9, 90].
The application of such a hybrid system eliminaties necessity of coagulation and
flocculation or sedimentation for particle sepamatifrom treated water stream. Other
advantages are the lower energy consumption andrlowtallation size according to its
cube capacity and surface [2].
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Photocatalytic membrane reactors

The hybrid systems comprised of photocatalytic taraand membrane process are
known as membrane photocatalytic reactors [9, BB membrane module can be placed
outside (Fig. 5) or inside (Fig. 6) the photocatialyeactor.
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Fig. 5. Photoreactor with outside membrane module
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Fig. 6. Schematic of submerged membrane phototiatadactor

In case when the membrane module is placed outbidereactor three different
configurations can be distinguighthe source of light is located over the feed tamer the

membrane module or over the additional tank (pleatctor) which is situated between feed
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tank and membrane module [9]. In some cases theeat light can be placed over both,
membrane module and feed tank (or inside feeditaniise of immersed UV lamps).

Immersed membrane reactor consists of reaction,zionevhich TiG, suspension
radiated with UV rays is separated from membraneluimby moveable baffle (Fig. 6)
[91].

Generally, such reactors can be designed with iatiath of membrane module or
suspended catalyst feed tank [92, 93]. In susperekattors the membrane acts as physical
barrier for both, photocatalyst particles and/ayamic molecules and reaction by-products.
In the first configuration the photocatalyst can &ither suspended in water phase or
immobilized on the membrane.

In membrane reactor with immobilized catalyst mesmler module is used as a support
for photocatalyst particles (photocatalytic memlesgnand acts as a barrier for organic
molecules or microorganisms present in the treateidture. The application of
photocatalytic membranes is well-found as photdgiatareaction runs on the surface or
inside membrane pores and cleaned water (wastgveaterbe continuously removed from
the reactor without catalyst loss. Photocatalytiembranes can be formed using various
materials and methods. It includes composite ceramembranes TiAlI,O; [94-98],
polymeric and metallic membranes with immobilizedOF [99-101] or polymeric
membranes with Ti@particles trapped in their structures during thedpction process
[102-104]. Nevertheless, studies with polymeric ammtganic membranes containing BiO
have already been performed [99, 105, 106]. Howether application of photocatalytic
membranes is limited by many technical probléathe change of membrane structure, low
photocatalytic activity and decrease of immobilize®, amount in time.

Considering the size of contaminants moleculesrandired quality of treated water,
microfiltration (MF) [107-112],ultrafiltration (UF) [93, 113, 114] andanofiltration (NF)
[92, 93, 104, 106, 115] membrane modules can be. M4E membranes are useful in case
of contaminants particles size of 0.1+5 um, while &hd NF modules must be applied in
case of smaller compounds removal. The effectivemdsphotooxidation is higher for
suspended reactors than for ones with immobilizadlgst [104]. It has been shown that
photocatalyst immobilization results in serious dgmof membrane structure according to
its direct contact with UV photons and hydroxyliceds [116]. Thus, hybrid configurations
of membrane processes with suspended reactors teebem more advantageous solution.
The application of various photocatalytic membragectors set-ups for treatment of water
containing of humic acids [107, 110, 113, 114]yviwlacids [91, 117-119], bisphenol A
[116], phenol [93], 4-nitrophenol [92], 4-chloroptad [107], dyes [93, 94, 107, 120-124],
greywater [108, 109] and many other contaminansstieen already investigated. In recent
studies, dialysis [125], pervaporation [126] andteetmembrane distillatiofMD) [9, 90,
122] are used as a part of hybrid membrane phattmeérig. 7).

Considering operation of membrane photoreactowghich pressure-driven membrane
processes are used (especially MF and UF) memffmatieg which causes the decrease of
permeate flux must be taken into account. It iswkmdhat cost of water and wastewater
treatment in membrane photoreactors increases whetocatalysts of small particles and
colloidal sizes are used. Fu et al [91] used,Tp@rticles of spherical shape which did not
cause membrane pores blocking. Moreover, propesfiphotocatalyst particles surface can
be specially modified to prevent membrane blockingorder to avoid problems connected



Photocatalysis in the treatment and disinfectiowater. Part I. Theoretical backgrounds ~ 50€

with membrane coating with TiOspecial hybrid suspension-membrane systems are
configured.

Fig. 7. Schematic diagram of the hybrid photocai@lyprocess with membrane distillation:
1 - membrane module; 2 - distillate tank; 3 - fémuk (/ = 2.9 dr); 4 - pump; 5 - and 6 - heat
exchangers; 7 - manometers; 8 - UV laMig;, Toin, Trout, Toout - iNlet and outlet temperatures of
feed and distillate, respectively

Membrane photoreactors enable both, continuousepsooperation without any and
independent control of reaction time. It result©btaining a proper water and wastewater
treatment performance before introduction to meméfdtration.

Summary

Semiconductive photocatalysis with the use of UVson radiation has become the
usable method for both, organic compounds minextidim and disinfection. It is very
important considering refractive organic substanedsch are not transported to different
phase, but also completely mineralized. The intemraof the process with other treatment
techniques creates a serious alternative for otfethods applied in water and wastewater
treatment.

In order to spread the application of photocatalptiocess for water and wastewater
technology number of operational improvements sthée madeée (1) the development of
catalytic material of high photoeffectiveness whidn be used in wider radiation range
(visible light radiation), (2) immobilization of talyst to assure economically attractive
solid-liquid separation, (3) the expansion of opiersal pH range and minimization
of additional oxidants dosing, (4) development ofewn systems improving
photo-mineralization and photo-disinfection kineti¢5) effective design of photocatalytic
reactors or parabolic sun collectors to increasesttare of sun energy and decrease energy
costs.
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FOTOKATALIZA W OCZYSZCZANIU | DEZYNFEKCJI WODY
CZESC |. PODSTAWY TEORETYCZNE

Wydziat Inzynierii Srodowiska i Energetyki, Politechnil&aska

Abstrakt: Proces fotokatalizy natg do wysoko zaawansowanych technik utleniania élimosciach usuwania
trwatych zwizkéw organicznych i mikroorganizméw z wody. Jeste¢ohnologia o diym potencjale, niskich
kosztach, przyjazna dlérodowiska oraz o cechach zréwnawmego rozwoju i “zerowym" odprowadzaniu
odpadéw w przemystowych systemach wodoiekowych. Obecnie, gtéwne bariery techniczne, &tdgraniczaj
petmp komercjalizagj metody, § zwigzane z zagospodarowaniemastek katalizatora po uzdatnianiu wody
(sciekéw). W pracy przedstawiono podstawy teoretyqameesu oraz mechanizmy fotoutlenienia zanieczgazc
organicznych i mikrobiologicznych. Dokonano réwniprzeghdu ostatnich pogpdéw w badaniach itynierii
fotokatalizatoréw, systeméw fotoreaktoréw oraz kyle fotomineralizacji i fotodezynfekcji i ich modelowe
zwigzane z procesami fotokatalitycznego oczyszczaniaywciekow). Omoéwiono wiele potencjalnych
i komercyjnych konfiguracji reaktoréw fotokataligimych, w szczegélei membranowych reaktoréw
fotokatalitycznych oraz wptyw parametrow operacgimyi jakadci wody na efektywn& mineralizacji

i dezynfekciji.

Stowa kluczowe:fotokataliza, TiQ, oczyszczanie wody isciekow, reaktory fotokatalityczne, kinetyka
fotokatalizy, dezynfekcja



