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Preface to “Photon-Involving Purification of Water  
and Air” 

In the framework of the new section on Photochemistry launched by the Editorial Office of 
Molecules in September 2015, I proposed a feature paper issue titled “Photon-involving purification of 
water and air”. A series of reviews and articles were published in this issue of Molecules from March 2017 
to October 2017 after rigorous peer-review. These reviews and articles are freely accessible online. 
Nevertheless, it was thought that a printed book gathering them in an organized manner would be very 
useful. The book format allows one to browse through the articles in a much easier way. Anybody in a 
laboratory can have the printed book at hand for consulting at any time. Attention of potential readers to 
the existence of a book can be drawn readily in libraries and online. A book is also more appropriate for 
storage than a pile of copies!  

This book contains six reviews and twelve articles written by distinguished experts on the various 
photon-driven processes, either natural or man-made, that can change the quality of water and air. Its 
publication will allow the community of senior scientists and students interested in these domains to 
possess a book of great significance for a low price. According to their topic, the reviews and articles are 
arranged into five consecutive sections, three of which concern photocatalysis over semiconductors. The 
contents of each section are summarized hereafter. 

The book begins (Section 1) with a review by Y. Yang and J.J. Pignatello, which is essential, since it 
details the multiple implications (122 references) of halide ions—which are ubiquitous in natural and 
wastewaters—in the fate of chemical compounds in the “natural” environment and in the treated waters. 
An article by L. Carena and D. Vione, in this Section dealing with “natural” conditions, addresses the 
modelling, as a function of solar irradiation, pH and the availability of oxidizing species, of the oxidation 
of As (III), a crucial pollutant, particularly in waters where rice is grown.  

Section 2 is devoted to homogeneous processes using UV-lamps or solar irradiation for 
decontaminating waters. The efficacy of several of these processes, especially the photo-Fenton one, for 
the elimination of representative chemicals and pathogens in municipal and hospital wastewaters is 
reviewed by C. Pulgarin and co-workers, taking into account the varying conditions that must be faced 
depending on the development level of the country. Using 2-aminobenzoate as an example of chemical 
compound dispersed into the environment because of anthropogenic activities (including the protection 
of some agriculture facilities), the article by D. Vione and co-workers reports on the fate of this compound 
under UV-C irradiation, and when H2O2/UV or S2O8/UV processes are used. It also considers the effects of 
Cl− and CO32− anions.  

The review and the two articles gathered in Section 3 refer to the possibilities of improving, 
chemically or electrically, the efficacy of photocatalysis over semiconductors. Thus, the detailed review by 
F. Beltran and A. Rey deals with the addition of ozone to a photocatalyst excited by sunlight (natural or 
simulated). It considers all the aspects from the photocatalysts to the reactors. It concludes that this 
combination may be viable, especially if solar energy can be used to completely operate the water 
purification device, including the production of ozone. J.A. Byrne and co-workers, in cooperation with 
two other teams, report a substantial increase in the inactivation of E. coli when aligned TiO2 nanotubes 
(pristine or doped with N or both N and F) were immobilized on a conducting support and an external 
electrical bias was utilized; this increase was presumably due to electrostatic attraction of the negatively 
charged bacteria. N-doping increased the efficiency under UV-visible irradiation, though it had no effect 
under visible light only, drawing attention on possible wavelength-dependent disinfection mechanisms. 
The article by J. Krysa and co-workers describes the fabrication of transparent TiO2 nanotube arrays by 
anodization of Ti thin layers sputtered on fluorine doped tin oxide glass. The photoelectrochemical and 
photocatalytic activities were measured and compared with those of layers obtained via oxidation of Ti 
foils. The interest of these transparent nanotube arrays is to enable back-side irradiation, which can be 
useful for some photoelectrochemical applications. 

Section 4 encompasses many domains of semiconductor photocatalysis from calculations to 
practical aspects. Both the materials and the degradation effects on chemicals and microorganisms are 
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considered. The review by Z. Cinar may be regarded as an introduction to this Section. It clearly presents, 
by use of examples, the interest that molecular modeling methods can present to explain and even 
predict, on one hand, the effects of various doping and surface modifications of TiO2, and, on the other 
hand, the degradabilities of typical molecules both in liquid water or the gas phase. An article by Z. Cinar 
and co-workers illustrates the use of these calculations to help determine the electronic levels and dopant 
locations in the case of Se/N co-doped TiO2. Many of the modifications of TiO2 explored aim at extending 
light absorption to the visible spectral range in order to use LED lamps or possibly sunlight. That was the 
objective of A. Zelinska-Medynska and co-workers who depict the preparation of TiO2-V2O5 (or MnO2) 
nanotube arrays in a duo of papers. The efficacy of these materials for the removal of gaseous toluene 
under visible irradiation was measured and attributed to V2O5 (or MnO2) species; the effects of some 
characteristics of the nanotubes were determined. The combination of semiconductors with natural or 
synthetic polymeric supports which can affect the adsorption of pollutants, the absorption of light and 
possibly the lifetime of the photo-produced charge carriers, is reviewed (114 references) by J.C. 
Colmenares and E. Kuna. In particular, the potential use of non-expensive and easily available polymers 
is emphasized. The review by C. Pulgarin and co-workers considers some antimicrobial coatings to 
combat the spread of infections in hospitals. The emphasis is on the use of magnetron sputtering 
deposition of Cu or Fe-oxides, alone or in combination with TiO2, on polymeric substances. Two 
microorganisms were employed to assess the antimicrobial activity in the dark or under visible light, 
comparatively. Though most of the papers in this Section involve TiO2, two other semiconductors are also 
considered. Unlike TiO2, Cu2O absorbs in the visible spectral range, but it photocorrodes. The article by 
W.C.J. Ho, Z. Chen and co-workers underlines the importance of the exposed facets of Cu2O for both 
adsorption and degradation of a dye under visible light. Photocorrosion can be decreased by appropriate 
hole scavengers. Graphitic carbon nitride has been reported to be an attractive photocatalyst, active in the 
visible spectral range. In their article, X. Wang and co-workers detail a soft-templating synthesis of a series 
of S-doped C3N4 samples and report the efficacy of these materials under visible light to remove 
Rhodamine B or reduce Cr(VI). They show the decisive impact of the synthesis whose numerous, 
interrelated parameters can be adjusted. 

The potential of semiconductor photocatalysis to purify air is questionable. For gaseous effluents, 
the possibilities of passing the obstacles related to low removal rates and interferences between pollutants 
depend on each case. For outdoor air, a significant impact is limited to confined spaces. For indoor air, the 
process appears not viable until now, because of the progressive deactivation of photocatalysts and the 
formation of degradation toxic by-products. In Section 5 of this book, a review and two articles address 
this latter problem by considering the expected improvements of reactors through proper modeling and 
testing O. Alfano and co-workers review their modeling studies that can be used to scale-up and optimize 
the design of photocatalytic wall reactors by computing the local superficial rate of photon absorption. 
They show that their approach can be applied to model a corrugated wall reactor. In a duo of articles, E. 
Dumont, V Héquet and co-workers show the interest of using a recirculating close-loop reactor to 
determine the clean air delivery rate of diverse photocatalytic devices incorporated in the reactor. This 
reactor was modeled and then used with one selected photocatalytic device to illustrate the effects of 
various parameters, including the concentration of toluene chosen as the pollutant. The authors conclude 
that this reactor is a good tool to compare the efficacy of various photocatalytic devices. 

In conclusion, this book will be helpful to the beginners who would like to learn more about the 
diverse aspects of the environment that are covered, as well as to the senior scientists who will find 
reviews and articles allowing them to refresh or update their knowledge of some aspects of this 
multidisciplinary field. 
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Participation of the Halogens in Photochemical
Reactions in Natural and Treated Waters
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Abstract: Halide ions are ubiquitous in natural waters and wastewaters. Halogens play an important
and complex role in environmental photochemical processes and in reactions taking place during
photochemical water treatment. While inert to solar wavelengths, halides can be converted into
radical and non-radical reactive halogen species (RHS) by sensitized photolysis and by reactions
with secondary reactive oxygen species (ROS) produced through sunlight-initiated reactions in water
and atmospheric aerosols, such as hydroxyl radical, ozone, and nitrate radical. In photochemical
advanced oxidation processes for water treatment, RHS can be generated by UV photolysis and
by reactions of halides with hydroxyl radicals, sulfate radicals, ozone, and other ROS. RHS are
reactive toward organic compounds, and some reactions lead to incorporation of halogen into
byproducts. Recent studies indicate that halides, or the RHS derived from them, affect the
concentrations of photogenerated reactive oxygen species (ROS) and other reactive species; influence
the photobleaching of dissolved natural organic matter (DOM); alter the rates and products of
pollutant transformations; lead to covalent incorporation of halogen into small natural molecules,
DOM, and pollutants; and give rise to certain halogen oxides of concern as water contaminants.
The complex and colorful chemistry of halogen in waters will be summarized in detail and the
implications of this chemistry for global biogeochemical cycling of halogen, contaminant fate in
natural waters, and water purification technologies will be discussed.

Keywords: hydroxyl radical; sulfate radical; photocatalysis; atmospheric aerosols; reactive oxygen
species; reactive halogen species; advanced oxidation processes; dissolved natural organic matter;
halogenation; reclaimed waters

1. Introduction

Halide ions are ubiquitous in natural waters. Ordinary levels of halides in seawater are 540 mM
chloride, 0.8 mM bromide, and 100–200 nM iodide [1,2]. Halide levels range downward in estuaries
and upward in saltier water bodies relative to typical seawater levels. Surface fresh water and
groundwater may contain up to 21 mM chloride and 0.05 mM bromide [1], with higher levels in
some places. Even though the halides themselves do not absorb light in the solar region, in nature
they provide far more than just background electrolytes—they participate in a rich, aqueous-phase
chemistry initiated by sunlight that has many implications for dissolved natural organic matter (DOM)
processing, fate and toxicity of organic pollutants, and global biogeochemical cycling of the halogens.

Advanced oxidation processes (AOPs) employing solar, visible, or ultraviolet light have been
used or are under study for removal of organic pollutants from reclaimable waters, such as industrial
wastewater, petrochemical produced waters, municipal wastewater, and landfill leachates, in order to
meet agricultural, residential, business, industrial, or drinking water standards. While generalizations
are difficult, such waters often contain moderate-to-very-high halide ion concentrations, as well as

Molecules 2017, 22, 1684 1 www.mdpi.com/journal/molecules
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high concentrations of other photochemically important solutes like carbonate that can impact halogen
chemistry [1].

This review aims to summarize the reactions of halides and their daughter products and offer
insight into their effects on photochemical transformations taking place in water. Halides can undergo
sensitized photolysis and react with many secondary photoproducts to produce reactive halogen
species (RHS) that can participate in a variety of reactions with DOM and anthropogenic compounds,
including oxidation and incorporation of halogen. These reactions are described and discussed.
Extensive tabulations of rate constants for relevant reactions or RHS generation and decay have been
collected for the convenience of the reader in Supplementary Section Table S1. Halides, and the
RHS derived from them, affect the concentrations of photogenerated reactive oxygen species (ROS)
and other reactive species; influence the photobleaching of DOM; alter the rates and products of
pollutant transformations; lead to covalent incorporation of halogen into small natural molecules,
dissolved natural organic matter, and pollutants; and give rise to certain halogen oxides of concern as
water contaminants. The concentrations of halides is an important consideration in water treatment
because halides can scavenge desired reactive oxidants and lead to unwanted halogenated byproducts.
The identity of the halogen substituent(s) is critical because toxicity ordinarily increases in the order
Cl < Br < I for compounds of similar structure [3,4].

Halogen reactions in the atmosphere have been well studied in relation to ozone chemistry [5].
This article will not discuss gas phase reactions or surface reactions in the atmosphere, a topic recently
addressed in a comprehensive review [5]; however, it will cover relevant reactions that occur in the
liquid phase or at the air-liquid interface of atmospheric aerosols. A number of important reactions
that take place on snow, ice, and solid microparticles actually occur on or within a surface liquid
layer that is often rich in salts [6]. Compared to bulk natural waters, aerosol liquid phases can reach
lower pH, and the evidence supports altered rates and/or unique chemical reactions close to the
air-liquid interface.

2. Sources and Speciation of RHS Produced from Halide Ions

Reactive halogen species are generated by sensitized photochemical reactions or by reaction of
halides with other oxidants of a photochemical origin. Halogen interconversion reactions are dealt
with in detail. Scheme 1 provides an overview.

Scheme 1. Generation of RHS in waters through the action of sunlight.

2
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2.1. Sensitized Photolysis

Halide ions in aqueous solution have absorption edges below ~260 nm and therefore do not
photolyze at solar wavelengths. However, recent studies indicate that photo-sensitization by DOM
may be an important source of RHS in natural waters [7,8]. Irradiation of DOM with solar light
generates a short-lived excited singlet state (1DOM*) that can relax to the ground state or intersystem
crosses (ISC) to a much longer-lived excited triplet state (3DOM*). 3DOM* is a mixture of excited
triplet states of diverse structures with energies ranging from 94 kJ·mol−1 to above 250 kJ·mol−1 [9].
While the nature of the chromophoric groups of DOM giving rise to triplet states is not known for
certain, it has been said that aromatic ketones and other carbonyl-containing groups (e.g., coumarin
and chromone moieties) are candidates for production of the high-energy triplet states of DOM [10].
The steady-state concentration of 3DOM* is estimated to be 10−14 to 10−12 M, depending on light
intensities, [DOM] and [O2] [10] and, undoubtedly, the nature of DOM in the water parcel.

3DOM* is a known precursor of photochemically-produced reactive oxygen species (ROS) such
as singlet oxygen (1O2) and hydroperoxyl/superoxide (HO2

•/O2
−•, pKa = 4.88), and is a suspected

precursor of hydroxyl (HO•). In addition, 3DOM* also can engage in triplet energy transfer or oxidation
reactions with itself and with other solutes. It has been shown that 3DOM* can oxidize or reduce
various organic compounds [11], and that model triplet ketone sensitizers with similar reactivity as
3DOM* can oxidize CO3

2− to CO3
−•, NO2

− to NO2
• [12], etc.

The question arises whether 3DOM* can oxidize halide ions. The standard reduction potential
of 3DOM* obtained in different studies of terrestrial and freshwater NOM reference standards is
estimated to be “centered near 1.64 V” [10] and about 1.6–1.8 V [8]. The estimated one-electron
reduction potentials of the halogens E◦

X·/X− are 2.59 V (Cl), 2.04 V (Br), and 1.37 V (I) in water [13].
These values are about 0.4–0.5 V lower in polar organic solvents—an important consideration because
DOM exists as supramolecular aggregates and colloids, in which the electric field in the vicinity of the
chromophoric site may be somewhere in between water and polar organic solvents. It thus appears
that bromide and iodide, and possibly chloride, are potentially susceptible to one-electron oxidation
by 3DOM*.

Jammoul et al. [7] found that the triplet excited state of benzophenone, which can be regarded
as a surrogate for aromatic carbonyl compounds in seawater DOM, can oxidize halide ions to X2

−•,
Reaction (1):

[(C6H5)2C = O]3∗ + 2X− hv(355 nm)→ [(C6H5)2C − O]−• + X2
−• (1)

The rate constant for Reaction (1) follows the order, I− (~8 × 109) > Br− (~3 × 108) > Cl−

(<1 × 106 M−1 s−1) which is consistent with the order in their reduction potential. The triplet state of
anthraquinone derivatives was observed to oxidize bromide and chloride [12,14].

Building on previous theory [15], Loeff et al. [12] modeled reactions sensitized by simple organic
compounds according to Scheme 2.

Scheme 2. Proposed pathways of sensitized oxidation of halide ions in water.

According to this model, halide ion reacts with the triplet excited state (3M) to form a
charge-transfer binary exciplex, 3(M− -- - X), or, at higher halide concentrations, the ternary exciplex,
3(M−- - -X --- X−). Both the binary and ternary exciplexes can decay to the ground state (paths a or c) or
dissociate to the radical pair (paths b or d). The ternary exciplex has a lower tendency than the binary
exciplex to decay to the ground state because it has weaker spin-orbit coupling of the incipient radical.
Therefore, the ternary exciplex more favorably dissociates to the radical products, M−• and X2

−•.

3
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In seawater, the mixed dihalogen radical anion, BrCl−•, is expected to predominate, since bromide is
more readily oxidized [16], while chloride is more abundant.

Comparing artificial seawater with ionic strength controls (NaClO4), Parker and Mitch [8] report
that 3DOM* contributes to RHS formation, which, in turn, affects the oxidation of certain added
organic compounds. Using a series of radical quenching agents, they found a strong linear correlation
between the observed rate constant for degradation of the marine algal toxin domoic acid sensitized
by a DOM reference standard, and the same rate constant sensitized by bromoacetophenone which
generates Br• upon photolysis. In support of Scheme 2 for DOM, the researchers found that chloride
enhances bromination in samples containing bromide.

In summary, Scheme 2 has been able to rationalize the behavior of simple sensitizer molecules.
Even though the scant data available on DOM is consistent with it, it is far from being “established”
for DOM and further studies are called for.

2.2. Oxidation of Halide Ions by Secondary Photo-Products

Sunlight directly or indirectly produces OH•, ozone (O3), 1O2, HO2
•/O2

−•, and hydrogen
peroxide (H2O2) in natural waters. Such ROS are important in many AOPs, as well. Halide ions are
susceptible to oxidation by several of these ROS.

One of the most important is HO•. Hydroxyl originates from direct photolysis of H2O2, NO3
−,

NO2
−, DOM, and dissolved iron species, and can also be produced by (dark) Fenton-type reactions of

H2O2 catalyzed by redox-switchable transition metal ions, especially Fe. Which of these sources are
most important depends on local conditions and is difficult to ascertain in most situations. The exact
mechanism of HO• generation from DOM has been the subject of debate for many years, without
consensus [17–19]. Hydroxyl reacts with halides via the adduct HOX−• to form the corresponding
halogen and dihalogen radicals:

X− + HO• � HOX−• H+ ,−H2O
� X• X−

� X2
−• (2)

Reaction (2) is fast, reversible, and dependent on [X−] and [H+] [20]. Reactions with bromide
and iodide lie far to the right at any normal environmental pH, while the oxidation of chloride to Cl•

and Cl2−• is favorable only under acidic conditions and comparatively high halide concentrations.
For example, at pH 3, oxidation of chloride is significant whenever [Cl−] is much above a few
millimolar [21]. However, oxidation of chloride can be important in aerosols, where the pH can be as
low as 2. Bromide and iodide are important OH• scavengers in seawater [17]. Scavenging of OH• does
not necessarily protect other solute molecules from oxidation, as the resulting RHS are themselves
strong oxidants, albeit more selective (see Section 4).

Ozone is an important component of the troposphere due to the action of sunlight on nitrogen
oxides and organic vapors. Ground-level ozone concentrations can be appreciable especially in urban
and industrial areas [22–24]. The reaction of ozone with halide initially produces hypohalite or
hypohalous acid (XO−/XOH; pKa,HOCl = 7.82 (0 ◦C), 7.54 (25 ◦C); pKa,HOBr = 8.55; pKa,HOI = 10.5),
via a transient halo-ozonide intermediate [25]:

X− + O3 � X − OOO− H2O→ XOH + O2 + OH− (3)

The observed rate constants for overall Reaction (3) differ by more than twelve orders
of magnitude among the halogens (kCl− < 3 × 10−3 M−1 s−1; kBr− = 258 M−1 s−1;
kI− = 1.2 × 109 M−1 s−1) [25,26]. Given normal seawater halide concentrations, the ratio of rates for
ozone oxidation of iodide, bromide, and chloride is thus approximately 2300:130:1.

Reaction with O3 is suggested to be a principal source of bromo- and iodo-RHS in seawater [27].
Since HOI can react with Br− and Cl− to form molecular bromine and chlorine species and regenerate
I− (see Section 2.4), iodide has been implicated as a catalyst for volatilization of bromine and chlorine
from marine aerosol microdroplets [28].

4

Bo
ok
s

M
DP
I



Molecules 2017, 22, 1684

Halides react only slowly with 1O2; second order rate constants are 1 × 103 for Cl− (in D2O);
< 1 × 106 for Br− (in acetone/bromobenzene solution), and 8.7 × 105 M−1 s−1 for I− (in water)—too
slow to compete with physical quenching of 1O2 by water (2.5 × 105 s−1 [29]). The halides do not react
with HO2

•/O2
−• in water at environmentally significant rates. A few other oxidation reactions of

halides are important in aerosol systems (Section 2.3).

2.3. Heterogeneous Reactions Leading to RHS

Halides also participate in both dark and actinic heterogeneous chemistry in or on atmospheric
particles [30,31]. Atmospheric aerosols broadly encompass polar stratospheric cloud particles of nitric
and sulfuric acid hydrates; cloud particles of water ice; soil dusts; marine boundary layer aerosols
consisting of sea salts; secondary organic aerosols resulting from oxidation of biogenic compounds in
the troposphere; combustion aerosols of fuels and biomass; and inorganic ammonium salt aerosols.
Many of these types of particles are relevant here, either because they are aqueous liquids, or because
their surfaces are coated with aqueous films that exist due to the high salt levels which attract water.

Reactions of halides in aerosol liquids can be qualitatively and quantitatively different from
reactions in terrestrial waters owing to their small size and the significance of gas-particle interfacial
phenomena [30]:

(i) The pH is often more acidic in the bulk liquid phase of aerosols than in terrestrial water bodies.
By contrast, the air-liquid interface can be significantly more basic than the bulk aerosol phase;
for example, it is known that the pH is 7 at the surface of bulk water at pH 3 [32].

(ii) The heavier halide ions (Br−, I−) concentrate at the air-liquid interface. Evidence exists for unique
chemical reactions close to the air-liquid interface [33].

(iii) Particles may become depleted in bromide and iodide with respect to chloride, so that the
chemistry can change over time.

(iv) Reactions may be sensitive to humidity which governs film thickness.

Halide conversion to RHS on atmospheric aerosols is initiated mainly by reactions with HO•,
O3, nitrate radical (NO3

•), and N2O5. Their reactions with HO• and O3 are given in Reactions (2)
and (3) above. Pratt et al. [6] found that Br2 is generated on arctic fresh snow by oxidation of Br−

by HO• formed by photolysis of NO2
− or H2O2 within the quasi-brine layer on the snow surfaces.

The volatilized Br2 is postulated to get pumped by the wind into the troposphere where it contributes
to the episodic depletion of tropospheric ozone during the Arctic springtime.

Nitrate radical, which originates from oxidation of nitrogen dioxide (NO2) by ozone [34],
is an important atmospheric free radical, especially at night. It rapidly oxidizes aerosol halides
(Reaction 4) [35,36]:

X− + NO3
• → X• + NO3

−kCl− = 3.5 × 108M−1s−1; kBr− = 4 × 109M−1s−1 (4)

The nitrate radical interconverts with dinitrogen pentoxide if a suitable surface is available
(NO3

• + NO2 � N2O5) [34]. In water N2O5 dissociates to NO3
− and NO2

+; the latter pairs with a
halide to form XNO2, which reacts with a second halide to give X2 [37,38]:

X− + NO2
+ → XNO2

X− ,H+

→ X2 + HNO2 (5)

For chloride, Reaction (5) occurs only below pH 2 [38].

2.4. Speciation and Interconversion of RHS in Waters

Radical and non-radical RHS (rRHS and nrRHS) undergo well-known species and interconversion
reactions in aqueous solutions. Unfortunately, rate constants are not available for iodine speciation in
most cases.
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Halogen atoms react rapidly and reversibly with halide ion to form the dihalogen radical anion:

X• + X− � X2
−• (6)

The equilibrium constants are large (on the order of 105 M−1, Supplementary Table S1) and the
equilibria lie far to the right in both seawater and freshwater containing typical levels of halides.
When I• and Br• are generated, the mixed dihalogen radical anion ClX−• can form, as chloride is
normally predominant. The reverse of Reaction (6) preferentially gives Cl− and the other halogen
atom because chlorine is the most electronegative of the pair.

Kinetic modeling for seawater containing phenol in which reactions were initiated with OH•

indicates that the sum of all X2
−• concentrations is more than 1000-times greater than the sum of all X•

concentrations, and that [Br2
−•] is about 2.7 times greater than [BrCl−•] [1].

Interconversion of halogen is possible among the rRHS. Some pertinent reactions and their
equilibrium constants are given in Reactions (7) and (8):

HOBr−• + Cl− � BrCl−• + OH− Keq = 9.5 (7)

HOCl−• + Br− � BrCl−• + OH− Keq = 330 (8)

Br2
−• + Cl− � BrCl−• + Br− Keq = 5.4 × 10−3 (9)

BrCl−• + Cl− � Cl2−• + Br− Keq = 2.75 × 10−8 (10)

rRHS dimerize or disproportionate to give the nrRHS:

X• + X• → X2 (11)

2X2
−• → X2 + 2X− (12)

X• + X2
−• → X− + X2 (13)

Molecular halogen reacts reversibly with halide to form the trihalide ion Reaction (14).
For example,

BrCl + Cl− � BrCl2− Keq = 5.88M−1 (14)

Pertinent to aerosol chemistry, the reactions of Cl2 and Br2 with bromide and iodide are much
faster at the air-microdroplet interface than in bulk aqueous solution presumably due to differences in
solvation [39]; the same is likely true for chloride but it was not included in the study.

Molecular halogen and trihalide ions hydrolyze to hypohalous acid or the hypohalite ion [40].
Some relevant reactions are:

XCl + H2O � HOX + H+ + Cl− (15)

XCl + OH− � HOCl + X− (16)

BrCl2− + H2O � HOBr + H+ + 2Cl− Keq = 3 × 10−6M3 (17)

Reactions (15) and (16) lie far to the right and are complete within seconds.
We may consider speciation of nrRHS in different hypothetical waters (Table 1). One represents

seawater (540 mM Cl−, 0.8 mM Br−, 2.3 mM carbonates, pH 8.1) [1], the other a wastewater (141 mM
Cl−, 0.05 mM Br−, 11.5 mM carbonates, pH 7.0). Modeling was performed with 163 reactions using
Kintecus V6.01 [41], with an OH• generation rate of 1 × 10−9 M−1 s−1, no organic matter present,
and a total simulation time of 5 or 60 min. Iodide was not included because many rate constants
are unknown.
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Table 1. Simulated speciation of nrRHS in different waters. Molar ratio relative to Cl2 after 5 min
except where noted.

RHS/Cl2 Br2 BrCl Cl3
− BrCl2

− Br2Cl− Br3
− HOBr/OBr− HOCl/OCl−

Wastewater 4.01 × 103 2.27 0.0257 33.5 417 3.5 0.95 × 109

(1.74 × 1010) *
2.57 × 105

(5.92 × 105) *

Seawater 1.04 × 104 24.7 0.0982 533 3800 145 6.42 × 109

(7.08 × 109) *
1.79 × 105

(6.2 × 105) *

* After 60 min.

It can be seen from Table 1 that the principal X2 species is Br2 and the principal X3
− species is

Br2Cl−. Among all the molecular halogen species, between 87% (seawater) and 92% (wastewater)
exist as Br2Cl− and the remainder mostly as BrCl2−. Nevertheless, the vast majority of the nrRHS
are HOX/OX− species, with HOBr/OBr− dominating over HOCl/OCl− by more than a factor
of 103 (wastewater) or 104 (seawater). While the concentrations of all X2 and X3

− stay constant
between 5 and 60 min, the concentrations of HOX/OX− continue to increase during this interval
because there is no sink for them and the starting concentrations of all reactants and the pH are
held constant during the simulations. Interestingly, in seawater where chloride is at much higher
concentration than in the wastewater, HOCl/OCl− increases at a faster rate than HOBr/OBr−

between 5 and 60 min. This suggests that Br0 species are partially converted to Cl0 species over
time. The most likely explanation is a series of reactions that converts HOBr to HOCl, beginning with
(and probably rate-limited by) substitution of Br for Cl in HOBr:

HOBr + Cl− → BrCl + OH− k = 44 M−1s−1 (18)

Following Reaction (18) would be, in sequence: (i) Reaction (14) to give BrCl2−; (ii) the reverse of
Reaction (14) which gives Cl2 rather than Br2 about 5% of the time; and (iii) hydrolysis of Cl2 to HOCl
(via Reactions (15) or (16)).

Both HOCl and HOBr readily oxidize iodide [42,43]:

HOCl + I− → HOI + Cl− k = 4.3 × 108 M−1s−1 (19)

HOBr + I− k1→ IBr + OH− k2→ HOI + Br− k1 = 5 × 109 M−1s−1 k2 = 6 × 109 M−1s−1 (20)

Reactions (19) and (20) will therefore generate a lot of HOI regardless of which RHS is initially
formed. In water, HOI is slowly converted to iodate (IO3

−) [44]. Iodate can be an appreciable fraction
of total iodine in the sea [45,46].

Since Reactions (14)–(17) are reversible, and X2 species are volatile, atmospheric aerosols can
become depleted in bromide and iodide relative to chloride [30].

3. Reactions of RHS

3.1. Photolysis of nrRHS (X2, X3
−, HOX)

Molecular halogens, X2 and X3
−, all absorb at wavelengths in the solar UV and into the visible.

Photolysis of X2 yields two X• atoms [47,48] (ΦBr2,500nm = 0.85 [49]; ΦIBr,500nm = 0.73 [49]), while
photolysis of X3

− yields X2
−• and X• [50–52] (ΦBr−3 ,260nm = 0.15 [52]). However, molecular halogens

are transient and their concentrations so small that photolysis is not likely an important fate mechanism.
The absorption spectra of the hypohalites partially overlap the UV solar emission spectrum,

and the molar absorption of OX− is greater than that of HOX. Solar UV cleaves the O-X bond
homolytically or heterolytically [53–57] to give halogen atoms, halide ions, and a variety of ROS,
including hydroxyl radical OH•/O−• (pKa, 11.5 [58]), singlet-state atomic oxygen O(1D), ground-state
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atomic oxygen O(3P), ozone, and hydrogen peroxide (Scheme 3). For OCl−, as wavelength increases
the quantum yield of homolytic cleavage decreases while that of heterolytic cleavage increases [53,59].

Scheme 3. Photolysis of hypohalites.

The absorption spectra of HOBr and HOI are red-shifted in the gas phase compared to the aqueous
phase [60–62]. Thus, the quantum efficiency of HOBr and HOI reactions may be different in aerosols
than in bulk solution due to gas-liquid interfacial effects.

3.2. Reactions of RHS with Inorganic Species

Radical and nrRHS exhibit a complex chemistry with inorganic water constituents. Potentially
important scavengers include carbonates, hydrogen peroxide, nitrite, and ozone. Hydrogen peroxide is
a common component of natural waters owing to biological and photochemical processes. An overview
of the reactions is given in Scheme 4. As strong oxidants, RHS may also oxidize metal ions that are
present at low concentrations in natural waters, such as FeII, AsIII, and MnII. Reactions of RHS with
metal ions are covered elsewhere [63].

Scheme 4. Reactions of RHS with inorganic species.

3.2.1. Radical RHS

rRHS can be scavenged by carbonate and bicarbonate ions to form carbonate radicals, which, like
rRHS, are strong oxidants of organic compounds:

X•(X2
−•) + CO3

2−(HCO3
−) → (2)X−(

+H+
)
+ CO3

−•

kCl• = (0.8 − 5)× 108M−1s−1; kBr• = (0.08 − 2.0)× 106M−1s−1 (21)
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Carbonates also affect RHS levels indirectly by scavenging OH•. Kinetic modeling shows that
under OH•-generating conditions, addition of 2.3 mM carbonates to a solution containing 0.54 M
chloride and 0.8 mM bromide steeply reduces rRHS [64]. Conversely, addition of halide ions to
carbonate solutions boosts [CO3

−•] [1,64] and increases the contribution of CO3
−• to transformation

of phenol [1].
rRHS species oxidize H2O2 to HO2

•/O2
−• Reactions (22) and (23). Rate constants are 2 × 109 M−1 s−1

for Cl• and 4 × 109 M−1 s−1 for Br•, but are much smaller for X2
−• (kCl·−2

= 1.4 × 105M−1s−1;

kBr·−2
= 5.0 × 102M−1s−1. The products HO2

•/O2
−• are not very reactive in water toward most

organic compounds:
X• + H2O2 → HO2

• + X− + H+ (22)

X2
−• + H2O2 → HO2

• + 2X− + H+ (23)

Nitrite reduces X2
−• to the halide and nitrite radical, NO2

•:

X2
−• + NO2

− → NO2
• + X− (kCl·−2

= 2.5 × 108M−1s−1; kBr·−2
= 2 × 107M−1s−1) (24)

Ozone reacts rapidly with Br• to form XO•. Data are unavailable for Cl• and I•:

Br• + O3 → BrO• + O2 k = 1.5 × 108M−1s−1 (25)

Ozone also reacts with X2
−• (kCl·−2

= 9 × 107M−1s−1). The ClO• radical appears to be much less
reactive than X• and X2

−• toward organic compounds [65].
Since in most waters carbonates will be at millimolar concentrations, whereas H2O2,

NO2
−, and O3 will seldom exceed micromolar concentrations, scavenging of the rRHS by

carbonates will usually predominate over the others. For their scavenging rates to be equal,
[scavenger] = [carbonate]·kcarbonate/kscavenger. Thus, for example, ozone would have to be >~1 mM for
it to out-compete 1 mM CO3

2− for scavenging of Cl2−•.

3.2.2. Non-Radical RHS

Hypohalites can oxidize H2O2 to give the halide and 1O2 (Reactions (26) and (27)). The highest
rate constants are observed when the acidic form of one reactant is paired with the basic form of
the other—namely, OX− + H2O2 or HOX + HO2

−. The reaction proceeds by nucleophilic attack
of H2O2/HO2

− on the electrophilic halogen atom of HOX/OX− to give initially H-O-O-X and
then H-O-O-O-H [66], which decomposes spontaneously to 1O2 [67]. Singlet oxygen is reactive
towards many compounds, but physical quenching by water severely limits this reactivity (Yang et al.
manuscript in preparation).

HOX + HO2
− → HOOX + OH− (26)

H2O + HOOX −X− ,−H+

→ HOOOH
−H2O→

1
O2 (27)

Nitrite attacks hypohalites nucleophilically to generate NO2X Reaction (28) [68,69]. Hypochlorites are
more reactive than hypobromites. At typically low NO2

− concentrations, the principal decomposition
pathway of NO2X is reversible dissociation to X− and NO2

+, followed by hydrolysis of NO2
+ to nitrate

(Reactions (29) and (30)):
HOX + NO2

− → NO2X + OH− (28)

NO2X � NO2
+ + X− (29)

NO2
+ + OH− → NO3

− + H+ (30)
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In acidic aerosols, it is also possible to regain the nrRHS through Reaction (5). Hypohalites react
with O3 giving XO2

− and eventually XO3
− [25,26,70]. Bromate (BrO3

−) is of concern in drinking water
as a carcinogen [71]:

XOH + O3 → XO2
− + O2 + H+ (31)

XO2
− + O3 → XO3

− + O2 + H+ (32)

4. Involvement of Halogen Species in Organic Matter Processing and Transformations of
Organic Compounds

Organic matter entering natural waters is processed in part by its own photo-excitation.
Photo-excitation of DOM can lead to bleaching, molecular fragmentation, and mineralization (to CO2).
DOM can also sensitize the photolysis of dissolved compounds such as pollutants, either through
direct reaction between the solute and the 3DOM* (via either triplet energy transfer or electron
transfer [10,11]), or through reactions of the solute with secondary photoproducts of DOM such as
1O2, OH•, or HO2

•/O2
−•. Halides can affect photoexcitation and photobleaching of DOM, and give

rise to RHS that can react with DOM and other organic compounds.

4.1. Impact of Halide Ions on Photoexcitation and Photobleaching of DOM

DOM-sensitized photolysis is an important mechanism for attenuation of organic contaminants
in natural waters [10,11]. Increasing halide concentrations up to seawater levels decreased the
DOM-sensitized photolysis rate of the female sex hormone, 17β-estradiol, by 90% [72]. About four
fifths of the rate decrease was due to a general ionic strength effect, with the remainder to halide-specific
effects, especially for bromide. The halide-specific effect was attributed to halide enhancement of DOM
photobleaching, which reduced the concentration of chromophoric groups acting as sensitizers [72].
There have been a few other studies on the effects of halides on DOM-sensitized photodegradation,
but they have either neglected to include ionic strength controls, or have attributed the observed effects
to unrelated causes (see [72]).

Halide ions have been shown to influence the yield and lifetime of 3DOM*, parameters that
can be measured by a sorbic acid isomerization probe method [73]. Two studies independently
report substantial increases in the steady-state 3DOM* concentration in photolyzed water as the
halide concentration increases to seawater levels [74,75]. One study [74] attributed it to a general
ionic strength enhancement of 3DOM* lifetime by slowing intra-organic matter electron transfer,
which is known to be an important decay pathway for 3DOM*. In the other [75], it was proposed that
halides quench 3DOM*, but at the same time increase the rate of singlet-to-triplet intersystem crossing
(1DOM* → 3DOM*). Exactly how halide affects 3DOM* lifetime and intersystem crossing rates remain
to be resolved.

Photobleaching has important implications for the depth of the photic zone, the processing of
DOM itself, and the ability of DOM to photosensitize transformations of other chemical species.
The fundamental mechanisms accounting for photobleaching of DOM are not well understood,
but halide ions may have an effect on rate. Using either a terrestrial DOM reference standard or
an algal exudate representing seawater DOM, Mitch and co-workers [76] found that seawater levels of
Cl− and Br− enhanced DOM photobleaching rates, independent of ionic strength. About 12% of the
rate increase was attributed to the formation of RHS (from reaction with OH•) that target electron-rich
chromophores more selectively than does OH•. The rest was unresolved. Studies on environmental
grab samples are mixed; some report no consistent effect, others rate enhancement, and still others rate
suppression with increasing salinity (see [76,77]).

4.2. Reactions of RHS with Organic Compounds

It is useful to summarize what is known generally about the reactions of RHS with organic
compounds. The reactivities of rRHS (X•, X2

−•) in aqueous solution have not received a great deal of
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attention, and rate constants are far more plentiful for X2
−• than X•. rRHS are commonly generated by

pulse radiolysis or flash photolysis, and rate constants are calculated from the decay or growth of the
UV/visible signal. As mentioned above, the major nrRHS in aqueous solution are the hypohalites,
HOX and OX−. A sizable literature on these reactions exists due to their importance in chlorine
disinfection chemistry [63,78]. To stay relevant to natural waters we will focus here mainly on initial
reactions in dilute solutions.

4.2.1. Radical RHS

Three major pathways for reactions of rRHS with organic compounds have been identified:
H-atom abstraction from C-H groups Reaction (33); one electron removal from heteroatoms (Z = N, O,
or S; Reaction (34); and addition to unsaturated bonds Reaction (35). Rate constants range from 104

to 109 M−1 s−1 [79,80] (http://kinetics.nist.gov/solution/):

X•(X2
−•) + RH → (2)X− + H+ + R•

(k = 107 − 109M−1s−1 for Cl•; 103−106 M−1s−1 for Cl2−• ; ∼ 104 M−1s−1 for Br•)
(33)

X•(X2
−•) + Rn − Z :→ (2)X− + Rn − Z+•

(k = 107−109 M−1s−1 for Cl•; 104−109 M−1s−1 for Br•; 106−1010 M−1s−1 for X2
−•

) (34)

X•(X2
−•) + C = C → X − C − C•(+X−)(k = 106–109M−1s−1

)
(35)

As expected from their reduction potentials (Section 2.3), reactivity of rRHS generally follows the
order: Cl• > Br•; Cl2−• > Br2

−•; and X• >> X2
−•. For many organic compounds, the rate constants

for reaction with Br• and Cl• rival those with OH•. While rate constants for X• may exceed X2
−• by

several orders of magnitude, the steady-state concentrations of the latter can exceed those of the former
by several orders. Thus, both X• and X2

−• must be considered. The reactivity of BrCl−• with organic
compounds is essentially unknown. The reduction potential of BrCl−• (E◦

BrCl·−/2Cl− = 1.85V) lies in
between that of Cl2−• (2.30 V) and Br2

−• (1.66 V) [81], suggesting intermediate reactivity.
H-abstraction [65] seems to occur only for aliphatic C-H groups and the rate constant increases

with decreasing C-H bond dissociation energy [79,80]). Molecules containing amino, hydroxyl, ether,
keto, and sulfide groups preferentially undergo one-electron oxidation, as in Reaction (34).

rRHS add to the double bond alkenes reversibly Reaction (35). Rate constants for Cl2−•

and Br2
−• increase with electron-donating ability of the alkene substituents [80]. The resulting

β-substituted organoradical can react with oxygen (108–109 M−1 s−1) to give β-halo organoperoxyl
radicals (X-C-C-OO•) that decompose through various pathways to give such products as halohydrins,
haloketones or haloaldehydes, ketones/aldehydes, epoxides, and diols.

Reactions of Br•, Cl2−•, and Br2
−• with simple aromatic compounds depend on substituents [80].

In general, if the substituent bears an electropositive atom with an electron pair, (e.g., -OH, OR, -NH2),
reaction proceeds by electron transfer as in Reaction (34); whereas, if the substituent is H, alkyl, -Cl,
-NO2, etc., the radical can add to the aromatic ring.

Mitch and co-workers [1] kinetically modeled the transformation of phenol in artificial saline
media employing 180 different elementary reactions with known rate constants. They assumed that
the process was initiated by photoproduction of OH•, and used short times to minimize involvement
of nrRHS. In solutions containing just 540 mM Cl− and 0.02 mM Br−, the contributions to phenol
transformation were 74.4% by OH•, 21.9% by BrCl−•, 3.3% by Cl2−•, and 0.4% by Br2

−•. In simulated
seawater that included 2.3 mM carbonates, they were 52.6% by CO3

−•, 6% by OH•, 21.5% by ClBr−•,
0.1% by Cl2−•, and 19.7% by Br2

−•. The lessons to be learned from this with respect to phenol
transformation are that, (a) carbonates divert oxidative power away from OH• toward CO3

−• and
X2

−•; (b) X• seems to play no significant role; and (c) BrCl−•, is an important rRHS.
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4.2.2. Non-Radical RHS

Hypohalites react with organic compounds by electrophilic substitution, electrophilic addition,
or oxidation. Known apparent second-order rate constants for HOCl reactions with organic compounds
range widely from 10−2 to 107 M−1 s−1 [63]. The most reactive functional groups are amino,
keto/aldehyde, phenolic, and low-valent sulfur.

The neutral form of amines reacts rapidly with HOCl (primary > secondary >> tertiary) to form
chloramines Reaction (36). α-Amino acid groups undergo further decarboxylation and deamination
reactions [63]:

R − NH2 + HOCl → R − NHCl + H2O (36)

α-Amino acid groups undergo further decarboxylation and deamination reactions [63]. Aromatic
compounds react with HOX by electrophilic substitution of halogen. HOBr and HOI are more reactive
than HOCl [42,82]. Ring substituents increase the rate constant in the approximate order, R– < RO– <
HO– < (HO–)n > 1. Phenols give o- and p-X substituted products. The phenoxide ion is ~105-times more
reactive than the free phenol, and reactivity correlates with electron donor character of the substituents.
Ortho- and para-substituted dihydroxyaromatics undergo oxidation to the corresponding quinone [83].

Above pH ~5 ketones and aldehydes are halogenated by electrophilic substitution at the α carbon
Reaction (37), an important reaction in disinfection chemistry because it leads to hazardous byproducts:

R − C(= O)− CH3
OH−
� R − C

(−O−)
= CH2

HOX→ R − C(= O)− CH2Cl (37)

Alkenes are attacked electrophilically by the halogen atom of HOX at the least-substituted end of
the double bond to form the halohydrin Reaction (38).

C = C + HOX → X − C − C − OH (38)

The halohydrin can undergo internal or solvolytic elimination of halide to form, respectively,
the epoxide or the α,β-dihydroxy compound.

Hypohalites can also oxidize some functional groups—for example, primary and secondary
alcohols to aldehydes and ketones, respectively; aldehydes to carboxylic acids; and sulfides to sulfones,
sulfoxides, or sulfonic acids [78]. Some of those reactions may go through halogenated intermediates
via electrophilic pathways.

4.3. Photo-Initiated Incorporation of Halogen into Organic Compounds under Natural Conditions

Given that RHS are photochemically produced in natural waters, the question arises as to whether
this could lead to incorporation of halogen into natural compounds and water contaminants. Of the
nearly five thousand natural organohalogen compounds identified to date [84], only a few have been
assigned an abiotic origin. It is important to understand abiotic halogenation pathways because
organohalogen compounds are known to play important roles in climate warming, ozone depletion,
and toxicity. In addition, abiotic halogenation may play a role in pollutant fate.

4.3.1. Incorporation of Halogen into Simple, Defined Molecules

A number of volatile gases of importance in stratospheric ozone chemistry and climate warming
are thought to originate from abiotic reactions in the oceans. Table 2 lists examples of these compounds
and their origins. Moreover, sunlight illumination of natural and artificial saline samples has been
observed to halogenate specific organic probe compounds. Table 2 also lists these compounds,
which include natural compounds, lignin-like model compounds representing NOM, and pollutants.
The mechanism of halogenation is unambiguously established in few of these cases.

A noteworthy example of abiotic halogenation of a natural compound with potentially
important ramifications for animal and human exposure was recently reported by Kumar et al. [27].
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They found that ozonation of seawater samples in the dark stimulated polyhalogenation (X = Br,
Cl) of 1,1-dimethyl-2,2′-bipyrrole and 1′-methyl-1,2′-bipyrrole. The polyhalogenated derivatives of
these two bipyrroles are widely distributed among oceanic sealife and found in air samples and
human breastmilk, but a satisfactory biological explanation for their existence has been elusive.
Under laboratory ozonation conditions, bromination predominated over chlorination and there was no
detectable iodine incorporation. Kumar et al. [27] proposed that tropospheric ozone exchanging with
seawater generates HOCl and HOBr (see Reaction (3)), which halogenates the bipyrroles. The presence
of chlorine RHS is unexpected because, at seawater halide levels, bromide reacts ~130 times faster
than chloride with O3 (see Section 2.2). However, since rather high ozone concentrations were
employed (0.2–2.2 mmol/L), it is possible that bromide became depleted in solution. Alternative
explanations for the chlorinated products are conversion of some bromine RHS to chlorine RHS,
or nucleophilic displacement of bromide by chloride on intermediate products. Interestingly, in kinetic
modeling of hydroxyl radical-generating systems in water containing 540 mM NaCl and 0.02 mM
NaBr, 3.3% of phenol degradation was due to reaction with Cl2−·, which could only come from
oxidation of chloride [1]. The Cl2−• may originate from chloride displacement of hydroxide from the
reversibly-formed species, ClOH−•:

Cl− + OH• k=4.3x109M−1s−1

�
k=6.1x109M−1s−1

ClOH−• Cl− ;k=1x105M−1s−1→ Cl2−• + OH− (39)

Or it could come from chloride displacement of bromide in BrCl−• Reaction (10; k = 1.1 × 102 M−1 s−1).

Table 2. Some examples of halogenation reactions of specific organic compounds in illuminated salty
water systems.

Compound Proposed Origin References

CH3Cl

(a) nucleophilic displacement by chloride on CH3I and/or CH3Br in seawater;
(b) is produced on irradiation of lignin-like DOM model compounds
(4-methoxy-1-naphthol; syringic acid; 2-methoxyphenol; 3,4,5-trimethoxy
benzoic acid; and2-methoxyhydroquinone) in chloride solution

(a) [85]
(b) [86]

CH3I
formed after simulated solar irradiation of filtered seawater; production was
enhanced when samples were degassed or iodide was added; proposed
origin is recombination of CH3

• and I• radicals.
[87]

CH2I2, CHI3, and CHI2Cl formed by reactions of DOM with HOI generated via oxidation of I− by O3 [88]

CH2ICl photolysis product of CH2I2 in seawater [89]

Cl-CH2CH(OH)CH2OH and
Br-CH2CH(OH)CH2OH CH2=CHCH2OH reaction with reactive halogen species [90]

3-Cl and 3,3-diCl bisphenol A

solar irradiation of bisphenol A in coastal seawater and saline solution
containing 0.13–0.66 mM Fe(III) and fulvic acid; Cl2−• was detected by its
absorption spectrum, and OH• as its DMPO adduct by EPR spectroscopy;
proposed source of halogen radicals: FeIIICl− → FeII + Cl• or FeIIIOH− →
FeII + OH•, followed by OH• + Cl− → Cl•.

[91]

5-bromo-and
3,5-dibromosalicylic acids

solar irradiation of salicylic acid in artificial seawater and brackish
lagoon water [92]

mixed poly-brominated/
chlorinated bipyrroles

irradiation of 1,1-dimethyl-2,2′-bipyrrole and 1’-methyl-1,2’bipyrrole in
ozonated seawater; proposed oxidation of Br− and I− by O3 to form
HOX/X2.

[27]

halogenated dicarboxylic acids isolated from arctic aerosols; unclear whether transformations occurred in the
liquid phase [93]

Mitch and co-workers [1] investigated halogen incorporation into phenol both in artificial
seawater and wastewater concentrate (141 mM NaCl, 0.05 mM NaBr, and 11.5 mM carbonates at
pH 7.0) spiked with H2O2 and irradiated with UV for 35 min. Phenol can be considered a model
compound for terrestrial DOM and some pollutants. Both chloro- and bromophenols were produced,
with bromophenols constituting the majority of products. However, the total yields based on initial
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phenol were only 0.52% in seawater and 0.03% in wastewater concentrate. The yields were unaffected
by eliminating the carbonate component, despite carbonate’s ability to scavenge rRHS Reaction (19).
While not established by these results, it is more likely that phenol was halogenated by nrRHS,
given the greater reactivity of nrRHS than rRHS toward phenolic compounds (Section 4.2).

4.3.2. Incorporation of Halogen into Bulk DOM

Recent studies [94,95] show convincingly that bulk natural organic matter is photo-halogenated
under natural or simulated natural conditions. In the study by Mitch, Dodd, and co-workers [94],
organo-Br and organo-I were quantified by solid-phase extraction and silver-form cation exchange
filtration to remove the high background of halide ions, followed by non-specific quantification of
Br and I by inductively-coupled plasma mass spectrometry (ICP-MS) (the method was insensitive
for Cl). In the study by Hao et al. [95], the organohalogen compounds were identified at the formula
level by ultra-high resolution electrospray ionization Fourier transform ion cyclotron resonance mass
spectrometry (ESI-FT ICR MS).

Native organobromine and organoiodine compounds were found in a variety of seawater
samples at concentrations ranging (3.2–6.4) × 10−4 mol Br/mol C and (1.1–3.8) × 10−4 mol I/mol
C (or 19–160 nmol Br L−1 and 6–36 nmol I L−1) [94,95], and diminishing with ocean depth [94].
Simulated and natural solar irradiation of terrestrial NOM spiked to artificial and natural seawaters
led to halogenation that increased with light fluence [94]. With added NaI, iodination increased at the
expense of bromination [94]. Addition of the probe, 3,5-dimethyl-1H-pyrazole (DMP), to irradiated
natural seawater samples generated 4-Br and 4-I DMP. Since rRHS oxidize rather than halogenate
DMP, this result verifies production of nrRHS in these systems [94] and points to nrRHS as the most
likely source of halogenated DOM.

Control experiments indicated that some of the native and photo-generated organobromine
and organoiodine compounds are photolabile [94,95]. This indicates that the prevailing levels of
organohalogen found in environmental samples likely reflect a balance between formation and
decomposition. Experiments in artificial seawater showed that chloride ion stimulates organobromine
production [94,95]. This implies that chloride facilitates oxidation of bromide. If 3DOM* is the active
oxidant species, one may postulate a mechanism involving the formation and subsequent decay of a
ternary exciplex, as previously discussed (Section 2.1):

3DOM∗ + Br− + Cl−→3[DOM− −−− Br• − −− Cl−
] → 3DOM−• + BrCl−• (40)

The ESI-FT ICR-MS study provided a wealth of information on the types of reactions that
occur [95]. Most native and photo-produced organohalogen compounds were mono- or di-Br or
I molecules (a few contained Cl) of 250–700 Daltons in size, and there was considerable overlap
among the natively-present and photo-produced compounds. Some products could be attributed to
simple H-for-X substitution or X-addition reactions, but most were the result of multiple processes,
often accompanied by photooxidation. Most brominated compounds fell in regions of the van Krevelin
diagram indicating derivation from unsaturated aliphatic compounds and saturated fatty acids and
carbohydrates, while smaller numbers were derived from polycyclic aromatic and polyphenol moieties.
Most iodo compounds appeared to be derived mainly from lignin- or tannic-like structures.

In summary, the results suggest that sunlight-driven reactions of RHS with DOM play an
important role in bromine and iodine geochemical cycling in marine environments. It has been
estimated [94] that photochemical halogenation of terrestrial DOM in estuaries could generate 30 Gg
of organobromine and 70 Gg of organoiodine annually worldwide. Those values do not even include
RHS-driven halogenation of marine DOM in the open ocean.
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5. Impacts of Halides on Water Treatment Processes

Photo-driven AOPs using oxygen, ozone, and peroxides as bulk oxidants are frequently used
to destroy pollutants in drinking water and wastewaters. Semiconductor materials are often used as
photocatalysts. While earlier work employed UV light, recent emphasis has been on reactions that
are viable in the visible or solar spectral regions to reduce energy costs. Wastewaters such as landfill
leachates, production waters, industrial wastewaters, and reverse osmosis brines intended for reuse or
safe disposal often contain high levels of halide ions. Application of AOPs for treating salty waters is
challenging due, among other things, to the conversion of ROS to RHS, which can affect the efficiency
of organic compound degradation and generate unwanted halogenated byproducts. It should be noted
that solutions irradiated with UV wavelengths below the absorption edges of halide ions (~260 nm)
may generate rRHS from direct photolysis of halides Reaction (41):

X− UV
� (X•, e−)

H+(H2O)→ X• + H•(+OH−) (41)

This reaction proceeds through a reversible halogen atom-electron solvent cage complex that
produces free halogen and hydrogen atoms upon reaction with water [96,97]. The hydrogen atoms are
normally rapidly scavenged by O2 to produce HO2

•/O2
−•. One study [97] reports that Reaction (41)

can be driven in the bay of a diode array spectrophotometer (!), and cautions about the potential for
analytical interference.

5.1. Hydroxyl Radical-Based AOPs

Numerous AOPs generate OH•, including H2O2/UV, Fenton reactions, and heterogeneous
photocatalysis (e.g., TiO2), among others. There are several reports of decreased rates and
organohalogen formation when OH•-based AOPs were conducted in the presence of elevated halide
concentrations. A few examples are given. One study involving a Fenton-based AOP to destroy
dyes indicated that dye removal decreased while total halogenated organic compounds (AOX)
increased when 57 mM Cl− was present at pH 2.8 and 1 [98]. Another observed auto-inhibition
of 1,2-dibromoethane oxidation in a (dark) Fenton-based AOP due to the generation of bromide ions
during the reaction that scavenged OH• [99]. Machulek observed that chloride inhibited mineralization
of organic compounds by the photo-Fenton reaction, both in a synthetic phenol wastewater and an
extract of gasoline [100]. In Fenton reactions at pH 2.8, the impact of chloride scavenging on organic
compound transformation rate was noticeable above 0.01 M Cl− [21].

Kinetic modeling of phenol oxidation by an OH•-generating reaction (H2O2/UV) in phosphate-
buffered water containing 0.8 mM NaBr showed that OH• accounted for most (74%) of phenol
transformation, Br2

−• for 24%, and Br• for 0.8% [1]. In a synthetic wastewater (141 mM chloride,
0.05 mM bromide, 11.5 mM carbonates) at pH 7, OH• was still the most important radical (67%),
followed by CO3

−• (31%), BrCl−• (2.1%), and Br2
−• (0.3%).

It has been proposed that halide ions can be oxidized on the surfaces of semiconductor
photocatalysts such as TiO2, either by surface-associated hydroxyl radicals or valence band
holes [101,102]. It is known that chloride forms an inner-sphere complex with Ti at the surface [103].

5.2. The UV/Chlorine AOP

The UV photolysis of HOCl has been proposed as an alternative AOP. The photolysis of
HOCl/OCl− at 254 nm yields OH• and Cl• (Section 3.1; Scheme 3). Some OH• and Cl• are scavenged
by HOCl/OCl−, however, to give ClO•, which is a less-reactive radical towards organics [65,104]:

OH•/Cl• + HOCl/OCl− → ClO• (42)

In bromide-containing waters, HOCl/OCl− rapidly converts to HOBr/OBr− [105]. Photolysis
of HOBr/OBr− generates OH• and Br• (Scheme 3) [106]. HOBr is also known to oxidize HOI to
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IO3
−. [107,108] When HOCl is in excess, the oxidation of I− to IO3

− is catalyzed by Br−. Obviously,
the use of UV/chlorine AOP has the potential to generate high levels of halogenated byproducts.

5.3. Sulfate Radical-Based AOPs

Sulfate radical (SO4
−•)-based AOPs are attractive alternatives to hydroxyl radical-based AOPs.

The sulfate radical is nearly as reactive toward organic compounds as hydroxyl. UV/peroxydisulfate
(S2O8

2−) has a higher quantum yield of SO4
−• from S2O8

2− (1.4) at 254 nm [109] than does
OH• from H2O2 (1.0) [110]. The photolysis of peroxymonosulfate at 254 nm generates OH• and
SO4

−• simultaneously [111]. Sulfate radical can also be generated from peroxysulfates by various
non-photolytic means, as well. Sulfate radicals convert to hydroxyl radicals in water above pH 7.

Sulfate radical reacts directly and rapidly with the halide ions:

SO4
−• + X− → SO4

2− + X• (43)

While oxidation of Cl− by OH• is important only in acidic solution, oxidation of Cl− by SO4
−•

Reaction (43) is pH-independent and therefore impacts water treatment over a much broader pH range.
Several studies have shown that halide ions can strongly affect SO4

−•-based oxidation rates [64] and
lead to halogenated byproducts [112].

Experiment and kinetic modeling show that SO4
−•-based processes are more strongly affected by

halides than are OH•-based processes [64]. In the presence of halides and carbonates, the steady-state
concentrations of X2

−• and CO3
−• are much higher than those of SO4

−• and OH• [80,113]. This,
combined with the fact that X2

−• and CO3
−• are typically less reactive and more selective toward

organic compounds than SO4
−• and OH•, means that oxidation efficiency can be significantly

impacted [80,113]. However, the impact depends on molecular structure. Benzoic acid transformation
by UV/S2O8

2− was strongly suppressed in 0.54 M chloride solution compared to phosphate-buffered
water, while cyclohex-3-ene carboxylic acid was hardly affected at all [64]. This is because the major
rRHS that formed, Cl2−•, is poorly reactive toward benzoic acid, but highly reactive toward the double
bond in cyclohex-3-ene carboxylic acid [64]. A similar reason was offered to explain the effects of
halides and carbonates on the UV/S2O8

2− reactivity of different pharmaceuticals in reverse-osmosis
brine compared to water—namely, that X2

−• and CO3
−• were more reactive toward some than

others [114].
Sulfate radical AOPs can yield bromate (BrO3

−) as a final product under some conditions
(Scheme 5) [115,116]. Bromate is a suspected human carcinogen with a drinking water standard
of 10 μg/L as set by U.S. EPA and the World Health Organization [117]. Both experiment and modeling
indicate that HOBr/OBr− is a required intermediate in the production of bromate (Scheme 5) [115,116].
The yield of bromate is pH-dependent, as HOBr is about 2 orders of magnitude less reactive than
OBr− toward Br• [116,118]. Organic solutes, DOM, and generated superoxide can scavenge Br•, Br2

−•,
and HOBr. This has the effect of significantly reducing or eliminating bromate formation, as well as
recycling bromine back into the bromide form [116].

Scheme 5. The mechanism of BrO3
− formation by SO4

−•.

Halides can also react directly with peroxymonosulfate. The bimolecular rate constant follows the
order I− > Br− > Cl− [119]. The evidence is consistent with nucleophilic attack of halide on the peroxy
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group. The product HOX (except HOCl) is further oxidized by peroxymonosulfate [120]. Oxidation
of HOI to IO2

− is strongly pH dependent due to speciation effects [121] (Scheme 6.). The reaction of
IO2

− to IO3
− is very fast. The oxidation of HOBr to BrO3

− is much slower [120]:

−O3SOOH + X− → HOX + SO4
2−kCl = 2.1 × 10−3M−1s−1;

kBr = 0.7M−1s−1; kI = 1.1 × 103M−1s−1 (44)

Scheme 6. The mechanism of IO3
− formation by peroxymonosulfate oxidation of iodide.

In the presence of iodide, peroxymonosulfate reactions can also lead to incorporation of iodine into
DOM and form byproducts of concern derived from DOM, namely, iodoform (CHI3) and iodoacetic
acid [121].

6. Concluding Remarks

Halogen plays an important and colorful role in environmental photochemical processes in
natural waters and in chemical reactions taking place during photochemical water purification.
In the environment, halides can be oxidized to rRHS (X•, X2

−•) principally through DOM-sensitized
photolysis and reactions with ROS of photochemical origin, especially hydroxyl radical, but also
ozone and nitrate radical in atmospheric aerosols. Much more work needs to be done to establish the
mechanism and importance of DOM-sensitized photolysis of halide ions with respect to generation
of RHS. The nature of the chromophoric groups and the quantum yields of initial RHS products as a
function of DOM type need to be established. It is noteworthy that chloride enhances bromination and
further work is needed to establish whether the cause is formation of a ternary exciplex like the one in
Scheme 2. DOM photosensitization of RHS formation is diminished with photobleaching of DOM,
a process that itself is affected by halide ions.

rRHS dimerize or disproportionate to give nrRHS, chiefly the hypohalites (HOX) interconverting
with smaller amounts of molecular halogen species, X2 and X3

−. nrRHS can photolyze to regenerate
halogen atoms and produce hydroxyl radical, ozone, or hydrogen peroxide, depending on pH and
wavelength. Hypohalites can react with hydrogen peroxide, nitrite, and ozone to give singlet oxygen,
nitrate, and oxyhalide anions, respectively—products that oxidize organic compounds less efficiently
than the hypohalites. Rate constants are lacking for many speciation reactions and reactions of RHS
with other photo-generated species, especially in the case of I. Usually the most important inorganic
scavenger of rRHS will be the carbonates.

Halide ions at relatively high concentrations can apparently increase the steady-state concentration
of excited triplet-state dissolved organic matter (3DOM*). Exactly how this happens is not entirely clear
and deserves further research; one study attributed it to a general ionic strength effect, while another
to an increase in the rate of singlet-to-triplet intersystem crossing. Some studies report that high halide
concentration accelerates photobleaching of DOM. The mechanism has not been established with
confidence. An increase in the steady-state 3DOM* concentration could lead to a loss of chromophoric
groups through intra-DOM reactions, or an increase in the generation of RHS that can oxidize DOM.

Reactions of X•, X2
−•, and HOX with organic compounds in water have been characterized,

although rate constants are sparse for iodine compounds and for X• relative to X2
−•. Rate constants

for the mixed species, BrCl−•, are unavailable. Depending on structure, rRHS can react by H-atom
abstraction, one-electron oxidation, and addition to double bonds and aromatic rings. The addition
reactions can lead to incorporation of halogen into the products. Hypohalites react principally by
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non-radical electrophilic reactions, including halogen incorporation into amines, ketones, alkenes,
and aromatic rings. Incorporation of halogen seems to be more likely with nrRHS than rRHS.
Hypohalites can also oxidize alcohols, aldehydes, and sulfides without halogen incorporation. Limited
interconversion of halogen within and between rRHS and nrRHS is possible, and can lead to
incorporation of all halogens into organic molecules, regardless of which RHS species are generated
initially. Some naturally-occurring halogenated compounds are known to form abiotically, including
ozone-depleting gases. Many of these are thought to have a photolytic origin. Evidence has appeared
for abiotic incorporation of halogen into water contaminants and model compounds representing
natural organic matter initiated by photochemical processes. Evidence has also appeared for the
photochemical incorporation of halogen into natural compounds creating products toxic to oceanic
sealife. More examples of natural abiotic incorporation of halogen atoms into natural compounds and
water contaminants are likely to appear in the future.

Recent studies show that DOM from both oceanic and terrestrial sources is halogenated under
simulated or natural conditions of irradiation. The mechanisms of halogen incorporation have not
been identified precisely. Likewise, the scope of such reactions and the effects of water chemistry
are as yet poorly characterized. Complicating matters is the finding that photo generation and
decomposition of halogenated DOM seem to be taking place simultaneously. The results so far indicate
that sunlight-driven oxidation by RHS and halogenation reactions may play important roles in halogen
geochemical cycling in marine and estuarine environments, especially in regard to bromine and iodine.
It is possible that the presence of natural halogenated compounds has contributed to the evolution of
enzymatic dehalogenation pathways of halogenated molecules.

Oxidation and halogen incorporation are of demonstrated importance in AOPs for salty water
treatment that use light. Rates can be markedly slowed (or sometimes accelerated) and undesirable
byproducts can be formed. There is much to be learned about the influence of halide salts. It is
noteworthy that halides can be photolyzed by UV below 260 nm. Whether halides are oxidized on
photocatalyst surfaces is largely an open question. The rate constants of RHS with many organic
compounds are unknown, but important for evaluating the contribution of RHS to organic compound
degradation. The yields of halogenated byproducts depend strongly on the parent compound and
the solution conditions. An insufficient database exists to predict precisely where rRHS will attack
in a complex molecule. The halogenated byproducts may be of greater toxicity than the original
contaminants. Although many studies reported the appearance of halogenated products, quantitative
yields are often not reported [101,104,122]. For these reasons the impact of halides on toxicity of the
treated waters should routinely accompany investigations, and such information should be used to
judge the suitability of the AOP.

Supplementary Materials: The following are available online. Table S1: Rate constants for relevant reactions of
halides and reactive halogen species.
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Abstract: The APEX (Aqueous Photochemistry of Environmentally-occurring Xenobiotics) software
previously developed by one of us was used to model the photochemistry of As(III) in paddy-field
water, allowing a comparison with biotic processes. The model included key paddy-water variables,
such as the shielding effect of the rice canopy on incident sunlight and its monthly variations,
water pH, and the photochemical parameters of the chromophoric dissolved organic matter (CDOM)
occurring in paddy fields. The half-life times (t1/2) of As(III) photooxidation to As(V) would be ~20–30
days in May. In contrast, the photochemical oxidation of As(III) would be much slower in June
and July due to rice-canopy shading of radiation because of plant growth, despite higher sunlight
irradiance. At pH < 8 the photooxidation of As(III) would mainly be accounted for by reaction
with transient species produced by irradiated CDOM (here represented by the excited triplet states
3CDOM*, neglecting the possibly more important reactions with poorly known species such as the
phenoxy radicals) and, to a lesser extent, with the hydroxyl radicals (HO•). However, the carbonate
radicals (CO3

•−) could be key photooxidants at pH > 8.5 provided that the paddy-water 3CDOM* is
sufficiently reactive toward the oxidation of CO3

2−. In particular, if paddy-water 3CDOM* oxidizes
the carbonate anion with a second-order reaction rate constant near (or higher than) 106 M−1·s−1,
the photooxidation of As(III) could be quite fast at pH > 8.5. Such pH conditions can be produced by
elevated photosynthetic activity that consumes dissolved CO2.

Keywords: arsenic contamination; paddy-field floodwater; sunlight-induced reactions

1. Introduction

Arsenic (As) contamination of paddy fields is an important pollution problem in several regions
around the world, such as the Bengal Basin area [1]. Contamination by As is usually caused by
irrigation of paddy fields with groundwater containing elevated As levels [1,2]. In a paddy field,
As can be found both in the soil and in the flooding water, and its concentration range can be quite
wide [3]. Moreover, several types of rice plants are able to uptake soil As in the roots and to accumulate
it, leading to human exposure through food [3–5]. There are many processes governing As chemistry
in paddy fields, which depend on the physicochemical and biological features of paddies and may
affect As speciation. The main As redox states are As(V) and As(III), usually occurring as inorganic
compounds (arsenate and arsenite, respectively) and, to a minor extent, as organic species, such as the
methylated As forms [6]. Under aerobic soil conditions that occur before the flooding of rice crops, As
is sorbed as As(V) because the oxyanion arsenate has high affinity for soil minerals and, particularly, for
Fe (hydr)oxides. Anaerobic regimes develop into the paddy soil after flooding, and Fe(III) (hydr)oxides
and As(V) undergo fast microbial reduction. Arsenic is, thus, released as As(III) into the soil pore water,
because the more mobile (and toxic) As(III) has lesser affinity than As(V) towards soil minerals [7].
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The results reported by Takahashi et al. [7] suggest that the half-life time (t1/2) of As(V) is ~30 days.
The produced aqueous As(III) could subsequently undergo oxidation to As(V) in the upper soil layers,
where oxygen occurs in higher amounts. In particular, biotic oxidation takes place into the oxygenated
bulk soil and in the rhizosphere of the rice plant roots, where Fe (hydr)oxides form an iron plaque
and As is re-sorbed as As(V) [2,8]. The biotic oxidation of As(III) occurs mainly as a detoxification
process, but As(III) can also be used as an electron/energy source during the growth of microorganisms.
Biotic detoxification of As(III) to As(V) may be fast, and apparent t1/2 values have been found to
be <1 day depending on experimental conditions (although the fastest processes might not always be
representative of actual paddies) [9]. As(V) can, in turn, undergo biotic reduction to As(III) in both
aerobic and anaerobic environments, by dissimilatory arsenate-reduction processes [10], which may be
fast under anaerobic conditions [11]. As(V) reduction is also fast in aerobic environments, and the t1/2
of As(V) has been found to be <3 days [9,12]. Therefore, microbial oxidation/reduction processes are
key phenomena of As speciation in paddy soil and in surface water environments [13]. They could
also be important in the paddies floodwater, where light is an important factor as well.

Photochemistry plays a key role in the transformation of inorganic and organic substances in
surface water. The photochemical reactions occurring in sunlit natural waters can generally be divided
into direct and indirect phototransformation pathways. The direct photolysis of a substrate takes place
after absorption of sunlight, if the absorption spectrum of the substance overlaps with the sunlight
spectrum. In contrast, indirect photochemistry is triggered by compounds called photosensitizers,
which occur naturally in surface waters and are able to absorb sunlight. The main photosensitizers are
the chromophoric moieties of dissolved organic matter (chromophoric dissolved organic matter or
CDOM), nitrate and nitrite. The irradiated photosensitizers produce high-energy transient species, such
as hydroxyl radicals (HO•), carbonate radicals (CO3

•−), singlet oxygen (1O2), and the excited triplet
states of CDOM (3CDOM*). These transient species react with dissolved substrates and cause their
indirect phototransformation [14]. As(III) is well known to react with both HO• and 3CDOM* [15–18],
whereas its reactivity with carbonate radicals has been studied only under alkaline conditions [15].
As(III) reactivity toward 1O2 was found to be negligible in solutions containing humic substances
under irradiation [18]. Direct As(III) photolysis could occur significantly at λ = 254 nm [19], but it is
not an important photochemical pathway under sunlight [16,17].

It should be pointed out that the oxidation of As(III) in the presence of irradiated CDOM
likely involves radical species (presumably phenoxy radicals) to a higher extent than 3CDOM* [18].
Unfortunately, little to nothing is known about the formation and reactivity of these radicals, which
prevents photochemical modelling. In the present study, the photochemical fate of As(III) in rice-field
water was modelled using the available literature values of the second-order rate constants of the
reactions between As(III) and several transients (•OH, 3CDOM*, CO3

•−), as well as the photochemical
parameters of paddy floodwater. This approach provides a lower limit for the photochemical oxidation
kinetics of As(III), by neglecting the reactions involving the phenoxy radicals.

2. Results and Discussion

The half-life time (t1/2) of As(III), in the form of H3AsO3, in sunlit rice field water was modelled
for the months of May, June, and July. This period follows the flooding of paddies in late April–early
May. The details of the photochemical model are reported in the Methods section. Figure 1a,b show the
half-life times of H3AsO3 in May and June as a function of nitrate concentration and of the dissolved
organic carbon (DOC) content of paddy water. The light transmittance through the rice plant canopy
was taken into account in the model, considering that the canopy shading effect increases as the rice
plants grow higher. Consequently, during the rice growing season there can be considerable variations
in the sunlight irradiance that reaches the paddy-water surface [20]. Sunlight transmittance through
the rice canopy has been measured in the La Albufera coastal lagoon (Spain, latitude ~39◦N) during
the months of May, June, and July, 1989 [21]. The reported monthly values of the average transmittance
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were ~53%, ~8% and ~6%, respectively. These values were used to model As(III) photochemistry in
the present work.

It can be seen from Figure 1 that t1/2 undergoes important variations with nitrate concentration
and DOC. In particular, at low DOC values (< 1 mg·C·L−1) the increase of nitrate causes a significant
t1/2 decrement, because in such conditions HO• that is partially photogenerated by nitrate plays a
major role in As(III) photochemical oxidation (see also Figure 2a, which reports the fraction of H3AsO3

oxidized by HO• as a function of DOC and nitrate). Low-DOC conditions are scarcely representative
of the rice field floodwater environment, however, because a significant amount of dissolved organic
matter (DOM, not necessarily chromophoric) is released by soil/sediment and by the rice plants.
When the DOC is higher (>6 mg·C·L−1, more representative of paddy floodwater), nitrate has a
limited influence on the rate of As(III) photooxidation. Under these circumstances CDOM is the main
chromophore, it limits the sunlight absorption by nitrate and it is also the main photochemical HO•

source. Moreover, DOM (note that high-DOC waters are DOM-rich by definition [22]) is a major
HO• scavenger and causes the steady-state [HO•] to be low. In contrast, [3CDOM*] is higher at high
DOC [14] and, in these circumstances, the triplet-sensitised processes can play an important role in
As(III) photooxidation (see Figure 2b). The maximum values of t1/2 occur at DOC = 1–2 mg·C·L−1

(Figure 1). In these conditions, there is already enough DOM to scavenge HO• significantly, but not
yet enough CDOM to produce elevated [3CDOM*].

Figure 1. (a) Photochemical half-life time (t1/2) of H3AsO3 in rice field water in May. Water conditions:
5 cm depth; 1 μM NO2

−, 1 mM bicarbonate, 10 μM carbonate, and 0.53 sunlight transmittance;
(b) Photochemical half-life time of H3AsO3 in rice field water in June. Water conditions: 5 cm
depth; 1 μM NO2

−, 1 mM bicarbonate, 10 μM carbonate and 0.08 sunlight transmittance. The day
units of t1/2 are referred to average mid-latitude irradiance conditions occurring in mid-May and
mid-June, respectively.

It is interesting to note that the t1/2 values are lower in May than in June, despite the significantly
higher sunlight irradiance in June [14]. The reason is that the rice plants are higher in June, and their
canopy produces a considerable decrease of the irradiance over the water surface. The shading by the
rice canopy deeply affects all the photochemical processes as shown in Figure 3a, which reports the t1/2
of As(III) as a function of water DOC and canopy transmittance. Figure 3b shows the overall As(III)
photooxidation kinetics in May through July, which is affected both by sunlight irradiance and by
shading from the rice canopy. It is clear that photooxidation is faster in May, while limited differences
can be observed between June and July. Photochemical processes are predicted to be quite slow in
June and July due to canopy shading. In contrast, the value t1/2 ~20 days in May is, interestingly,
of the same order of magnitude as the As(III) level fluctuations observed in a laboratory experiment
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that used paddy water and soil [7]. As(III) photooxidation may, thus, potentially play a role in As
processing in paddy fields in the month of May, but in definite circumstances it has been found that
the As redox processes in paddy soil and in the rice rhizosphere may be considerably faster [8,9,12].

Figure 2. Fraction of H3AsO3 transformed by (a) hydroxyl radicals and (b) CDOM triplet states
(3CDOM*) in May, as a function of nitrate and dissolved organic carbon (DOC). Water conditions: 5 cm
depth, 1 μM NO2

−, 1 mM bicarbonate, and 10 μM carbonate. Note that direct photolysis, carbonate
radicals and singlet oxygen reactions were not taken into account in the model.

Figure 3. (a) Photochemical half-life time of H3AsO3 in rice-field water, as a function of the DOC and
of light transmittance through the rice canopy. Other conditions: 5 cm depth, 0.1 mM NO3

−, 1 μM
NO2

−, 1 mM bicarbonate, 10 μM carbonate, and May sunlight. (b) Pseudo-first-order rate constant of
H3AsO3 photooxidation in the period from May to July. The corresponding half-life times (t1/2 = ln2
(k1)−1) are also reported in the right Y-axis. Water conditions: 5 cm depth, 7 mg·C·L−1 DOC, 0.1 mM
NO3

−, 1 μM NO2
−, 1 mM bicarbonate, and 10 μM carbonate. Transmittance values through the rice

canopy are reported in the main text. The days are referred to average irradiance conditions occurring
at mid latitude in, where relevant, mid-May, mid-June, and mid-July.

Under DOC conditions that are typically representative of paddy water, such as those assumed in
the modelling of Figure 3b, 3CDOM* would be the main photooxidant for As(III) and account for ~80%
of its transformation, while the remaining ~20% could be ascribed to HO•. This finding is consistent
with the experimental results reported by Buschmann et al. in irradiation experiments of As(III)
solutions containing humic substances [18], where the role of HO• in As(III) phototransformation was
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a minor one. Note that the relative importance of 3CDOM* and HO• in As(III) photooxidation does
not depend on the light transmittance through the rice canopy, but it is rather a function of the water
chemistry. Moreover, it should be recalled here that the reaction between As(III) and 3CDOM* is only a
lower limit for the reaction kinetics between As(III) and irradiated CDOM, because the main oxidative
process is actually carried out by additional transients (possibly phenoxy radicals) [18].

The above discussion refers to photochemical scenarios in which HO• and 3CDOM* are assumed
to be the main photooxidants of As(III). However, H3AsO3 is in equilibrium with its conjugate base
As(OH)2O− (pKa = 9.2), for which the photoreactivity has been studied in basic conditions only [15].
To carry out a more complete description of As(III) indirect photochemistry, pH was included into
the model (see Methods for the mathematical treatment). By considering pH as a master variable and
introducing the photoreactivity of As(OH)2O−, the role of CO3

•−-induced oxidation gains importance
as a photochemical process. The radical CO3

•− is produced by bicarbonate and carbonate oxidation
(Reactions 1–3), and the corresponding second-order reaction rate constants are kHO•

HCO−
3

= 8.5·106 M−1

s−1, kHO•
CO2−

3
= 3.9·108 M−1 s−1, as well as k

3CDOM∗
CO2−

3
. In particular, we found that the reactivity of 3CDOM*

with the carbonate anions (expressed by the parameter k
3CDOM∗
CO2−

3
, see Reaction 3) is a key variable of

the model. The value of k
3CDOM∗
CO2−

3
has been found to vary widely depending on the proxy molecules

(triplet sensitizers) used to study the reactivity between CO3
2− and 3CDOM* [23].

HO• + HCO3
−

kHO•
HCO−

3−−−−→ H2O + CO3
•− (1)

HO• + CO3
2−

kHO•
CO2−

3−−−→ HO− + CO3
•− (2)

3CDOM∗ + CO3
2−

k
3CDOM∗
CO2−

3−−−−−→ CDOM•− + CO3
•− (3)

Figure 4a shows how the pH and the k
3CDOM∗
CO2−

3
rate constant values affect the half-life time of

As(III) in paddy floodwater in May. For pH < 8, k
3CDOM∗
CO2−

3
and pH have a scarce influence on As(III)

photochemistry and one has t1/2 ~20 days, in analogy with the results reported in Figures 1 and 3.
In this scenario, As(III) photooxidation would be mainly accounted for by the reactions between
H3AsO3 and 3CDOM*/HO• (see also Figure 4c, which reports the fractions of As(III) photooxidation
accounted for by HO•, CO3

•−, and 3CDOM*, for different values of pH and of k
3CDOM∗
CO2−

3
). Indeed,

the molar fraction of As(OH)2O− (αAs(OH)2O− , see the Methods section) and the steady-state [CO3
•−]

(Figure 4b) are too low at pH < 8 for CO3
•− to be involved significantly in As(III) oxidation.

At pH > 8–8.5 one has different trends depending on the value of k
3CDOM∗
CO2−

3
. If k

3CDOM∗
CO2−

3
is below 106

M−1·s−1, t1/2 has some increase with increasing pH (Figure 4a), because [CO3
•−] is too low in these

conditions (see Figure 4b) to significantly affect the photooxidation of As(III), and because As(OH)2O−

is less reactive than H3AsO3 towards HO• and 3CDOM* [15,18]. In this case, the photooxidation
of H3AsO3 prevails as the As(III) transformation process (see Figure 4c). In contrast, if k

3CDOM∗
CO2−

3
is

around 106 M−1·s−1 or higher, one has an important decrease of t1/2 with increasing pH. The main
reason is the reaction between As(OH)2O− and CO3

•− (see Figure 4c), which is enhanced by the
parallel increase with pH of both αAs(OH)2O− and [CO3

•−].
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Figure 4. Photochemical parameters of As(III) photooxidation computed for the month of May. Water
conditions: 5 cm depth, 0.1 mM NO3

−, 1 μM NO2
−, inorganic carbon (IC) = 1.1 mmol·C·L−1, and DOC

= 7 mg·C·L−1. (a) Half-life time of As(III) and (b) steady-state concentrations of the carbonate radicals,
as a function of pH and of the decimal logarithm of k

3CDOM∗
CO2−

3
. The days are referred to average irradiance

conditions occurring at mid-latitude in mid-May. (c) Roles of the main reactions accounting for the
photooxidation of dissolved As(III). The k

3CDOM∗
CO2−

3
values used in (c) are those reported for the three

CDOM proxy molecules 3’-methoxyacetophenone (1.5·104 M−1·s−1), benzophenone (1.2·106 M−1·s−1)
and duroquinone (2.7·107 M−1·s−1) [23].

The pH increase of [CO3
•−] shown in Figure 4b is mainly due to the reaction between CO3

2−

and 3CDOM*, and it is expected to occur only if k
3CDOM∗
CO2−

3
~106 M−1·s−1 or higher. The important role

of k
3CDOM∗
CO2−

3
is additionally highlighted in Figure 5a, which reports the relative weight of the various

CO3
•− generation processes for different values of pH and k

3CDOM∗
CO2−

3
. The value of k

3CDOM∗
CO2−

3
has a clear

correlation with the triplet-state reduction potential, as shown in Figure 5b. In the presence of triplet
states with sufficiently high oxidizing power (e.g., E◦(3CDOM*/CDOM•−) > 1.7 V, causing significant
CO3

•− production) and at basic pH, t1/2 could reach very low values (below one week) and make
photochemistry a very significant factor in the As redox cycling.
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Figure 5. (a) Relative contributions of Reactions 1–3 to the production of CO3
•− in the scenario

described by Figure 4. (b) Correlation plot between the reduction potentials of some excited triplet
states and their reactivity toward the carbonate anion, expressed as second-order reaction rate constants:
ACE = acetophenone; BP = benzophenone; CBBP = 4-carboxybenzophenone; DQ = duroquinone.
The k

3CDOM∗
CO2−

3
values used are those reported in [23].

In the presence of sufficiently reactive 3CDOM*, favourable pH conditions for As(III)
photooxidation could be produced by algal photosynthesis that consumes dissolved CO2 and may
considerably increase the water pH. The reaction rate constants between paddy-field 3CDOM* and
CO3

2− are presently unknown and the topic deserves further investigation, but the occurrence of
humic substances in paddy water [24] may suggest a non-negligible photoreactivity of the relevant
CDOM [25].

3. Methods (Photochemical Modelling)

The assessment of As(III) photooxidation was carried out with the APEX Aqueous Photochemistry
of Environmentally-occurring Xenobiotics) software, which is freely available as electronic
supplementary information of [26]. APEX allows for the modelling of the photochemistry of
surface-water environments (in the form of steady-state concentrations of photogenerated transients)
and of the photochemical fate of xenobiotics. APEX computes the xenobiotics pseudo-first-order
transformation rate constants (k1) and half-life times (t1/2 = ln2 (k1)−1) [26] as a function of
sunlight irradiance, water (photo)chemistry, and depth. For this purpose, APEX has been used
successfully to investigate the photochemical behaviour of several xenobiotics and the formation of
their phototransformation intermediates [27–30]. APEX requires input data concerning water depth,
chemical composition (nitrate, nitrite, dissolved organic carbon, and inorganic carbon species) and
photochemistry (absorption spectrum and formation quantum yields of transient species by CDOM).
Moreover, second-order reaction rate constants with the photogenerated transients and photolysis
quantum yields are key parameters to model the photochemical fate of xenobiotics.

APEX uses as standard sunlight irradiance and standard sunlight spectrum the quantities relative
to fair-weather 15 July at mid latitude (45◦ N), at 9 a.m. or 3 p.m. solar time. It also allows an
approximate assessment of photochemistry throughout the year thanks to the APEX_season function,
which operates corrections in order to compute transient steady-state concentrations and photoreaction
kinetics in different months. However, APEX does not automatically take into account the effect
of sunlight shielding by the rice plant canopy. The photochemistry of paddy floodwater occurs
during the rice-growing season from May to July, and the shielding effect was included in the
model by considering the transmittance (T) of sunlight through the plant canopy in each month
(i.e., literature-available Tmonth, where month is May, June or July). Be kmonth

1 the APEX-modelled
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photooxidation kinetics (first-order decay constant) of As(III) without taking into account the shielding
effect. The correction was carried out by computing (kmonth

1 )′ = kmonth
1 × Tmonth. It must be pointed out

that Tmonth was considered to be wavelength-independent, which is justified by the fact that the size of
the shielding medium (plant leaves and stems) is much longer than the light wavelengths. Another
key input parameter in the model is the water depth, d. Depth, together with the solar zenith angle
(z), influences the optical path length of sunlight into the water. Here, a value of 5 cm was assumed
for the water depth, which is typical of paddy fields in May and undergoes some non-substantial
increase in the following months. By considering a constant water depth one slightly overestimates
the photochemistry in June and July, but calculations showed that photochemical reactions would, in
any case, be negligible in these months due to light shielding by the rice canopy. The light optical path

length l was obtained as l = d [
√
(1 − (n−1 × sin z)2

]
−1

, where n = 1.34 is the refraction index of water
and z is the zenith angle. As a result, l > d was 6 cm in May and 5.7 cm in June and July [26].

The chemical and photochemical parameters of paddy water have been set in analogy with the
results of previous work [24], carried out on paddy-water samples from three rice farms located in
the province of Vercelli (Piedmont region, northwestern Italy). In particular, the average formation
quantum yields of the transient species i from irradiated CDOM (ΦCDOM

i ) had the following values:
ΦCDOM

HO• = 1.7·10−5; ΦCDOM
3CDOM∗ = 2.9·10−2, and ΦCDOM

1O2
= 9·10−3. The chemical analysis of the paddy

water samples yielded on average DOC ~7 mg·C·L−1 and inorganic carbon (IC) ~13 mg·C·L−1

(namely, ~10−3 mol·C·L−1). Nitrate and nitrite were under the limit of detection in two out of three
samples, the third one having 1.7 mg·N·L−1 nitrate and 18 μg·N·L−1 nitrite (namely, 1.2 mmol·L−1

nitrate and 1.3 μmol·L−1 nitrite). Similar values of nitrate concentration have been reported for flooded
paddy fields in Spain [21].

The modelling of As(III) photochemistry was initially carried out by considering the reactions
of H3AsO3 with HO• and 3CDOM*, for which the following second-order rate constants were used:
kHO•

H3 AsO3
= 8.5·109 M−1·s−1 [15,16], and k

3CDOM∗
H3 AsO3

= 1.6·107 M−1·s−1 [18]. The reaction of As(III) with
HO• forms an As(IV) species that is quite unstable under aerated conditions and is quickly oxidized to
As(V) upon reaction with dissolved oxygen, following different possible pathways [15,16]. Since paddy
water is oxygen-rich during the day due to photosynthesis [31,32], we considered the reaction between
As(IV) and O2 to be very fast and assumed the oxidation of As(III) by HO• to be the rate-determining
step of As(V) production.

The reactivity of As(III) with CO3
•− has been investigated in the literature only in basic conditions

(pH > 9), and the second-order rate constant has been reported as k
CO•−

3
As(OH)2O− = 1.1·108 M−1·s−1 [15].

Since H3AsO3 has pKa = 9.2, the reaction between CO3
•− and As(OH)2O− should be important

only at basic pH where As(OH)2O− is a significant As(III) species. Singlet oxygen has been found
to react slowly with As(III) [18], and it was thus neglected in our model. It must be pointed out
that phenoxy radicals, produced by CDOM irradiation, could be key photooxidants of As(III) [18].
Unfortunately, these reactive species are very difficult to take into account in a photochemical model
because of insufficient knowledge concerning the amount of phenolic domains in DOM and their
possible variability in different environments. Moreover, the formation quantum yields of phenoxy
radicals and their second-order rate constants with xenobiotics are not known. For this reason, the
present photochemical model did not take into account the oxidation of As(III) by phenoxy radicals.
Therefore, the photochemistry of As(III) in rice field water might be underestimated.

The photochemical pseudo-first order rate constants of As(III) oxidation were also modelled as a
function of water pH, by assuming that the total concentration of dissolved As(III) (namely, [As(III)]tot)
is the sum of [H3AsO3] and [As(OH)2O−]. Each concentration can be expressed as a function of
[As(III)]tot and pH, by using the molar fractions αx (where x = H3AsO3 or As(OH)2O−):

[H3 AsO3] = [As(I I I)]tot αH3 AsO3 = [As(I I I)]tot
[H+]

[H+] + Ka
(4)
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[As(OH)2O−] = [As(I I I)]tot αAs(OH)2O− = [As(I I I)]tot
Ka

[H+] + Ka
(5)

The photochemical reactions taken into account are listed below:

H3AsO3
HO•−−→ (IV)

f ast−−→ As(V) (6)

H3AsO3 + 3CDOM* → As(V) (7)

As(OH)2O− HO•→ As(IV)
f ast−−→ As(V) (8)

As(OH)2O− CO•−
3−−−→ As(IV)

f ast−−→ As(V) (9)

Most of the relevant second-order reaction rate constants are available in the literature but, because
the rate constant of As(OH)2O− + HO• is not known, we assumed it to be equal to the corresponding
H3AsO3 rate constant. This assumption is supported by the fact that, according to Kim et al. [16],
the phototransformation rate of As(III) by HO• in the 4.5–12 pH interval is mostly affected by [HO•]
variations and much less by the speciation of As(III). The total phototransformation rate of As(III)
(Rtot

As(I I I)) can be written as the sum of the separate rates of Reactions (6–9), as follows:

Rtot
As(I I I) = RHO•

H3 AsO3
+ R

3CDOM∗
H3 AsO3

+ RHO•
As(OH)2O− + R

CO•−
3

As(OH)2O− (10)

where Ri
As(I I I) = ki

As(I I I) [As(I I I)][i], i = HO•, 3CDOM* or CO3
•−, and As(III) = H3AsO3 or

As(OH)2O−. By introducing Equations (4) and (5) in Equation (10) and by dividing for [As(III)]tot,
one obtains:

ktot
As(I I I) = αH3 AsO3(k

HO•
H3 AsO3

[HO•] + k
3CDOM∗
H3 AsO3

[3CDOM∗]) + αAs(OH)2O−(kHO•
As(OH)2O− [HO•] + k

CO•−
3

As(OH)2O− [CO•−
3 ]) (11)

where ktot
As(I I I) = Rtot

As(I I I)([As(I I I)]tot)
−1 is the overall pseudo-first order rate constant of As(III)

oxidation. Since ktot
As(I I I) contains the terms αH3 AsO3 and αAs(OH)2O− , it is a function of pH as suggested

by Equations (4) and (5).
The steady-state [CO3

•−] obviously depends on the value of k
3CDOM∗
CO2−

3
, for which different

estimates are available [23]. The take the different possibilities into account, [CO3
•−] was calculated

as follows:

[CO•−
3 ] =

[HO•] (kHO•
HCO−

3
[HCO−

3 ] + kHO•
CO2−

3
[CO2−

3 ]) + k
3CDOM∗
CO2−

3
[3CDOM∗] [CO2−

3 ]

k
CO•−

3
DOM DOC

(12)

where [HO•] and [3CDOM*] were provided by APEX, kHO•
HCO−

3
= 8.5 × 106 M−1·s−1, and kHO•

CO2−
3

= 3.9 ×
108 M−1·s−1 [33]. Moreover, k

CO•−
3

DOM = 102 L·(mg·C) −1·s−1 is the second-order rate constant of CO3
•−

scavenging by DOM.

4. Conclusions

Photochemical modelling suggests that As(III) would undergo photooxidation in paddy
floodwater and, at pH < 8.5, mainly upon reaction with 3CDOM* and HO•. Note that As(III) oxidation
by irradiated CDOM likely involves phenoxy radicals or other species to a higher extent than 3CDOM*;
thus, our approach can underestimate the importance of photochemical reactions. The predicted
half-life times t1/2 were much lower in May compared to June and July because, in the latter months,
the rice plant growth would produce an important sunlight-shielding effect by the canopy. Therefore,
As(III) photooxidation can be neglected in June and July. When typical chemical composition data of
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paddy water in May are taken into account, one obtains As(III) half-life times in the range of 20–30 days.
In this case, photochemical As(III) oxidation could be overcome by microbial As(V) reduction to As(III).
However, the photooxidation of As(III) might be much faster at pH > 8.5 if the carbonate radicals,
CO3

•−, were produced efficiently by the reaction between 3CDOM* and CO3
2−. Much depends on

the k
3CDOM∗
CO2−

3
second-order rate constant: if it is around 106 M−1·s−1 or higher, the production of

CO3
•− and the subsequent reaction between CO3

•− and As(OH)2O− can play a key role in As(III)
photooxidation. Further work is needed to better understand the CO3

•− formation processes in paddy
water concerning, most notably, the CO3

•− formation quantum yield at basic pH and the k
3CDOM∗
CO2−

3
rate constant.

Acknowledgments: Financial support by Università di Torino—Ricerca Locale is gratefully acknowledged.

Author Contributions: D.V. conceived the study and corrected the paper; L.C. elaborated the model, carried out
the model calculations, and wrote the first draft of the paper.

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Ahmed, M.F.; Ahuja, S.; Alauddin, M.; Hug, S.J.; Lloyd, J.R.; Pfaff, A.; Pichler, T.; Saltikov, C.; Stute, M.;
van Geen, A. Ensuring safe drinking water in Bangladesh. Science 2006, 314, 1687–1688. [CrossRef] [PubMed]

2. Garnier, J.-M.; Travassac, F.; Lenoble, V.; Rose, J.; Zheng, Y.; Hossain, M.S.; Chowdhury, S.H.; Biswas, A.K.;
Ahmed, K.M.; Cheng, Z.; et al. Temporal variations in arsenic uptake by rice plants in Bangladesh: The
role of iron plaque in paddy fields irrigated with groundwater. Sci. Total Environ. 2010, 408, 4185–4193.
[CrossRef] [PubMed]

3. Otero, X.L.; Tierra, W.; Atiaga, O.; Guanoluisa, D.; Nunes, L.M.; Ferreira, T.O.; Ruales, J. Arsenic in rice
agrosystems (water, soil and rice plants) in Guayas and Los Ríos provinces, Ecuador. Sci. Total Environ. 2016,
573, 778–787. [CrossRef] [PubMed]

4. Abedin, M.J.; Feldmann, J.; Meharg, A.A. Uptake kinetics of arsenic species in rice plants. Plant Physiol. 2002,
128, 1120–1128. [CrossRef] [PubMed]

5. Zhao, F.-J.; Zhu, Y.-G.; Meharg, A.A. Methylated arsenic species in rice: Geographical variation, origin, and
uptake mechanisms. Environ. Sci. Technol. 2013, 47, 3957–3966. [CrossRef] [PubMed]

6. Campbell, K.M.; Nordstrom, D.K. Arsenic speciation and sorption in natural environments. Rev. Mineral. Geochem.
2014, 79, 185–216. [CrossRef]

7. Takahashi, Y.; Minamikawa, R.; Hattori, K.H.; Kurishima, K.; Kihou, N.; Yuita, K. Arsenic behavior in paddy
fields during the cycle of flooded and non-flooded periods. Environ. Sci. Technol. 2004, 38, 1038–1044.
[CrossRef] [PubMed]

8. Zheng, R.L.; Sun, G.X.; Zhu, Y.G. Effects of microbial processes on the fate of arsenic in paddy soil.
Chin. Sci. Bull. 2013, 58, 186–193. [CrossRef]

9. Macur, R.E.; Jackson, C.R.; Botero, L.M.; McDermott, T.R.; Inskeep, W.P. Bacterial populations associated
with the oxidation and reduction of arsenic in an unsaturated soil. Environ. Sci. Technol. 2004, 38, 104–111.
[CrossRef] [PubMed]

10. Oremland, R.S.; Stolz, J.F. The ecology of arsenic. Science 2003, 300, 939–944. [CrossRef] [PubMed]
11. Soda, S.O.; Yamamura, S.; Zhou, H.; Ike, M.; Fujita, M. Reduction kinetics of As(V) to As(III) by a dissimilatory

arsenate-reducing bacterium, Bacillus sp. SF-1. Biotechnol. Bioeng. 2006, 93, 812–815. [CrossRef] [PubMed]
12. Macur, R.E.; Wheeler, J.T.; McDermott, T.R.; Inskeep, W.P. Microbial populations associated with the reduction

and enhanced mobilization of arsenic in mine tailings. Environ. Sci. Technol. 2001, 35, 3676–3682. [CrossRef]
[PubMed]

13. Hellweger, F.L.; Lall, U. Modeling the effect of algal dynamics on arsenic speciation in Lake Biwa.
Environ. Sci. Technol. 2004, 38, 6716–6723. [CrossRef] [PubMed]

34

Bo
ok
s

M
DP
I



Molecules 2017, 22, 445

14. Vione, D.; Minella, M.; Maurino, V.; Minero, C. Indirect photochemistry in sunlit surface waters:
Photoinduced production of reactive transient species. Chem. Eur. J. 2014, 20, 10590–10606. [CrossRef]
[PubMed]

15. K1aning, U.K.; Bielski, B.H.J.; Sehested, K. Arsenic(IV). A pulse-radiolysis study. Inorg. Chem. 1989, 28,
2717–2724.

16. Kim, D.-H.; Lee, J.; Ryu, J.; Kim, K.; Choi, W. Arsenite oxidation initiated by the UV photolysis of nitrite and
nitrate. Environ. Sci. Technol. 2014, 48, 4030–4037. [CrossRef] [PubMed]

17. Dutta, P.K.; Pehkonen, S.O.; Sharma, V.K.; Ray, A.K. Photocatalytic oxidation of arsenic(III): Evidence of
hydroxyl radicals. Environ. Sci. Technol. 2005, 39, 1827–1834. [CrossRef] [PubMed]

18. Buschmann, J.; Canonica, S.; Lindauer, U.; Hug, S.J.; Sigg, L. Photoirradiation of dissolved humic acid
induces arsenic(III) oxidation. Environ. Sci. Technol. 2005, 39, 9541–9546. [CrossRef] [PubMed]

19. Brockbank, C.I.; Batley, G.E.; Low, G.K.-C. Photochemical decomposition of arsenic species in natural waters.
Environ. Technol. Lett. 1988, 9, 1361–1366. [CrossRef]

20. Kurasawa, H. The weekly succession in the standing crop of plankton and zoobenthos in the paddy field.
Parts 1 and 2. Bull. Res. Sci. Jpn. 1956, 41–42, 86–98.

21. Quesada, A.; Leganés, F.; Fernàndez-Valiente, E. Environmental factors controlling N2 fixation in
Mediterranean rice fields. Microb. Ecol. 1997, 34, 39–48. [CrossRef] [PubMed]

22. Graeber, D.; Goyenola, G.; Meerhoff, M.; Zwirnmann, E.; Ovesen, N.B.; Glendell, M.; Gelbrecht, J.;
de Mello, F.T.; Gonzalez-Bergonzoni, I.; Jeppesen, E.; et al. Interacting effects of climate and agriculture
on fluvial DOM in temperate and subtropical catchments. Hydrol. Earth Syst. Sci. 2015, 19, 2377–2394.
[CrossRef]

23. Canonica, S.; Kohn, T.; Mac, M.; Real, F.J.; Wirz, J.; von Gunten, U. Photosensitizer method to determine
rate constants for the reaction of carbonate radical with organic compounds. Environ. Sci. Technol. 2005, 39,
9182–9188. [CrossRef] [PubMed]

24. Carena, L.; Minella, M.; Barsotti, F.; Brigante, M.; Milan, M.; Ferrero, A.; Berto, S.; Minero, C.; Vione, D.
Phototransformation of the herbicide propanil in paddy field water. Environ. Sci. Technol. 2017, 51, 2695–2704.
[CrossRef] [PubMed]

25. Coelho, C.; Guyot, G.; ter Halle, A.; Cavani, L.; Ciavatta, C.; Richard, C. Photoreactivity of humic substances:
Relationship between fluorescence and singlet oxygen production. Environ. Chem. Lett. 2011, 9, 447–451.
[CrossRef]

26. Bodrato, M.; Vione, D. APEX (Aqueous Photochemistry of Environmentally occurring Xenobiotics): A free
software tool to predict the kinetics of photochemical processes in surface waters. Environ. Sci. Process. Impacts
2014, 16, 732–740. [CrossRef] [PubMed]

27. Fabbri, D.; Minella, M.; Maurino, V.; Minero, C.; Vione, D. Photochemical transformation of phenylurea
herbicides in surface waters: A model assessment of persistence, and implications for the possible generation
of hazardous intermediates. Chemosphere 2015, 119, 601–607. [CrossRef] [PubMed]

28. Bianco, A.; Fabbri, D.; Minella, M.; Brigante, M.; Mailhot, G.; Maurino, V.; Minero, C.; Vione, D. New insights
into the environmental photochemistry of 5-chloro-2-(2,4-dichlorophenoxy)phenol (triclosan): Reconsidering
the importance of indirect photoreactions. Water Res. 2015, 72, 271–280. [CrossRef] [PubMed]

29. De Laurentiis, E.; Prasse, C.; Ternes, T.A.; Minella, M.; Maurino, V.; Minero, C.; Sarakha, M.; Brigante, M.;
Vione, D. Assessing the photochemical transformation pathways of acetaminophen relevant to surface
waters: Transformation kinetics, intermediates, and modelling. Water Res. 2014, 53, 235–248. [CrossRef]
[PubMed]

30. Marchetti, G.; Minella, M.; Maurino, V.; Minero, C.; Vione, D. Photochemical transformation of atrazine and
formation of photointermediates under conditions relevant to sunlit surface waters: Laboratory measures
and modelling. Water Res. 2013, 47, 6211–6222. [CrossRef] [PubMed]

31. Saito, M.; Watanabe, I. Organic matter production in rice field flood water. Soil Sci. Plant Nutr. 1978, 24,
427–440. [CrossRef]

35

Bo
ok
s

M
DP
I



Molecules 2017, 22, 445

32. Roger, P.A. Biology and Management of the Floodwater Ecosystem in Rice Fields; International Rice Research
Institute: Manila, Philippines, 1996; pp. 7–14.

33. Buxton, G.V.; Greenstock, C.L.; Helman, W.P.; Ross, A.B. Critical review of rate constants for reactions of
hydrated electrons, hydrogen atoms and hydroxyl radicals (•OH/O−•) in aqueous solution. J. Phys. Chem.
Ref. Data 1988, 17, 513–886. [CrossRef]

Sample Availability: No samples were used in this work.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

36

Bo
ok
s

M
DP
I



 

 

 

 
Section 2: 
Ultraviolet and Solar Homogeneous 
Processes to Decontaminate Waters Bo

ok
s

M
DP
I



molecules

Review

Light-Assisted Advanced Oxidation Processes for the
Elimination of Chemical and Microbiological
Pollution of Wastewaters in Developed and
Developing Countries

Stefanos Giannakis * , Sami Rtimi and Cesar Pulgarin *

SB, ISIC, Group of Advanced Oxidation Processes (GPAO), École Polytechnique Fédérale de Lausanne (EPFL),
Station 6, CH-1015 Lausanne, Switzerland; sami.rtimi@epfl.ch
* Correspondence: stefanos.giannakis@epfl.ch (S.G.); cesar.pulgarin@epfl.ch (C.P.);

Tel.: +41-21-693-03-66 (S.G.); +41-21-693-47-20 (C.P.)

Received: 4 May 2017; Accepted: 23 June 2017; Published: 26 June 2017

Abstract: In this work, the issue of hospital and urban wastewater treatment is studied in two
different contexts, in Switzerland and in developing countries (Ivory Coast and Colombia). For
this purpose, the treatment of municipal wastewater effluents is studied, simulating the developed
countries’ context, while cheap and sustainable solutions are proposed for the developing countries,
to form a barrier between effluents and receiving water bodies. In order to propose proper methods
for each case, the characteristics of the matrices and the targets are described here in detail. In both
contexts, the use of Advanced Oxidation Processes (AOPs) is implemented, focusing on UV-based and
solar-supported ones, in the respective target areas. A list of emerging contaminants and bacteria are
firstly studied to provide operational and engineering details on their removal by AOPs. Fundamental
mechanistic insights are also provided on the degradation of the effluent wastewater organic matter.
The use of viruses and yeasts as potential model pathogens is also accounted for, treated by the
photo-Fenton process. In addition, two pharmaceutically active compound (PhAC) models of
hospital and/or industrial origin are studied in wastewater and urine, treated by all accounted
AOPs, as a proposed method to effectively control concentrated point-source pollution from hospital
wastewaters. Their elimination was modeled and the degradation pathway was elucidated by the
use of state-of-the-art analytical techniques. In conclusion, the use of light-supported AOPs was
proven to be effective in degrading the respective target and further insights were provided by each
application, which could facilitate their divulgation and potential application in the field.

Keywords: urban and hospital wastewater; urine treatment; pathogen microorganisms;
emerging contaminants; UV/H2O2; photo-Fenton; E. coli; MS2 coliphage; saccharomyces
cerevisiae; micropollutants

1. Problems Related with Presence of Microorganisms and Micropollutants

Wastewater treatment plants (WWTPs) have been built, transformed and updated through the
years to effectively prevent solids, organic and inorganic compounds (carbon, nitrogen, phosphorus,
etc.) and more, which enter the environment. The challenge posed by the pollutants is a matter that
the majority of the WWTPs are not equipped to handle. The micropollutants are (in a high percentage)
invulnerable to biological treatment; the transfer from source to the environment is therefore facilitated,
leading to further accumulation in the environment; their presence has been associated with minor
and major health risks, toxicity and more [1,2].

The risk of microorganisms’ presence in natural water bodies is more explored compared to
micropollutants [3,4]. Water scarcity has led to reuse concepts and many countries worldwide have
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included legislation concerning the removal thresholds according to the subsequent water reuse, e.g.,
in Italy, [5]. However, chlorination is still the most widespread technique, with its inherent problems,
such as disinfection by-products (e.g., trihalomethanes) formation, and where funds are available UV
has been applied.

The problem of microorganisms’ occurrence in water sources has been identified for many decades.
Water related diseases plague the developing countries using compromised drinking water sources [6],
or reusing wastewater for food production [7], but also many outbreaks have occurred by cross
contamination of public access waters in the developed states [8]. Apart from the notorious diseases
such as cholera, gastro-enteritis or dengue fever, the contamination of water sources poses risks to
populations which have incorporated their use in their economical-related activities, such as fishing or
other economic activities.

The main problem associated with the occurrence of micropollutants (MPs) in the environment is
the lack of information, concerning the side-effects of their presence in the receiving matrix [9]. For
instance, little is known on the long term effects of pollutants, classified as “potentially not harmful”;
there are no studies on the accumulation or the chronic toxicity of such substances in plants, animals,
or humans. There is a relatively long list of MPs actually found in the environment, which derived
from the various anthropogenic activities [10,11]. To date, not all substances have been assessed on
their potential actions against the environment.

Furthermore, toxicologically speaking, most of the substances that have been assessed for
their risks, have been directed through single-compound investigations, when the reality differs
significantly [12]. The environment contains a mixture of a vast number of compounds, which could
even react with each other, affecting their mode of action [13]. The result has been demonstrated
to be severe, with cases reporting compounds that had no prior effect on species, to demonstrate
harmful properties when found in mixtures [14–16]. Apart from the toxicity problems, other critical
drug-related issues that have emerged over the years are: (i) the enhancement of antibiotic resistance,
by the presence of antibiotics and their metabolites in the environment [17]; (ii) the problematic
identification of the transformed metabolites of drugs [18]; and (iii) the bioaccumulation of pollutants
in living organisms in the environment.

To better suggest treatment goals and methods, this work will address the use of Advanced
Oxidation Processes (AOPs) as a greener and sustainable disinfection and decontamination method
of hospital and urban wastewater in both developed and developing countries. Each context will
be treated with regard to its specific issues, dealing with the economic feasibility and technical
applicability of the various light-assisted AOPs. The UV-based ones will form the basis of treatment
for developed countries whereas the photo-Fenton process will be presents as a viable solution for the
sunny developing countries around the globe. After contextualization of the problems micropollutants
(MPs) and microorganisms (MOs) cause to the environment and to humans, details will be provided
on their presence, the contribution of hospitals in aggravating the actual situation and an overview of
the results obtained in the different environments by the various AOPs.

2. Hospital Wastewater Effluents and Types and Pollutants

2.1. Hospital Wastewater and Micropollutants

Hospital wastewater (HWW) is the result of the residue collection from the various
water-consuming activities taking place within its premises. These services include [19]:

(i) Human sewage
(ii) Kitchen and laundry
(iii) Heating and cooling processes
(iv) Laboratorial discharge (clinics and research centers)
(v) Wards and outpatients contribution
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The first categories are common also in municipal wastewater (MWW), which is the reason
that led practitioners to suggest co-treatment in MWWTPs, sometimes with only a pre-treatment
(e.g., chlorination) [20], only to limit the microbiological-related risk. The reality suggests that within
HWW there are many substances, such as disinfectants, organic compounds, therapeutic metals,
rare microbial agents or antibiotic-resistant ones [21–23], often in high concentrations that modify
significantly the composition of HWW compared to MWW. For this reason, many authors have openly
objected to the co-treatment practice so far [24–26].

The presence of Pharmaceutically Active Compounds (PhACs) in hospital wastewater is a hot
topic, with a variety of works dedicated to the characterization of their nature [19,27–30] and their
importance in the overall load [18]. The characteristics of HWW are influenced by a variety of factors,
such as the size of the hospital, the range of services and activities, the season of the year, the time of
the day [19,31], and more. Table 1 presents an overview comparing HWW with MWW, in terms of a
single unit (patient/inhabitant).

It is obvious that the composition of either micro- or macropollutants in each case is significantly
different (see Table 1), indicating one of the reasons for failure of treatment by conventional WWTPs.
The micropollutants arriving in WWTPs are of a range of μg or ng, and also are reported to
affect the nature of the WW in the treatment plant (solubility, volatility, adsorbability, absorbability,
biodegradability, polarity, and stability) [31].

For the pre-mentioned reasons, HWW should be treated as a separate entity [31]. The economic
and overall risks should be assessed [25], on-site treatment should be implemented as close as possible
to the source [32,33], the consideration of no-mix toilets for urine separation must be taken into
account [34] and reducing the quantities can considerably mitigate the effluent amounts if direct
discharge in surface water is expected.

Table 1. Comparison between indicative MWW and HWW effluents characteristics [31,35,36] and
references therein.

Parameter Details
Municipal

WW
Hospital WW Units

BOD 60 160 mg/L
COD 110 280 mg/L

SS 80 135 mg/L
pH 7.5 8

TKN 20–70 33 mg/L
Chlorides 50 200 mg/L

Total P 4 7 mg/L
Bacteria Total Coliforms 106 7.7 × 109 CFU/mL
Viruses Norovirus 1.6 × 102 2.4 × 106 PFU/mL

Hepatitis A virus 102 104 PFU/mL
Adenovirus 1.6 × 102 2.8 × 106 PFU/mL

2.2. Hospital Wastewaters and Microorganisms

Similar to MPs, HWW are carriers of higher microbiological agent loads, compared to their urban
counterparts. In principle, the MWW are subjected to higher dilution and the intrinsic properties of
HWW imply the presence of higher and possibly more infectious agents. In a recent review [35]
the differences between MWW and HWW effluents in various countries have been presented,
with compelling variations in the distribution of microorganisms’ species and quantities. This
microorganism load is usually led to co-treatment with MWW in MWWTPs and their removal efficiency
is a function of the existing treatment. Among others mentioned before, some authors [36] stressed the
importance of treating HWW separately, on-site, to effectively reduce micro- and macropollutants, but
also stressing the need for microorganisms’ elimination. Problematic treatment or inexistent treatment
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can lead to the problems mentioned before (antibiotic resistance, bioaccumulation, etc.) as well as
directly jeopardize the drinking water sources in developing countries [37].

3. Light-Assisted AOPs and Their Action in Chemical and Microbiological
Pollutants’ Degradation

Due to the recalcitrant nature of many existing MPs, the existing biological and physicochemical
treatment methods have been proven unable to efficiently degrade them in WWTPs [2]. Subsequently,
their elimination relies on further, “quaternary” treatment, such as advanced oxidation treatment.
These processes have successfully mineralized or converted the persistent MPs to less harmful
forms [33]. AOPs can be used as pre-treatment or post-biological treatment processes. Depending
on the target, they can achieve conversion of recalcitrant pollutants to biodegradable ones, or act as
a polishing step. In the respective cases, the residence time in biological treatment is reduced or the
residual pollutant content can be eliminated [38–41].

Ozonation and AOPs are redox technologies with main characteristic the non-selectivity on the
target and share the production of the highly oxidative hydroxyl radical (HO ) [2]. After fluorine, the
HO is the second most powerful oxidant (3.03 eV, compared to 2.80), with reaction rates ranging from
10−6 to 10−9 M−1 s−1 [42].

The AOPs typically involve chemical agents (metals, ozone or hydrogen peroxide) and an assistive
energy source, such as UV or visible light, current, ultrasound or γ-irradiation [43]. Some examples of
AOPs are:

• Ozone-based: O3/H2O2, O3/UV, O3/UV/H2O2

• UV-based: UV, UV/H2O2

• Fenton-related: (Fe/H2O2), including photo-Fenton, electro-Fenton, etc.
• Heterogeneous photocatalysis, such as (TiO2/hv)
• γ-radiolysis

• Ultrasound-based: sonolysis, ultrasound-supported Fenton, etc.

Although the hydroxyl radical is the main oxidizing agent in these processes, their application
often induces the production and participation of other reactive oxygen species (ROS), such as
superoxide radical anions, hydroperoxyl radicals, singlet and triplet oxygen, etc. [33,43]. Another
main advantage of the AOPs application is the characteristic versatility with which the method can be
achieved. For instance, photolysis acts directly or indirectly, by absorption of energy and excitation or
photosensitizing agents, typically dissolved organic matter (DOM) [42].

3.1. UV-Based Processes (UV, UV/H2O2)

UV treatment consists on the direct photo-transformation of organic compounds. In UV direct
photolysis, the micropollutant must absorb the incident radiation and undergo degradation starting
from its excited state. This treatment has been the most known and widely used irradiation method
in initiating oxidative degradation processes. Some organic pollutants effectively absorb UV-C light
directly, and absorption of this high-energy can cause destruction of the chemical bonds and subsequent
breakdown of the contaminant.

The main factors which will affect the degradation of MPs in the UVC light assisted UV/H2O2

processes are the UV absorption and its quantum yield [44]. The molar absorption coefficient, i.e., UV
absorption is an indication of the strength with which a molecule absorbs UV, and consequently, cause
its degradation [42,45,46]. In principle, reaction kinetics of the organic substrate with the oxidant are
described by second order law, as follows Equation (1):

r(−M) =
d[M]t

dt
= koxidant,M[M][oxidant], (1)
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where r(-M) represents the rate of degradation of the MP. At the same time, direct photolysis
contributes in the dual manner mentioned before, provided that other WW constituents and
physicochemical characteristics are present, such as pH conditions [33]. Other important factors
include the concentration of the target compound, the pH of the matrix, the amount of H2O2, the
presence/absence of scavenging compounds (e.g., bicarbonates) and the reaction time.

UV/H2O2 treatment is considered an advanced oxidation process because it involves the
generation of hydroxyl radicals (HO•) produced by homolytic cleavage of hydrogen peroxide.
Photolysis of H2O2 yields two HO• radicals per photon absorbed. The hydroxyl radicals are strong
oxidants (E◦ = 2.8 V) with fast reactivity due to their non-selectiveness. The efficiency of the process
will depend strongly on the HO• production velocity. The most basic initiation, propagation and
termination reactions with main components in water are as follows (Equations (2)–(12)) [47]:

H2O2
hv→ 2 HO• (2)

H2O2 + HO• →HO•
2 + H2O (3)

H2O2+O•−
2 → HO• + O2 + OH− (4)

HO• + O•−
2 → O2 + OH− (5)

HO• + targets → Products (6)

HO• + DOC/NOM → Products (7)

HO• + CO−
3 → CO•−

3 + OH− (8)

HO• + HCO−
3 → CO•−

3 + H2O2 (9)

2 HO• → H2O2 (10)

2 HO•
2 →H2O2 + O2 (11)

HO•+ HO•
2 → O2 + H2O (12)

The molar absorption coefficient of H2O2 is only 18.7 M−1·cm−1 at 254 nm [48]. Hence, the
efficiency of UV/H2O2 process decreases drastically with the presence of strong photon absorbers or
when the UV absorbance of the target pollutant is high.

3.2. Fenton-Related Reactions (Fenton, Photo-Fenton, Solar Light)

The Fenton process is an attractive oxidative system for water and wastewater treatment, due to
iron abundance in nature and low inherent toxicity, as well as the fact that hydrogen peroxide is easy
to handle and environmentally safe, decomposing spontaneously to H2O and O2.

It has been demonstrated that Fenton’s reagent is able to destroy toxic compounds in
wastewater [49]. Production of HO• by the Fenton reagent takes place by addition of H2O2 to
Fe2+ salts trough the following reactions [50,51]. “R” is used to describe the reacting organic compound
(Equations (13)–(34)) [52]:

Fe3+ + H2O ↔ Fe(OH)2+ + H+ (13)

Fe3+ + 2H2O ↔ Fe(OH)+2 + 2H+ (14)

2Fe3+ + 2H2O ↔ Fe2(OH)4+
2 + 2H+ (15)

Fe3+ + H2O2 ↔ Fe3+(HO2)
2+ + H+ (16)

Fe(OH)2+ + H2O2 ↔ Fe3+(OH)(HO2)
+ + H+ (17)

Fe3+(HO2)
2+ → Fe2+ + HO•

2 (18)
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Fe3+(OH)(HO2)
+ → Fe2+ + HO•

2 + OH− (19)

Fe2+ + H2O2 → Fe3+ + HO• + OH− (20)

Fe2+ + HO• → Fe3+ + OH− (21)

HO• + H2O2 → HO•
2 + H2O (22)

Fe2+ + HO•
2 → Fe3+(HO2)

2+ (23)

Fe2+ + O•−
2 + H+ → Fe3+(HO2)

2+ (24)

Fe3+ + HO•
2 → Fe2+ + O2 + H+ (25)

Fe3+ + O•−
2 → Fe2+ + O2 (26)

HO•
2 → O•−

2 + H+ (27)

O•−
2 + H+ → HO•

2 (28)

HO•
2 + HO•

2 → H2O2 + O2 (29)

HO•
2 + O•−

2 + H2O → H2O2 + O2 + OH− (30)

HO• + HO•
2 → H2O + O2 (31)

HO• + O•−
2 → O2 + OH− (32)

HO• + HO• → H2O2 (33)

HO• + RH → H2O + R• (34)

However, exposure to light enhances the Fenton reaction by the photo-regeneration of Fe (II),
when reducing Fe (III) or via a ligand to metal charge transfer (LMCT). Hence, there is a double
production of hydroxyl radicals (L is an organic ligand) [53] (Equations (35) and (36)):

[
Fe3+ − L

]3+
+ 2H2O

hv (LMCT)→ [Fe(H2O)2]
2+ + L•+ (35)

[Fe(H2O)5(OH)]3+
hv→ Fe2+ + H+ + HO• (36)

Thus, photo-Fenton is a process that is able to use solar radiation as input taking advantage not
only of the UV portion contained in solar radiation but also because of the ability of some compounds
such as Fe3+-hydroxy and Fe3+-acid to absorb energy in the visible spectra.

The use of solar light as source of radiation for activating the hydroxyl radicals is not a new
concept: several researches have proven the efficiency of solar light as an activating agent for the
Fenton reaction. In this process, the Fe2+ is continuously recycled, reducing the amount of iron salts
required (and their further disposal) for the Fenton’s reaction. This feature makes the photo-Fenton
process more applicable and attractive for application in sunny regions around the globe, as reviewed
extensively in [54,55].

4. Problem Identification and Contextualization: Micropollutants and Microorganisms in
Developed and Developing Countries

Since micropollutants have been identified in many cases as high risk compounds, many works
have been initiated to identify their presence in the environment [2,56]. Moving in backward steps,
the presence in environmental water matrices is a result of a variety of pathways. One of the main
sources, which will be further analyzed later on, are the MWWTPs, due to the collection of urban and
sometimes, (pre-treated) industrial effluents [57].
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Although the treatment in WWTPs is followed by natural processes, such as sorption, photolysis
and biodegradation, that can reduce the contaminant loads up to 10 times [58,59], the MPs’ presence is
still unambiguous. In a research conducted among many countries, the most frequently encountered
drugs were the non-steroidal anti-inflammatory drugs (NSAIDs), Sulfamethoxazole, Carbamazepine
and Triclosan [2]. Generally, the occurrence of MPs was less frequent in summer (probably due
to elevated, temperature-driven biodegradation), and even though winter rain promoted dilution,
sometimes the contribution in natural water was important [60]. Finally, the concentrations found
in surface waters were well correlated with the population distribution, linked with the massive
utilization of parent chemicals by a bigger number of users [2].

Concerning drinking water, the studies are relatively few, because the occurrence is sometimes
below the detection limit [60,61]. However, this is often a limitation of the experimental capabilities
of the analytical laboratories. Kummerer has discussed this problem, in the appearance of “new”
compounds, which could have been normally encountered (for pollutants in ng or μg scale) [62], if the
technology allowed so. In addition, as far as long-term side-effects are concerned, the presence of
certain compounds or their intermediated in drinking water has not been under study (yet). In overall,
in the review published by Luo et al. [2] it is mentioned that most of the countries investigated (France,
USA, Spain, and Canada) were capable of removing the presence of some MPs in drinking water. This
is a critical step, considering that drinking water treatment is literally the last line of defense among
end-users and micropollutants [33].

Although in developed countries water is considered a de facto supply in each household,
in developing countries, the reality is sometimes far from this state. Water acquisition can be an
everyday struggle for many families. If in this scenario, one thinks of the potential problems that
could appear if MP pollution is high, the risks are more imminent. The quality of life of the affected
population is considerably endangered, and more specifically not by chronic or potential problems,
but from the harsh reality of raw, untreated wastewater in the water supplies.

In many developing countries, the combination of rampant population growth and the lack of
financial means, have led to insufficient (up to inexistent) sanitation facilities. Therefore, the collection
and the treatment of wastewater is problematic. The poorest fractions of the population, who employ
themselves in handcraft, fishing and agricultural activities suffer the most, since the situation in
centralized, capital areas is slightly better. However, these areas have demonstrated unacceptable
treatment, especially in (semi)industrial or hospital effluents, with cases describing direct untreated
water being discharged in rivers and sea.

“Fortunately”, the risk of MPs is relatively lower, when compared with developed countries. The
availability of drugs and the capability of purchase restrict the widespread use and the diffuse pollution.
The main areas expected to provide major MP flows are the hospitals and similar facilities. Recent
research that has been performed in the framework of the “Treatment of the Hospital wastewaters
in Ivory Coast and in Colombia by advanced oxidation processes” (unpublished data) indicated
that even in this case, the majority of administered drugs are biodegradable and the MP content is
limited in isolated hospitals in Colombia, but in the University Hospital in Abidjan, the situation is
quite problematic.

On the other hand, even when the amounts of MPs is not alarming, the presence of microorganisms
in WW is an important matter, which becomes top priority, since no disinfection process is applied in
the effluents. Therefore, the focus should be directed at least to mitigating microbial pollution [63,64],
when it comes to discharged WW in developing countries, which poses direct and acute illness risks.
Hospitals are an identified contributor to fecal and overall pathogen microorganisms in surface waters,
and the lack of treatment is directly jeopardizing their use [37]. The current practices in agriculture
for instance, include the use of contaminated water for crops irrigation, and the transfer of pathogens
is highly possible. Therefore, treatment designed taking account the local particular conditions and
monitoring of total coliform bacteria and aerobic mesophilic bacteria, as representative of fecal and
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non-fecal routes, respectively, should be monitored and their elimination should precede discharge in
natural water bodies [65,66].

5. Treatment Strategy and Research Results

As described in the previous sections, the issue of hospital wastewater treatment has multiple
contextual, application and engineering extensions. The relevant literature has successful applications
of various AOPs both as pre- and as post- biological treatment methods for hospital wastewater [67–74].
Our main goal here is to address the difference that the context of application can make in the choice
and application of AOPs for hospital contaminants. The necessary strategies need to be specifically
addressed towards developed or developing countries, where HWW is channeled in MWW or is
directly discharged, respectively; a summary of the strategies is presented in Figure 1. The context
differs significantly; the developed countries have more or less under control the problem of MOs and
focus on MPs, while developing countries’ priority should be the acute risk caused by MOs presence.
Furthermore, the AOP chosen has to be a function of the technical and economic status of the place
of application, with the UV-based methods being more prominent in developed countries and the
solar based ones more suitable for developing countries. As a result, one should take into account the
aforementioned constraints when focusing on HWW treatment by AOPs in developed and developing
countries, emphasizing both on the application point of view, as well as the underlying mechanisms
governing micropollutant degradation and microorganism inactivation.

Figure 1. Schematic representation: Treatment focus, strategy and targets of WWTP by

light-assisted AOPs in developing countries. Switzerland and its motion of upgrading the WWTPs
is studied, presenting solutions based on the application of mainly UV-based AOPs, compared with
the solar photo-Fenton. The targets are the micropollutants chosen by the Swiss evolution of control
policy and the indigenous population of bacterial microorganisms present in WW.

5.1. Developed Countries and Municipal WWTPs: Treatment of MPs and MOs by Light-Assisted AOPs

In Switzerland (as an example of developed country), the wastewater effluents are already treated,
and the implementation of the relative AOPs promoted by the Federal Office for the Environment
focuses on the elimination of the chronic risk caused by the presence of micropollutants in natural
waters, and less for the acute risk of microbial infection due to the pathogens carried within the flows.
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As such, the micropollutants chosen derive from the modifications in the Swiss legislation, namely
Carbamazepine, Clarithromycin, Diclofenac, Metoprolol, Venlafaxine, Benzotriazole and Mecoprop.
Concerning microorganisms, the bacterial populations contained in urban effluents of the WWTP of
Vidy, Lausanne were selected as microbial targets.

Figure 2 summarizes the results achieved by treating the effluents of Vidy WWTP by UV/H2O2

and the photo-Fenton process, where Figure 2a focuses on MPs and Figure 2b on bacterial
microorganisms. The different color traces correspond to the different secondary pretreatment process
applied in the plant before the lab-treatment by AOPs.

The UV-based process is a far more energetic and therefore more efficient process for the removal
of microbiological and chemical contaminants. The difference is in orders of magnitude higher, as a
maximum 20% MP removal was attained by the photo-Fenton process in 30 min of exposure and
at 10 min the corresponding removal by the UV/H2O2 process was 100% for activated sludge and
moving bed bioreactor effluents (AS, MBBR) and 30 min were necessary for the coagulation-flocculation
effluents (CF). Similar trends were found in microorganisms’ elimination, with 5 min exposure having
completely eliminated microorganisms in all effluents, while more than 3 h were demanded by
the photo-Fenton process. However, this process does not reflect the actual difference of the two
processes, as increasing the Fenton reagents, for instance, would have a dramatic increase in efficiency,
or, similarly, the H2O2 content in the UV-based process. Nevertheless, here we present only the
mild conditions tested in lab-scale, but the literature has offered many successful applications of
MP removals by the photo-Fenton process [75–77]. Apart from the reduction of micropollutants and
microorganisms, a significant amount of effluent organic matter (EfOM) was eliminated from the bulk
during treatment, reducing the overall charge carried before disposal [78].

 

Figure 2. Degradation of chemical and microbiological contaminants in MWW. (a) Weighted
average removal of seven selected micropollutants by the UV/H2O2 process (ng/L initial MP content
and 25 mg/L H2O2); and (b) reduction of bacteria contained in WW by the UV/H2O2 (continuous trace)
and the solar photo-Fenton process (dashed line). The colors correspond to the previous secondary
treatment (blue: Activated Sludge, red: Moving Bed BioReactors, green: Coagulation-Flocculation).
More details on the micropollutants’ initial content, experimental configuration and wastewater
characteristics can be found in [78,79].

The key in the application of either method is the economical and geographical context.
For instance, there are very few countries that could support the application of such costly
AOPs for domestic wastewater treatment; the estimated cost for the treatment plant of Vidy
reaches 0.16–0.18 € m3 of treated waste for the application of activated carbon and ozonation [80].
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The electrical cost and reagent (H2O2) supplies were calculated in a pilot plant tested in the same
premises [81] and is of the same order. Nevertheless, this option is viable, considering that many plants
in the USA operate chlorination basins, which are ideal for conversion to UV streams, and part of the
cost is already administered and later will be recovered.

Concerning photo-Fenton, prolonging the treatment inflicts further degradation of contaminants
and microorganisms, and a plant design with residence time of day(s) could be considered as an
option. However, the main constraints under consideration are the land cost and the latitude of the
site; beyond a certain point the clear/sunny days are decreased dramatically. The combination of these
two factors on the other hand, apart from the developing countries who would greatly benefit from
this process, already indicate USA and Australia as excellent candidates for application, especially due
to high number of sunlit hours in Western USA and thorughout Australia. Even more, the application
of maturation ponds is already an existing solution in the aforementioned regions, hence an addition
of a polishing step aided by the photo-Fenton reagents could complete an already successful existing
practice [82,83].

Finally, it was found that one of the most important concerns of wastewater treatment, the
bacterial regrowth was sufficiently hindered [79]. For the UV-based processes, the complete elimination
of microorganisms was attained by combined extensive mutations and hydroxylation of the cell
membrane, which cannot be repaired by the enzymatic mechanisms possessed by microorganisms.
The photo-Fenton process, even when it was not concluded, it did not present bacterial regrowth,
owing to the presence of the Fenton reagents in the bulk; the continuous (dark) Fenton process ensures
limitation of rampant bacterial growth and maintaining a good quality effluent in already inactivation
was achieved. The design of the process should take into account both chemical and microbiological
targets, since MPs require more time to degrade than bacteria, but bacteria engulf the regrowth risk,
while the extended treatment times allow possible adaptation and growth in the rich WW medium.

5.2. Developing Countries and Microorganisms Disinfection by Photo-Fenton

In Ivory Coast and Colombia, WWTPs are virtually inexistent. The practice of organized WW
treatment is present only in major cities (e.g., Medellin), or in special establishments (hospitals in Ivory
Coast; University Hospital in Abidjan). Furthermore, the treatment either stops at primary/secondary
space, or has malfunctioned and not working properly since its construction. Therefore, the application
of solar photo-Fenton as a feasible AOP is implied only after the construction of basic treatment before
(primary-secondary), or as a possible implementation of a barrier of microbiological-related problems.
The acute risk of microbial infections is prioritized over MPs, as it poses an immediate threat to the
populations, and the assessment was made by taking a viral and a yeast pathogen model into study. A
summary of the strategy is presented in Figure 3.

Viruses are a special category of pathogens, responsible for a high number of disease outbreaks
in developing countries. Their diversity and polymorphic nature make them an important target
to consider when treating wastewaters. The MS2 bacteriophage model virus was chosen as it
is particularly resistant to UV irradiation, hence its removal by solar-assisted processes could be
delayed. As such, a step-wise construction was attempted, starting from solar light up to the
photo-Fenton process.
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Figure 3. Schematic representation: Using the photo-Fenton as a disinfection method in developing

countries. The application of Fenton reagents, aided by the numerous sunny days in the
circum-Equatorial regions, which coincide with the geographical distribution of developing countries,
was assessed on their virucidal and fungal inactivation capacities, using bacteriophages and common
yeasts as proxies, while assessing the important role of dissolved organic matter and iron.

Figure 4 presents the aforementioned approach on dissociating the events that take place during
photo-Fenton treatment of MS2 coliphage. The step-wise construction was as follows:

(i) Solar light alone is unable to inflict high removal of MS2, hence underlines the need for application
of an oxidative process.

(ii) Adding 1 mg/L H2O2, which is a moderate amount for inactivation of microorganisms, but could
simulate the in-situ generation of H2O2 by irradiation of Dissolved Organic Matter (DOM) [84],
again has almost no effect. The mild oxidative potential of H2O2 is unable to inactivate more
than 1 log of MS2.

(iii) Continuing with the components of the photo-Fenton process, iron, in salts form, Fe2+ or Fe3+

was tested. Natural waters in Africa have often been found to contain high amounts of iron,
especially in the form of oxides [85] but also dissolved. Although iron has no oxidative actions,
its complexation with the viral capsid enables, upon irradiation, a LMCT reaction, with the
reduction of Fe3+ to Fe2+ and oxidation of the ligand. This oxidation damages the external capsid
proteins, thus reducing the infectivity of the virus.

(iv) The voluntary addition of very low amounts of H2O2 in the bulk indicate that the photo-Fenton
process is potentially a very efficient treatment technique in the elimination of viral pathogens;
the inactivation is either very sharp, or at least faster than the Fe or solar alone. Fe2+ is readily
oxidizable, generating HO• species, reaching viral inactivation, and Fe3+ after an initial reduction
step, participates in the photo-Fenton catalytic cycle.

(v) Finally, the presence of organic matter in all the experiments did not appear to significantly
hinder the inactivation of viruses. In fact, in presence of organic matter, the quantity of dissolved
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iron was followed, and the precipitation due to the neutral operating pH was avoided. Hence, a
sustainable catalytic cycle can be maintained, aided by the iron-DOM complexes in WW [86].

Figure 4. Stepwise construction of the solar photo-Fenton process. Effects of solar light, solar/H2O2,
solar/Fe and solar photo-Fenton in viral (MS2) infectivity in simulated secondary wastewater, as in [87].
Note the difference inflicted by the initial speciation of iron in the solution.

For yeast-related experiments, Saccharomyces cerevisiae were used as a model of eukaryotic
pathogen microorganisms. The strategy followed initially was similar to the virus inactivation,
with stepwise construction of the inactivation process. On the other hand, the target was to study
the internal events that take place during exposure to the photo-Fenton reagents. After initial
experiments in simulated wastewater, where the inactivation of the yeast was normally achieved, the
continuation involved tests only in pure water in order to avoid interferences with the genomic and
proteomic measurements.

Figure 5 summarizes the results of the protein and DNA degradation experiments that took place
during the photo-Fenton process. The events that take place during inactivation are inverse, compared
to the expected series of events; one would suppose that since Fe and H2O2 are added in the bulk, the
rapid reaction and generation of hydroxyl radicals would lead to the fast degradation of the (external)
cell wall proteins. In fact this is partially true, as depicted in the first graph. The disappearance of the
intensity of the bands during electrophoresis means that the proteins are degraded. However, if we
correlate the damage taking place in 60 min, during which total disappearance of the DNA and heavy
damages in the cytoplasmic proteins occurs, the slight fade in the cell wall protein bands is clearly not
the main reason for yeast inactivation.

As it appears, even in a complex, evolved microorganism such as the yeast, who possess repairing
enzymatic functions, and a fortified (compared to bacteria) external cell wall, the Achilles’ heel is
located in the internal part of the microorganism [88]. H2O2 can diffuse in to the cell, and with the lack
of enzymes able to catalyze its dismutation to H2O and O2, due to sunlight exposure, the inactivation
indeed takes place in the internal part. Even more, the iron that can be transported internally with
various routes, or the already existing iron, released via the oxidative damage and the light-induced
events, can facilitate an internal photo-Fenton process, able to inactivate yeasts.
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Figure 5. Internal and external damages during Saccharomyces cerevisiae inactivation by the

photo-Fenton process at near-neutral pH. The panels indicate the external and two types of
internal damage inflicted to the model yeast pathogen: cell wall proteins, genome and cytoplasmic
proteins, respectively.

5.3. Hospital-Derived and Highly Concentrated Flows in Developed and Developing Countries: Iodinated
Contrast Media and Drugs Treatment by Light-Assisted AOPs

In both developed and developing countries, as mass flows of special drugs derive from hospital
and production sites, two pollutants (Iohexol and Venlafaxine) in high amounts have been chosen and
their degradation by relevant AOPs was studied. These drugs can be encountered in the production
wastewaters or in urine, due to the treatment of patients, and the (pre)treatment of concentrated flows
at hospital or manufacturing level is desirable before dilution in the municipal wastewater streams.
A summary of the strategies can be found in Figure 6.

 

Figure 6. Schematic representation: Treatment of hospital and highly concentrated flows of PhACs.

The treatment methods were associated with the concentration of the matrix (urine), hence UV-based
solutions were sought, or the WW flows, allowing the assessment of photo-Fenton as a viable solution.

The Iodinated Contrast Medium (ICM) Iohexol is characterized by its recalcitrance to biological
treatment, since its medical prescription aims to stay unchanged in the body for the duration of the
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tests of the patient. As such, it leaves the body with the same composition, making its discharge a
problem; the doses for various exams may reach grams and was equally detected in Swiss and Ivorian
HWW flows. In Figure 7, it is shown that applying UVC irradiation to spiked water, (simulated)
wastewater and urine samples was very efficient in removing the parent compound, giving rise to
de-iodinated intermediates that remained in the bulk, with no total organic carbon (TOC) reduction.
Enhancing its action with H2O2 and by the production of HO•, did not significantly enhance the
degradation kinetics, however moderately reduced the TOC of the solution, thus removing some
of the recalcitrant intermediates. Similarly, adding iron to enhance the action of UV/H2O2 by the
parallel UV-Fenton process only slightly enhanced the degradation kinetics, however the analysis of
the intermediates revealed pathways that were not achieved during the degradation of the parent
compound by UVC alone [89].

Figure 7. ICM Iohexol degradation by UV-based AOPs in: (a) water; (b) wastewater; and (c)
urine. H2O2 addition and Fe-assisted experiments, aided by acidification of the matrix hold minor
improvement in degradation kinetics.

Another highlight of the investigation was the opportunity presented to treat urine contaminated
with Iohexol. By simulating the immediate collection of urine from the patient, it was shown that the
contamination levels, can be significantly reduced before the discharge and subsequent dilution of
the urine in HWW or UWW collection systems. The economic gain of such process would impact
the treatment necessities of the final plant, e.g., AOPs, after secondary treatment. Hence, UV-based
AOPs can play also a role of pre-treatment for Iodinated Contrast Media-containing effluents. Finally,
although the use of iron was not justified by the kinetic investigation, the acute fractionation of
the compound could be correlated with the opportunity to pre-treat such drugs prior to biological
treatment, which is significantly cheaper from the AOPs treatment.

The other drug, Venlafaxine, is a compound that belongs in the broad family of
serotonin-norepinephrine reuptake inhibitors, and is widely prescribed as an antidepressant. Although
the amounts given are nothing like the ones encountered in the case of Iohexol, the results of the
exposure of aquatic organisms in this drug has shown severe side-effects, such as alteration of the
predation behavior of fish and disrupted locomotion of invertebrates [90–92]. Its treatment has been
assessed by AOPs as TiO2 photocatalysis and was further achieved by several AOPs, including
UV-based and solar-assisted ones [93,94]. In Figure 8, the kinetic analysis showed a drug that can be
removed without resolving to extreme conditions; moderate H2O2 addition (UVC light or few mg/L
Fe, either combined with 10–25 mg/L) and reasonable residence time was necessary to remove the
parent compound. However, the intermediate degradation was delayed revealing a recalcitrant nature
of the drug. Nevertheless, its degradation was achieved in aqueous matrices such as MQ water, WW
(real secondary and synthetic one), leaving promise for its efficient elimination in UWW or HWW.
However, even in urine, which is a highly loaded matrix, with high UV absorbance, quantities as low
as few μg/L were efficiently removed as followed by UPLC/MS analyses.
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Figure 8. Antidepressant Venlafaxine degradation in MQ water. (a) UV/H2O2 mediated degradation
and kinetic evaluation of H2O2 incremental addition; and (b) solar photo-Fenton at acidic pH, with the
optimal degradation areas (light color contour).

Although the kinetics are important when its degradation is considered in MWTPs, other
remarkable observations were made, with application in HWW or industrial-level (mg/L)
contaminated waters. The pretreatment with UV-based or solar-assisted AOPs enhanced the
biodegradability of the treated effluent, compared to the initial one. The gold standard of
biodegradability tests, the Zahn–Wellens test revealed up to 20% increase in biodegradability of
the treated effluents, by UV/H2O2 or solar photo-Fenton [95], in simulated WW containing mg/L
amounts of the selected pharmaceutical. Hence, the restriction of dilution of HWW or manufacturing
flows could be effectively pre-treated.

6. Conclusions

The use of light-assisted AOPs towards pollutant decontamination and disinfection of effluents,
namely UV, UV/H2O2, solar light (shown to work as an AOP), Fenton and solar photo-Fenton are
established as powerful allies in the ongoing task of wastewater purification. The key conclusions can
be summarized as follows:

(1) UV-based AOPs are efficient for MP removal and MO inactivation. Although changing
dynamically, the Swiss reality on hospital wastewater treatment dictates their discharge in
the municipal collection network, and therefore implies their co-treatment with municipal
wastes. The UV-based AOPs (UV and UV/H2O2) were found to be effective micropollutant
removal strategies in ng/L level and bacterial inactivating processes, after biological secondary
pre-treatment, as found in municipal wastewaters. When used in simulated hospital wastewaters
and urine treatment, as alternative micropollutant elimination strategies, their efficiency was
measured and established against a list of contaminants, with parallel elimination of the contained
organic matter. The degradation was fast, and the reactants addition and necessary light doses
were moderate.

(2) The solar photo-Fenton process and its constituents can be very effective in the proper context.
Despite the lower apparent efficiency of this process when compared with its UV-based
counterparts, photo-Fenton was found to effectively and non-selectively remove micropollutants
and effluent organic matter. Furthermore, their application resulted in high bacterial removal,
regrowth suppression, and yeasts and viruses inactivation from water and wastewater effluents.
Most importantly, through systematic studies the mechanism and the key points of the process
against the aforementioned targets were characterized. Special emphasis was given to the organic
matter present in WW, as it is found to hinder the inactivation process but other benefits, such as
iron complexation, also occur.
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(3) The selected model hospital/industrial contaminants (Iohexol, Venlafaxine) helped elucidate
the pitfalls and opportunities in HWW treatment by AOPs. The AOPs were found to work
particularly well against the concentrated, (simulated) industrial wastewater, hospital flows and
urine. Therefore, their application in hospitals and related industrial activities is promising. In
addition, the structural deformation of the selected pollutants provided helpful insights on the
operational and chemical constraints on applying the various AOPs; for instance the use of iron
(when H2O2 is present) is strongly recommended for faster and more intense degradation of
the contaminants in HWW. Finally, apart from the degradation point of view, the AOPs studied
increased the biodegradability of the selected compounds treated solutions, which could allow
their use as pre-treatment methods in HWWTPs.

In conclusion, more work is necessary to establish these methods as suitable for application in
hospital environments. However, the initial results strongly support their further development, and
future work stemming from the present research is encouraged to be sought.
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Abstract: This study shows that methyl 2-aminobenzoate (also known as methyl anthranilate,
hereafter MA) undergoes direct photolysis under UVC and UVB irradiation and that its
photodegradation is further accelerated in the presence of H2O2. Hydrogen peroxide acts
as a source of hydroxyl radicals (·OH) under photochemical conditions and yields MA
hydroxyderivatives. The trend of MA photodegradation rate vs. H2O2 concentration reaches
a plateau because of the combined effects of H2O2 absorption saturation and ·OH scavenging
by H2O2. The addition of chloride ions causes scavenging of ·OH, yielding Cl2·− as the
most likely reactive species, and it increases the MA photodegradation rate at high H2O2

concentration values. The reaction between Cl2·− and MA, which has second-order rate constant
kCl•−2 +MA = (4.0 ± 0.3) × 108 M−1·s−1 (determined by laser flash photolysis), appears to be more
selective than the ·OH process in the presence of H2O2, because Cl2·− undergoes more limited
scavenging by H2O2 compared to ·OH. While the addition of carbonate causes ·OH scavenging
to produce CO3·− (kCO•−

3 +MA = (3.1 ± 0.2) × 108 M−1·s−1), carbonate considerably inhibits the
photodegradation of MA. A possible explanation is that the elevated pH values of the carbonate
solutions make H2O2 to partially occur as HO2

−, which reacts very quickly with either ·OH or
CO3·− to produce O2·−. The superoxide anion could reduce partially oxidised MA back to the initial
substrate, with consequent inhibition of MA photodegradation. Fast MA photodegradation is also
observed in the presence of persulphate/UV, which yields SO4·− that reacts effectively with MA
(kSO•−

4 +MA = (5.6 ± 0.4) × 109 M−1·s−1). Irradiated H2O2 is effective in photodegrading MA, but the
resulting MA hydroxyderivatives are predicted to be about as toxic as the parent compound for
aquatic organisms (most notably, fish and crustaceans).

Keywords: advanced oxidation processes; methyl anthranilate; methyl 2-aminobenzoate; hydrogen
peroxide; photodegradation intermediates; emerging contaminants

1. Introduction

Methyl 2-aminobenzoate (MA, C8H9NO2) is a clear liquid that occurs in many essential oils.
It has a melting point of 24 ◦C, a boiling point of 256 ◦C, and a density of 1.17 g·mL−1 [1]. MA can
be found in Concord grapes, jasmine, bergamot, lemon, orange, and strawberries, and it is used as

Molecules 2017, 22, 619 58 www.mdpi.com/journal/molecules

Bo
ok
s

M
DP
I



Molecules 2017, 22, 619

bird repellent in the protection of food crops such as corn, sunflower, rice, and fruits [2]. MA is also
employed to prevent birds from accessing oil spill–contaminated water or water pools near airports,
in the latter case reducing the risk of collision with aircraft [3]. MA is used as well for the flavouring
of candies, soft drinks, chewing gum, and medicines [4], which suggests that it has limited toxicity
towards mammals, including humans. Its LD50 (lethal dose 50) values for rats and rabbits are in fact in
the g/(Kg body weight) range for either oral or dermal uptake [5]. Despite these apparently favourable
features, MA shows non-negligible toxicity for aquatic organisms, with LC50 (lethal concentration 50 in
water, i.e., acute toxicity) values of 20–30 mg·L−1 for fish [6]. More importantly, it can cause chronic
effects to both fish and crustaceans at 10–70 μg·L−1 levels [7–9]. Therefore, toxicity to fish is to be
taken into account when using MA to protect aquaculture facilities from predation by birds [10]. MA is
also poorly biodegradable, little volatile, and it undergoes limited partitioning to solids. Moreover,
its predicted hydrolysis time is in the range of several months to some years [11]. Following ingestion
as a food additive and excretion, this compound is unlikely to be eliminated from the aqueous phase
of the wastewater treatment plants (estimates for MA elimination are in the range of a few percent,
mostly accounted for by sludge adsorption) [11]. Therefore, MA could easily reach surface water
environments. Unfortunately, concentration data of MA in surface waters are extremely difficult
to be found in the literature, as are data concerning the elimination of MA from aqueous solutions
including wastewater.

Poor elimination during wastewater treatment is a widespread feature of several emerging
substances used as drugs, fragrances, fire extinguishers etc. These compounds can be found in
surface waters at significant levels due to point-source emission at the treatment plant outlets [12,13].
A likely future development in wastewater treatment will be the update of the existing plants to
enable the removal of emerging contaminants. As technological upgrade options, Advanced Oxidation
Processes (AOPs) are among the best promising tools [14,15]. Most AOPs are based on the thermal,
electrochemical, photochemical or sonochemical generation of hydroxyl radicals (·OH), in the
homogeneous phase or in heterogeneous systems (e.g., heterogeneous photocatalysis, [16]). The ·OH
radicals are very strong oxidants and they can react with a very wide variety of organic and inorganic
molecules, including pollutants. The relevant reactions include electron or hydrogen transfer, as well
as addition to double bonds and aromatic rings [17]. Among AOPs, the UV irradiation of hydrogen
peroxide (hereafter, H2O2/UV) presents several advantages including the elevated quantum yield of
·OH photogeneration (the reaction H2O2 + hν → 2 ·OH has ΦH2O2 ~0.5 and Φ•OH ~1 [17,18]), the low
cost of H2O2, and the formation of rather innocuous reaction by-products from H2O2 itself (mostly H2O
and O2) [19,20]. H2O2 is also water-miscible and it is relatively safe to store and transport pending some
precautions, but its water solutions need to be added with stabilisers (e.g., stannate, pyrophosphate,
nitrate, colloidal silicate) that will finally end up in the water undergoing treatment [18]. Moreover,
toxic or otherwise harmful photodegradation intermediates may be formed when dealing with the
treatment of certain organic pollutants [21]. Another issue is that ·OH reacts not only with the target
contaminant, but also with natural organic matter (NOM) and with inorganic anions that occur in
aqueous solution. While NOM is mostly a ·OH quencher, in the case of some anions the framework is
more complicated because their oxidation by ·OH yields reactive radical species, which are less reactive
than ·OH itself but could still initiate some degradation processes on their own. Examples are the
·OH-induced formation of the carbonate radical (CO3·−) from carbonate and bicarbonate, of dichloride
(Cl2·−) from chloride, of dibromide (Br2·−) from bromide, and of nitrogen dioxide (·NO2) from
nitrite [22]. Moreover, one of the possibilities to reduce the consumption of reactive species by the
organic and inorganic components of natural waters is to replace ·OH with the more selective sulphate
radical, SO4·−, which reacts with several pollutants but undergoes less interference from NOM and
inorganic anions compared to ·OH [23]. To produce SO4·−, it is often sufficient to replace H2O2 with
the analogous peroxide persulphate (S2O8

2−) in comparable processes [23,24].
The goal of this work is to study the photoinduced degradation of MA under UV irradiation

(direct UVC photolysis, here used as benchmark) and with H2O2/UV and persulphate/UV treatments,
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as well as to assess the effect on the process of common inorganic anions such as chloride and carbonate.
To better assess the effect of the added anions, the reactivity of CO3·− and Cl2·− with MA was studied
by using the nanosecond laser flash photolysis technique. Because MA is not harmless to aquatic
environments, this study investigates the following: (i) whether and to what extent MA could be
photodegraded under AOP conditions, also in the presence of inorganic anions such as chloride and
carbonate; and (ii) the potential of MA photodegradation to produce intermediates that might have
higher impact than the parent compound, and that could be formed during the AOP removal of MA
and/or other contaminants.

2. Results and Discussion

2.1. MA Photodegradation by UV and H2O2/UV

The photoinduced degradation of 0.1 mM MA was first studied under UVC irradiation alone
(lamp maximum emission at 254 nm) and under UVC irradiation in the presence of different
concentration values of H2O2 (see Figure 1 for the absorption spectra of MA and H2O2). The MA
time evolution under these conditions is reported in Figure 2A, while Figure 2B reports the trend
of the photodegradation rate of MA (RMA) as a function of the H2O2 concentration. Table 1 reports
the pseudo-first order photodegradation rate constants of MA (kMA) for this and other series of
experiments. Note that RMA = kMA [MA]o, where [MA]o = 0.1 mM is the initial concentration of MA.

Table 1. Pseudo-first order photodegradation rate constants of MA (kMA) in the different irradiation
experiments. The initial concentration values of hydrogen peroxide, persulphate, chloride and
carbonate are also reported. The error bounds to the kMA data represent the sigma-level uncertainty of
the pseudo-first order kinetic model. In all the cases the initial concentration of MA was 0.1 mM.

[H2O2], mM [S2O8
2−], mM [Cl−], mM [CO3

2−], mM kMA, min−1 (±σ)

0 / / / 0.081 ± 0.007
5 / / / 2.72 ± 0.12
10 / / / 2.03 ± 0.13
20 / / / 2.87 ± 0.09
5 / 100 / 2.29 ± 0.16
10 / 100 / 2.97 ± 0.06
20 / 100 / 5.30 ± 0.34
5 / / 100 1.40 ± 0.08
10 / / 100 0.652 ± 0.121
20 / / 100 0.764 ± 0.049
/ 0 / / 0.106 ± 0.007
/ 1 / / 0.133 ± 0.031
/ 5 / / 0.598 ± 0.018
/ 10 / / 7.09 ± 0.16

 

Figure 1. Absorption spectra (molar absorption coefficients) of methyl 2-aminobenzoate (MA)
(right Y-axis) and H2O2 (left Y-axis).
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Figure 2. (A) Time trend of 0.1 mM MA under UVC irradiation, alone or in the presence of different
concentration values of H2O2 (varied in the range of 0–20 mM); (B) Initial photodegradation rates of
0.1 mM MA (RMA) as a function of H2O2 concentration, alone or in the presence of 0.1 M NaCl or 0.1 M
Na2CO3; (C) Time trend of 0.1 mM MA in the presence of 0.1 M NaCl and different concentration
values of H2O2 (varied in the range of 5–20 mM); (D) Time trend of 0.1 mM MA in the presence
of 0.1 M Na2CO3 and different concentration values of H2O2 (varied in the range of 5–20 mM).
The pH values of the studied systems were ~neutral, with the exception of the systems containing
Na2CO3. The error bars shown in panel (B) represent the uncertainty associated to the calculation
of the photodegradation rates by fitting the MA time trend data with a pseudo-first order kinetic
model (intra-series variability). In several cases the error bars were smaller than the data points.
The reproducibility between experimental replicas (inter-series variability) was in the range of 15–20%.

Some MA photodegradation with a half-life time of approximately 10 min took place in the
absence of H2O2, due to MA direct photolysis. The direct photolysis quantum yield of MA was
calculated as follows [25]:

ΦMA =
RMA∫

λ

p◦(λ) (1 − 10AMA(λ)) dλ
(1)

where p◦(λ) is the incident spectral photon flux density of the lamp and AMA(λ) is the absorbance
of 0.1 mM MA. The photolysis quantum yield was measured in separate experiments under
monochromatic irradiation (at 254 and 325 nm) and under broadband irradiation (see Supplementary
Material for the detailed results). The ΦMA values obtained in the different conditions are in the
order of magnitude of 10−3. The value at 254 nm (Φ254nm

MA = 3.8 × 10−3) is the most relevant to our
steady irradiation experiments, and a decrease was observed in the values of ΦMA as the irradiation
wavelength increased. Therefore, when applying artificial irradiation, the UVC spectral range and
in particular the radiation at 254 nm (very near the UVC absorption maximum of MA, see Figure 1)
appears to be the most suitable option to induce MA direct photolysis.
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The addition of H2O2 considerably accelerated the photodegradation of MA, and relatively
similar kinetics were obtained in the H2O2 concentration range of 5–20 mM. A plateau trend of RMA

vs. [H2O2] is apparent in Figure 2B, and in principle it might be accounted for by two different
phenomena: (i) saturation of H2O2 absorption with increasing H2O2 concentration; and (ii) offset
between photoinduced ·OH generation, and ·OH scavenging by H2O2 itself. The first effect depends
on the absorbance of H2O2. Considering εH2O2,254nm ~15 L·mol−1·cm−1 and assuming b = 2 cm as
the optical path length inside the irradiated solutions, the absorbance of the studied H2O2 solutions
was approximately 0.15 (5 mM H2O2), 0.3 (10 mM), and 0.6 (20 mM). The absorbance of 0.1 mM MA
at 254 nm is AMA,254nm ~0.2, and the fraction of radiation absorbed by H2O2 in the irradiated systems
can be calculated as follows [25]:

℘H2O2+MA
H2O2,254nm =

εH2O2,254nm b [H2O2]

εH2O2,254nm b [H2O2] + AMA,254nm

[
1 − 10−(εH2O2,254nm b [H2O2]+AMA,254nm)

]
(2)

On this basis, the values of ℘H2O2+MA
H2O2,254nm as a function of the H2O2 concentration are 0.24

(H2O2 5 mM), 0.41 (H2O2 10 mM), and 0.63 (H2O2 20 mM). Because the lamp radiation can be
considered as monochromatic as a first approximation, these values are directly proportional to the
formation rate of ·OH produced by the irradiation of H2O2 (RH2O2+hν

•OH ∝ ℘H2O2+MA
H2O2,254nm). The direct

proportionality constant between RH2O2+hν
•OH and ℘H2O2+MA

H2O2,254nm includes the formation quantum yield of
·OH by irradiated H2O2 and the incident photon flux in solution, which are constant values that can
be included into a proportionality parameter α (as RH2O2+hν

•OH = α℘H2O2+MA
H2O2,254nm). The photogenerated

·OH can react with either MA or H2O2, and in the latter case the second-order reaction rate constant is
k•OH+H2O2 = 2.7 × 107 M−1·s−1 [26]. By assuming k•OH+MA as the (unknown) second-order reaction
rate constant between ·OH and MA, the competition kinetics between MA and H2O2 yields the
following results for the MA photodegradation rate (RMA):

RMA = RH2O2+hν
•OH

k•OH+MA [MA]

k•OH+MA [MA] + k•OH+H2O2 [H2O2]
= α℘H2O2+MA

H2O2,254nm
1

1 +
k•OH+H2O2

k•OH+MA

[H2O2]

[MA]

(3)

With the known values of εH2O2,254nm ~15 M−1·cm−1, AMA,254nm ~0.2, [MA] = 0.1 mM and
k•OH+H2O2 = 2.7 × 107 M−1·s−1, it was possible to fit reasonably well the RMA vs. [H2O2] experimental
data reported in Figure 2B (see dashed curve in the figure). The fit results suggested that k•OH+MA
would be about two orders of magnitude higher than k•OH+H2O2 . This means that the reaction of ·OH
with H2O2 is expected to prevail over that with 0.1 mM MA for [H2O2] > 10 mM, which is right within
the investigated range of H2O2 concentrations.

2.2. Effect of Inorganic Anions on MA Photodegradation

The effect of anions commonly occurring in surface waters, and most notably of chloride and
carbonate, on the photodegradation of MA induced by H2O2/UV was studied upon UVC irradiation
of MA, H2O2, and, where relevant, NaCl or Na2CO3.

The time evolution of 0.1 mM MA in the presence of 0.1 M NaCl and different concentration
values of H2O2 is reported in Figure 2C, and the corresponding photodegradation rates are reported
in Figure 2B. The figure shows that MA photodegradation became progressively faster as the H2O2

concentration increased and, differently from the previous case (MA + H2O2 + UV, without chloride),
there was no obvious plateau trend. The experimental rate data could be fitted well with an equation
of the form RMA = β℘H2O2+MA

H2O2,254nm, where β is a constant proportionality factor (see the dashed curve in
Figure 2B). In this case it seems that the observed trend just mirrored the photon absorption by H2O2,
with no need to invoke an additional competition kinetics between MA, H2O2 and the reactive transient
species. Moreover, at elevated H2O2 concentration the photodegradation of MA was considerably
faster in the presence of 0.1 M NaCl than in the absence of chloride. These pieces of evidence suggest
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that the prevailing reactive species in the MA/H2O2/Cl−/UV system is very unlikely to be ·OH,
which is expected to produce a plateau trend as per the above discussion. A different transient species
should rather be involved, inducing competition kinetics between MA and H2O2 to a far lesser extent
than ·OH. This reactive transient, provisionally indicated here as X, should react with MA and H2O2

in such a way that kX+H2O2(kX+MA)
−1 << k•OH+H2O2 (k•OH+MA )

−1. If this condition is met, one has
kX+H2O2

kX+MA [MA]
[H2O2] < 1 in Equation (4), which differs from Equation (3) in that the ·OH-based terms are

replaced by X-based ones:

RMA = RH2O2+hν
X

1

1 +
kX+H2O2

kX+MA [MA]
[H2O2]

(4)

In the presence of ·OH + Cl−, the following reactions may take place [26–28]:

·OH + Cl− � HOCl·− [Keq,5 = 0.70 M−1] (5)

HOCl−· + H+ � H2O + Cl· [Keq,6 = 1.6×107 M−1] (6)

Cl· + Cl− � Cl2·− [Keq,7 = 1.9×105 M−1] (7)

Based on the above reactions, potential X-species in the system are HOCl·−, Cl·, and Cl2·−.
The reactivity of Cl2·− can be studied by laser flash photolysis, thus one can check the possible
involvement of Cl2·− in MA photodegradation by measuring kCl•−2 +MA.

In the H2O2/Na2CO3/UV system with 0.1 M Na2CO3, the photodegradation of MA did not
accelerate when increasing [H2O2] above 5 mM (see Figure 2D for the MA time trends, and Figure 2B
for the corresponding photodegradation rates). The ·OH reactions with carbonate and bicarbonate are
more straightforward than in the case of chloride and they lead to the unequivocal formation of CO3·−
as additional reactive species [26,29]:

·OH + HCO3
− → H2O + CO3·− (8)

·OH + CO3
2− → OH− + CO3·− (9)

A comparison of the MA photodegradation rates in the systems “H2O2 alone” and
“H2O2 + Na2CO3” in Figure 2B shows that the rates were lower in the presence of
carbonate, coherently with the replacement of ·OH with the less reactive species CO3·−.

Moreover, the ratio RH2O2 alone
MA (RH2O2 + Na2CO3

MA )
−1

increased with increasing [H2O2]. A potential
explanation for this phenomenon is that H2O2 competes more effectively with MA, for reaction
with CO3·−, than for reaction with ·OH. In other words, this hypothesis leads to the
assumption that kCO•−

3 +H2O2
(kCO•−

3 +MA)
−1 > k•OH+H2O2 (k•OH+MA )

−1. Considering that

kCO•−
3 +H2O2

= 8 × 105 M−1·s−1 is known from the literature [30], the measurement of kCO•−
3 +MA by

laser flash photolysis is an appropriate test for this hypothesis.

2.3. MA Photodegradation by Persulphate/UV

The UV irradiation of persulphate yields the sulphate radical, SO4·− [31–33]. This radical has
similar if not higher reduction potential compared to ·OH, but it tends to be preferentially involved
in charge-transfer reactions while ·OH often triggers hydrogen-transfer or addition processes in
comparable conditions [17,34].

S2O8
2− + hν → 2 SO4·− (10)

The time trend of 0.1 mM MA upon UVC irradiation in the presence of varying
concentration values of sodium persulphate (PS) is reported in Figure 3. The figure shows
that PS above 1 mM concentration could considerably accelerate the photodegradation of MA,
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and that the photodegradation became considerably faster as the PS concentration was higher.
Moreover, while there was limited difference between the MA time trends with 5 or 10 mM H2O2,
the photodegradation of MA with 10 mM PS was considerably faster compared to 5 mM PS. This result
suggests that the reaction between SO4·− and PS interferes with MA photodegradation to a lesser
extent than the reaction between ·OH and H2O2.

Figure 3. Time trend of 0.1 mM MA upon UVC irradiation, alone or in the presence of different
concentration values of Na2S2O8 (persulphate, PS). The PS concentration was varied in the range of
0–10 mM.

2.4. Second-Order Reaction Rate Constants of MA with Cl2·−, CO3·− and SO4·−

The second-order reaction rate constants between MA and three reactive transient species
(Cl2·−, CO3·−, and SO4·−) were measured by means of the laser flash photolysis technique. The radical
Cl2·− was produced by laser irradiation of H2O2 + NaCl (0.01 M chloride) at pH 3 by HClO4,
under which conditions the equilibria of reactions (4–6) are shifted towards the products and
there is a consequent enhancement of the formation of Cl2·− [26–28]. As far as the other
transient species are concerned, CO3·− was produced by laser irradiation of H2O2 + Na2CO3,
and SO4·− was produced by laser irradiation of Na2S2O8. The actual occurrence of these
radicals as the main transient species in the laser-irradiated solutions has been demonstrated
in previous studies [35,36]. Figure 4A reports the absorption spectra of the studied solutions
undergoing laser flash photolysis, obtained just after the laser pulse. Based on these results,
in successive experiments the radical Cl2·− was monitored at 350 nm, CO3·− at 550 nm, and SO4·−
at 450 nm. Figure 4B reports the trends of the pseudo-first order decay constants k of each
transient as a function of the MA concentration. Following the Stern-Volmer approach, the slopes
of k vs. [MA] represent the second-order reaction rate constants of the transient species with MA.
We obtained kCl•−2 +MA = (4.0 ± 0.3) × 108 M−1·s−1 (the error bounds represent the σ-level uncertainty),

kCO•−
3 +MA = (3.1 ± 0.2) × 108 M−1·s−1, and kSO•−

4 +MA = (5.6 ± 0.4) × 109 M−1·s−1. These values are
consistent with the typical reactivity of the three transient species [30].
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Figure 4. (A) Absorption spectra of the radicals CO3·−, Cl2·−, and SO4·− produced by laser flash
photolysis of 2.5 mM H2O2 + 0.1 M Na2CO3 (CO3·−), of 2.5 mM H2O2 + 0.01 M NaCl (pH 3, adjusted
with HClO4) (Cl2·−), and of 10 mM Na2S2O8 (SO4·−). The absorbance signals were taken soon after
the laser pulse. Laser irradiation at 266 nm, 35 mJ·pulse−1; (B) First-order decay constants of the
studied radical species (SO4·−, Cl2·−, CO3·−) as a function of MA concentration. The radical species
were obtained by laser irradiation of 10 mM Na2S2O8 (SO4·−), of 2.5 mM H2O2 + 0.01 M NaCl at pH 3
(Cl2·−), and of 2.5 mM H2O2 + 0.1 M Na2CO3 (CO3·−). The slopes of the lines give the second-order
reaction rate constants between the relevant radicals and MA (Stern-Volmer approach).

The formation of CO3·− and SO4·− upon either laser-based or steady-state irradiation of,
respectively, H2O2 + Na2CO3 and Na2S2O8 is rather straightforward [35,36]. In the case of
H2O2 + NaCl, the laser irradiation took place at pH 3 to ensure the formation of Cl2·−. In contrast,
the corresponding steady irradiation experiments took place at the natural pH, where the involvement
of Cl2·− in MA photodegradation is less obvious.

To assess the actual involvement of Cl2·− in the steady irradiation process one can check
whether kCl•−2 +H2O2

(kCl•−2 +MA)
−1 « k•OH+H2O2 (k•OH+MA )

−1, as suggested by the steady irradiation

results where RMA was directly proportional to ℘H2O2+MA
H2O2,254nm (see Figure 2B). Table 2 summarises

the second-order reaction rate constants of Cl2·−, CO3·− and ·OH with MA, derived in this study,
and those with H2O2 and HO2

−, obtained from the literature [26,30].

Table 2. Second-order reaction rate constants (kX+Y) between the transient species X = Cl2·−, CO3·− or
·OH, and the compound Y = MA, H2O2, or HO2

−.

kX+Y, M−1 s−1 MA H2O2 HO2
−

Cl2·− 4.0 × 108 1.4 × 105 [30] n/a
CO3·− 3.1 × 108 8 × 105 [30] 3 × 107 [30]
·OH ~109 2.7 × 107 [26] 7.5 × 109 [26]

The experimental data of RMA vs. [H2O2] in the presence of H2O2 alone (see Figure 2B)
are consistent with k•OH+H2O2 (k•OH+MA )

−1 ~0.01. From this value and the condition
kCl•−2 +H2O2

(kCl•−2 +MA)
−1 « k•OH+H2O2 (k•OH+MA )

−1, one gets kCl•−2 +MA » 1.4 × 107 M−1·s−1. The laser

flash photolysis experiments yielded kCl•−2 +MA = (4.0 ± 0.3) × 108 M−1·s−1, in full agreement
with the steady irradiation estimate. This means that Cl2·− is a reasonable reactive species for the
photodegradation of MA in the presence of H2O2 + Cl− under irradiation in ~neutral solution.

The steady irradiation trend of RMA vs. [H2O2] in the presence of Na2CO3, when interpreted
in the framework of a competition kinetics between MA and H2O2 for reaction with CO3·−,
gives kCO•−

3 +H2O2
(kCO•−

3 +MA)
−1 > k•OH+H2O2 (k•OH+MA )

−1 ~0.01. From the literature datum

kCO•−
3 +H2O2

= 8 × 105 M−1·s−1 [30] one gets kCO•−
3 +MA < 8 × 107 M−1·s−1, which is in stark
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contrast with the value kCO•−
3 +MA = (3.1 ± 0.2) × 108 M−1·s−1 obtained by laser flash photolysis.

The H2O2 + Na2CO3 solutions had more basic pH (~10) compared to those containing H2O2 + NaCl,
thus H2O2 would in part occur as its conjugate base HO2

− [37]. However, when considering that
k•OH+HO−

2
= 7.5 × 109 M−1·s−1 [26] and kCO•−

3 +HO−
2

= 3 × 107 M−1·s−1 [30], from the condition

kCO•−
3 +HO−

2
(kCO•−

3 +MA)
−1 > k•OH+HO−

2
(k•OH+MA )

−1 one derives kCO•−
3 +MA < 2 × 107 M−1·s−1,

which is again not consistent with the laser flash photolysis results. A more reasonable explanation
is that the reactions of HO2

− with ·OH and CO3·− are much faster than those of H2O2 (see Table 2),
thereby causing a considerable production of HO2·/O2·− (reactions 11, 12; [26,30]). The superoxide
radical anion that prevails at the pH conditions of the studied systems [37] is an effective reductant [38],
and it could reduce the oxidised MA transients back to the initial compound (see e.g., reaction 13).

CO3·− + HO2
− → HCO3

− + O2·− (11)

·OH + HO2
− → H2O + O2·− (12)

NH2

O

O
CH3

C
+

NH2

O

O
CH3

CO3
•- (- CO3

2-)

O2
•- (- O2)

 

(13)

The above reactions, ending up in an inhibition of MA photodegradation, might explain the trend
of RMA vs. [H2O2] in the presence of carbonate, reported in Figure 2B.

2.5. MA Photodegradation Intermediates

The LC-MS analysis of the MA solutions irradiated in the presence of H2O2, with a conversion
percentage of 32%, allowed the detection of MA at the retention time of 12.5 min and of several
photodegradation intermediates, namely P1 (10.6 min), P2 (11.0 min), P3 (11.4 min), and P4 (13.1 min).
Useful information was initially obtained from the MS spectrum of MA itself. A pattern of MA
fragmentation, based on the information obtained in its MS2 spectrum at 20 eV, is shown in Figure 5a.
The spectrum shows the formation of a fragment ion with an accurate mass of m/z = 120.0499,
which corresponds to an elemental composition of C7H6ON+ (error = −17 ppm) and is formed by the
loss of a CH3OH group. This fragmentation is a peculiar behaviour of ortho-substituted esters [39].
Two additional fragment ions are also observed at m/z 92 and 65. The former with an accurate mass
of 92.0500 (C6H6N+, error = −1.3 ppm) arises from the loss of HCO2CH3 from the molecular ion,
which is a common fragmentation process in the methyl esters of carboxylic acids [40]. The same
fragment could also be produced by CO loss from the fragment ion at m/z 120.0499. The fragment with
m/z = 65.0391 (C5H5

+, error = −3.1 ppm) is obtained from m/z = 92.0500 by loss of HCN.
As far as the intermediates P1, P2, and P3 are concerned, they were characterised by the molecular

ion m/z = 168.0655. This is consistent with the elemental composition C8H10O3N+ (error = −3.4 ppm),
corresponding to MA monohydroxy derivatives. Remarkably, despite the possibility to hydroxylate
MA in four different positions, only three isomers were actually detected with P2 as the major one.
The MS2 product ions of these compounds are listed in Table 3, together with the LC retention times of
the parent molecules.

In the case of P1, the most abundant product ion is 109.0515 m/z (C6H7ON+, error = −11.6 ppm),
which arises from the loss of CH3COO· and is consistent with the presence of the -OH group in
position 4 or 6 with respect to the ester functionality of MA. The fragment at 81.0590 m/z (C5H7N+,
error = +14.2 ppm) can be explained with the further loss of another CO group. The formation of
the 141.0569 m/z fragment (C7H9O3

+, error = +12.3 ppm) can be justified with the loss of HCN,
whereas the detachment of a CH3O· radical group would yield the fragment at 137.0470 m/z
(C7H7O2N+, error = −5.0 ppm). Unfortunately, no further information is present in the spectrum
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that allows for the determination of the exact location of the OH group. For explanatory purposes,
the fragmentation pathway of the 6-hydroxyderivative of MA is reported in Figure 5b. Remarkably,
a totally similar fragmentation that yields fragment ions with the same m/z values could be proposed
for the 4-hydroxyderivative.

(a) 

 

(b) 

 

(c) 

Figure 5. Proposed MS fragmentation pathways of: (a) MA; (b) a possible structure of P1; (c) a possible
structure of P2/P3.

Table 3. Summary of the mass spectrometric data of the detected MA hydroxyderivatives.

Compound Acronym LC Retention Time, (min) MS2 Fragments, m/z (% Relative Abundance)

P1 10.6 141 (8), 137 (7), 109 (100), 81 (38)
P2 11.0 136 (100), 137 (30), 107 (3)
P3 11.4 136 (100), 137 (25), 107 (25)
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As far as P2 and P3 are concerned, the most abundant signal occurs at 136.0375 m/z (C7H6O2N+,
error = −17.3 ppm) and, in analogy with the fragmentation of MA, it could arise from CH3OH
loss. As already seen for P1, one also observes the product ion at 137.0465 m/z. The occurrence of
the product ion at 107.0358 m/z (H2CO loss) suggests the presence of an OH group in ortho or para
position with respect to the amino group (i.e., in position 3 or 5 with respect to the ester functionality).
A possible fragmentation pathway for the 3-hydroxyderivative is shown in Figure 5c, but a fully
similar pathway could be proposed for the 5-hydroxyderivative. From the available MS data it was
unfortunately not possible to attribute uniquely each isomer to the corresponding signal. However,
by assuming that P2 and P3 are the 3- and 5-hydroxyderivatives of MA (irrespective of which is
which), one can tentatively conclude that both of them are anyway formed. In contrast, P1 may be
either the 4- or the 6-hydroxyderivative. Therefore, one could tentatively assume that hydroxylation
takes place in the 3 and 5 positions, plus 4 or 6 (in other words, either the 3-, 4-, and 5- or the 3-, 5-,
and 6-hydroxyderivatives would be formed).

In the case of P4, the accurate mass of the molecular ion (m/z = 331.0915) corresponds to the
elemental composition C16H15N2O6

+, with an error of −4.6 ppm. This indicates the possible presence
of an oxidised dimeric structure. Unfortunately, based on the available MS data it was not possible to
propose a univocal structure for this compound.

Based on ECOSAR predictions, the MA hydroxyderivatives would show comparable toxicity as
the parent molecule [7]. In all the cases the major effects are predicted to be the acute and, most notably,
the chronic toxicity towards fish and crustaceans.

3. Methods

3.1. Reagents and Materials

Methyl 2-aminobenzoate (MA, purity grade ≥98%), methanol (gradient grade), HClO4 (70%),
NaOH (1.0 M titrated solution), and Na2CO3 (99.9%) were purchased from Sigma-Aldrich
(Saint-Quentin-Fallavier, France). Formic acid (98%), H2O2 (30%), and NaCl (99.5%) were
purchased from Fluka (Saint-Quentin-Fallavier, France). The above chemicals were used as
received. Ultra-pure water was prepared with a Millipore (Billerica, MA, USA) Milli-Q apparatus
(resistivity ≥ 18.2 MΩ cm, TOC < 2 ppb).

3.2. Irradiation Experiments

The absorption spectra of the studied compounds (see Figure 1 for MA and H2O2) were taken
with a Varian (Palo Alto, CA, USA) Cary 3 UV-vis spectrophotometer, using 1 cm quartz cuvettes.
The solution pH was measured with a combined glass electrode connected to a Meterlab pH meter
(Hach Lange, Loveland, CO, USA). Solutions containing 0.1 mM MA, and other components where
relevant, were inserted inside a quartz tube (100 mL total volume), which was placed in the centre
of an irradiation set-up consisting of six TUV Philips (Amsterdam, Netherlands) 15 W lamps with
emission maximum at 254 nm. The lamp intensity was 7.6 × 10−9 Einstein cm−2·s−1. The water
solutions were magnetically stirred during irradiation. At scheduled irradiation times, 1.5 mL sample
aliquots were withdrawn from the tube, placed into HPLC vials, and kept refrigerated until HPLC
analysis. The time trend of MA was monitored by means of a high-performance liquid chromatograph
interfaced to a photodiode-array detector (HPLC-PDA, model Nexera XR by Shimadzu, Kyoto,
Japan), equipped with SIL20-AC autosampler, SIL-20AD pump module for low-pressure gradients,
CT 0-10AS column oven (set at 40 ◦C), reverse-phase column Kinetex RP-C18 packed with Core
Shell particles (100 mm × 2.10 mm × 2.6 μm) by Phenomenex (Torrance, CA, USA), and SPDM 20A
photodiode array detector. The isocratic eluent was a A/B = 60/40 mixture of A = (0.5% formic acid in
water, pH 2.3) and B = methanol, at a flow rate of 0.2 mL min−1. In these conditions, the MA retention
time was 7.3 min. The detection wavelength was set at 218 nm. A schematic of the experimental
procedure is reported in Figure 6.
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Figure 6. Schematic of the used experimental procedure.

The time evolution of MA concentration ([MA]) was fitted with the pseudo-first order equation
[MA]t = [MA]o e−kMA t, where [MA]t is the concentration of MA at the time t, [MA]o the initial
concentration of MA, and kMA the pseudo-first order photodegradation rate constant of MA. The initial
rate of MA photodegradation is RMA = kMA [MA]o.

3.3. Identification of Photodegradation Intermediates

The photodegradation intermediates of MA were identified by liquid chromatography interfaced
with mass spectrometry (LC-MS). A Waters Alliance (Milford, MA, USA) instrument equipped
with an electrospray (ESI) interface (used in ESI+ mode) and a Q-TOF mass spectrometer
(Micromass, Manchester, UK) were used. Samples were eluted on a column Phenomenex Kinetex
C18 (100 mm × 2.10 mm × 2.6 μm) with a mixture of acetonitrile (A) and 0.1% formic acid in water
(B) at 0.2 mL·min−1 flow rate, with the following gradient: start at 5% A, then up to 95% A in 15 min,
keep for 10 min, back to 5% A in 1 min, and keep for 5 min (post-run equilibration). The capillary
needle voltage was 3 kV and the source temperature 100 ◦C. The cone voltage was set to 35 V. Data
acquisition was carried out with a Micromass MassLynx 4.1 data system. Both MS and MS/MS
experiments were carried out by using this chromatographic set-up.

3.4. Laser Flash Photolysis Experiments

The reactivity of the radicals Cl2·−, CO3·−, and SO4·− was studied by means of the
nanosecond laser flash photolysis technique. Flash photolysis runs were carried out using the
third harmonic (266 nm) of a Quanta Ray GCR 130-01 Nd:YAG laser system instrument, used in
a right-angle geometry with respect to the monitoring light beam. The single pulses energy was
set to 35 mJ unless otherwise stated. A 3 mL solution volume was placed in a quartz cuvette (path
length of 1 cm) and used for a maximum of three consecutive laser shots. The transient absorbance
at the pre-selected wavelength was monitored by a detection system consisting of a pulsed xenon
lamp (150 W), monochromator, and a photomultiplier (1P28). A spectrometer control unit was used
for synchronising the pulsed light source and programmable shutters with the laser output. The signal
from the photomultiplier was digitised by a programmable digital oscilloscope (HP54522A). A 32 bits
RISC-processor kinetic spectrometer workstation was used to analyse the digitised signal.

3.5. Model Assessment of Toxicity

The potential acute and chronic toxicity of the detected MA intermediates was assessed with the
ECOSAR software (US-EPA, Washington DC, USA). ECOSAR uses a quantitative structure-activity
relationship approach to predict the toxicity of a molecule of given structure. The relevant endpoints
are the acute and chronic toxicity thresholds (LC50, EC50, chronic values ChV) for freshwater fish,
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daphnid, and algae. The values predicted by ECOSAR are apparently very precise but, as far as
accuracy is concerned, a compound can be said to be more toxic than another only when the predicted
values differ by at least an order of magnitude [7,8].

4. Conclusions

The H2O2/UV technique as photochemical ·OH source is a potentially effective tool to achieve
MA photodegradation, and in fact the addition of hydrogen peroxide considerably accelerated the
photodegradation of MA compared to UV irradiation alone. The addition of inorganic anions that act
as ·OH scavengers, such as chloride and carbonate, did not necessarily quench MA photodegradation.
The reason is the reactivity with MA itself of the generated radical species, i.e., Cl2·− produced
from Cl−+·OH and CO3·− produced from CO3

2−+·OH. In the case of chloride, there was even an
acceleration of MA photodegradation at elevated [H2O2], because Cl2·− competes more successfully
than ·OH for reaction with MA in the presence of H2O2 (H2O2 behaves as a scavenger of ·OH and, to a
lesser extent, of Cl2·− as well). The same effect was not observed with carbonate, possibly because
the basic pH caused a considerable production of superoxide (O2·−) upon oxidation of the H2O2

conjugated base, HO2
−. The radical O2·− is a well-known reductant that could reduce the partially

oxidised MA back to the starting compound. Effective MA photodegradation was also observed
with persulphate/UV, probably because of the fast reaction between MA and photogenerated SO4·−,
and because of limited scavenging of SO4·− by persulphate itself.

Among the MA photodegradation intermediates detected in the H2O2/UV process,
the hydroxyderivatives could be about as toxic as the parent compound. Therefore, decontamination is
not yet achieved once MA has disappeared, and the H2O2/UV treatment of MA should at least ensure
the photodegradation of the MA hydroxylated derivatives as well. Usually, the photodegradation of
both the primary compound and its intermediates takes more time than the photodegradation of the
starting compound alone.

Supplementary Materials: Supplementary materials are available online.
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Abbreviations

kMA pseudo-first order rate constant of MA photodegradation.
kX+Y second-order reaction rate constant between the species X and the compound Y.
RMA initial photodegradation rate of MA.
εY,λ molar absorption coefficient of the compound Y at the wavelength λ.
p◦(λ) incident spectral photon flux density of the used lamp at the wavelength λ.

RY+hν
X

formation rate of the species X in the presence of the compound Y under irradiation.

℘S
Y,λ

fraction of radiation absorbed by the compound Y at the wavelength λ, inside the
solution S.
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Abstract: An incipient advanced oxidation process, solar photocatalytic ozonation (SPO), is reviewed
in this paper with the aim of clarifying the importance of this process as a more sustainable water
technology to remove priority or emerging contaminants from water. The synergism between
ozonation and photocatalytic oxidation is well known to increase the oxidation rate of water
contaminants, but this has mainly been studied in photocatalytic ozonation systems with lamps
of different radiation wavelength, especially of ultraviolet nature (UVC, UVB, UVA). Nowadays,
process sustainability is critical in environmental technologies including water treatment and reuse;
the application of SPO systems falls into this category, and contributes to saving energy and water.
In this review, we summarized works published on photocatalytic ozonation where the radiation
source is the Sun or simulated solar light, specifically, lamps emitting radiation to cover the UVA and
visible light spectra. The main aspects of the review include photoreactors used and radiation sources
applied, synthesis and characterization of catalysts applied, influence of main process variables
(ozone, catalyst, and pollutant concentrations, light intensity), type of water, biodegradability and
ecotoxicity, mechanism and kinetics, and finally catalyst activity and stability.

Keywords: solar photocatalytic oxidation; ozonation; solar photocatalytic ozonation;
water contaminants

1. Introduction

For wastewater to be released into a natural water environment or reused for social or industrial
purposes, it first passes through the classical unit operations of a wastewater treatment plant (WWTP).
It comes out as apparently clear water, with chemical and biochemical oxygen demand values (COD,
BOD) normally below those allowed by law or by official environmental rules. However, such
treatments often do not remove organic compounds, called micropollutants, at very low concentrations
(μg to ng L−1). These contaminants are generally due to human activities relating to agriculture,
industries, or simply health and personal care. Thus, compounds such as pesticides, phenols, and
pharmaceuticals, among others, are frequently found in the wastewater influent and effluent of WWTPs
and in groundwater [1–4]. Many of these organics have well-defined maximum contaminant levels
(MCL) (priority pollutants) [5], but others still do not have MCL and are called emerging contaminants.
Thus, phenols and pesticides are priority pollutants while pharmaceuticals and personal care products
are emerging contaminants. These compounds are a threat to water quality in different ways. For
instance, antibiotics can increase the resistance some microorganisms have. A variety of pollutants
can disrupt the endocrine system, causing tumors, sexual changes in animals, etc. [6]. In addition,
water scarcity and/or drought increases the need for water reuse and makes necessary the effective
elimination of biologically active compounds. Therefore, tertiary treatment methods such as adsorption,
membrane, and chemical oxidation processes should be included in WWTPs to address these problems.
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Adsorption and membrane operations only transfer contaminants from the treated water to a second
phase (the adsorbent or the concentrate in the membrane process), while chemical oxidation can
eliminate the pollutants.

Chemical oxidation can be accomplished with the use of individual chemicals such as ozone or
hydrogen peroxide, or through combinations with other agents such as radiation and/or catalysts.
These combinations are usually called advanced oxidation processes (AOPs), since they generate
hydroxyl radicals (HO·). The strong oxidation potential of HO· can degrade or eliminate essentially all
micropollutants except perhalogenated compounds. The rate constants of the reactions between HO·
radicals and most organic compounds range from about 107 M−1 s−1 for the most recalcitrant organics
(i.e., oxalic acid) up to 1010 M−1 s−1 for the most reactive compounds (i.e., phenol) [7].

Because of its high reactivity and potential combination with other agents, ozone forms an
important group of AOPs. In fact, ozonation is an AOP alone since ozone may decompose into
hydroxyl radicals or upon direct reactions with different organic compounds [8]. The reactivity of
ozone is due to its electronic structure (see Figure 1), which has resonance forms with positively and
negatively charged oxygen atoms.

Figure 1. Electronic forms of an ozone molecule.

Ozone, which is an oxidant, reacts very fast with organic compounds with electron-rich systems
such as double carbon bonds and aromatic rings. Pharmaceuticals often contain electron-rich functional
groups in their structure and are very highly reactive to ozone attack (see Figure 2). The rate constants
of the reactions of ozone with these compounds can also be very high, as seen in Table 1.

Figure 2. Examples of molecular structures of some pharmaceuticals usually found in urban wastewater.
* Possible points of ozone attack.
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Table 1. Rate constants of ozone reactions with some pharmaceuticals found in urban wastewater *.

Compound Activity Rate Constant (M−1 s−1) Reference

Sulfamethoxazole Antibiotic 5.5 × 105 [9]
Diclofenac Anti-inflammatory 105 [10]
Ketorolac Analgesic 3.4 × 105

Acetaminophen Anti-inflammatory 2.7 × 105

Metoprolol Beta-blocker 2.5 × 103

Carbamacepine Analgesic 3 × 105 [11]
17α-ethinylestradiol Hormone 3 × 106

Tetracycline Antibiotic 1.9 × 106 [12]
Fenoterol Breath aider 2.8 × 106 [13]

Gemfibrozil Lipid regulator 4.9 × 105

Estriol Hormone 105 [14]
Lyncomycine Antibiotic 6.7 × 105 [15]

* At pH 7.

Consequently, in an ozonation process there are two types of reactions with the organics in water:
the so-called direct reactions, and the reactions of hydroxyl radicals formed from the decomposition
of ozone. The combinations of ozone with different agents condition the way hydroxyl radicals are
formed and their concentration. For example, the peroxone process, that is, the combination between
ozone and hydrogen peroxide at neutral pH, is a well-known AOP. In this case, the reaction of ozone
with the hydroperoxide ion (the ionic form of hydrogen peroxide) initiates the formation of free radicals
in a reaction with a high rate constant (2.8 × 106 M−1 s−1) [16], while the reaction that initiates the
formation of free radicals in ozonation alone has a value of only 70 M−1 s−1 [17]. This is the reason
why ozonation alone is, let us say, a poor AOP because of the low generation rate of free radicals.
Other combinations of ozone with catalysts and/or radiation constitute other ozone AOPs where, in
different ways [8,18–21], hydroxyl radicals are formed, as occurs with photocatalytic ozonation.

Photocatalytic ozonation is the combination of ozonation and photocatalytic oxidation, which
is the application of radiation upon a semiconductor in the presence of oxygen or air. This process
started in 1978, with the first published work dealing with the removal of contaminants in water [22].
Six years before, in 1972, it was reported that UV-irradiation of a TiO2 anode produced hydrogen
from water using an electrical bias [23]. Photocatalytic oxidation takes place when photons, with an
energy equal to or higher than the band gap energy of the catalyst (or semiconductor) used, excite
electrons from the highest occupied molecular orbital (HOMO) or the valence band to be transferred
to the lowest unoccupied molecular orbital (LUMO) or conduction band of the catalyst. In this way,
two charge carriers occur: an oxidizing point in the HOMO or hole, and electrons able to trigger
reduction reactions in the LUMO [24–27]. The main problem with this process is that the electron-hole
pair recombination inhibits the oxidation-reduction steps. Both oxidizing holes and electrons in the
presence of adsorbed water and/or contaminants give rise to the formation of hydroxyl radicals or
molecular oxidizing substances such as hydrogen peroxide [28].

From the beginning, there has been a great research interest in both ozonation and photocatalytic
oxidation processes. In fact, a search in the Web of Science database from 2000 to the present
day, with the keywords ozonation and water or photocatalytic oxidation and water, produces 5656
and 10,434 papers published on the two processes, respectively. Furthermore, their main characteristics,
possible applications, and experimental and practical results (with regard to ozonation) have been the
subject of different reviews [21,25–35].

Given the fact that ozone is a stronger oxidant than oxygen, the simultaneous application of
ozone, radiation, and a catalyst with the abovementioned features has led to a new AOP called
photocatalytic ozonation. Thus, Figure 3 shows the evolution of the numbers of publications on
photocatalytic ozonation that have appeared in scientific literature from 2000 to 2016 according to the
Web of Science database.
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Figure 3. Evolution of the number of publications on water photocatalytic ozonation in the
period 2000–2016.

Although the number is far lower than the corresponding figures of ozonation and photocatalytic
oxidation as individual processes, the trend of publication is clearly increasing with time. In spite
of its short history, this subject has already been the focus of some reviews where the characteristics,
operating variables, mechanism, and kinetics of the process are dealt with from the works published
so far [36–39].

In this work, however, the subject under study is not photocatalytic ozonation, but the logical
consequence of this AOP to make it more environmentally sustainable: solar photocatalytic ozonation
(SPO), or the use of solar or simulated solar radiation in the photocatalytic ozonation process. Thus, the
main features of this process are given below with emphasis on the appropriateness of this emerging
AOP, the catalysts, the organics treated, the kinetics and the mechanism, etc.

2. The Solar Photocatalytic Ozonation Process

Photocatalytic ozonation with UVC or UVA lamps yields significant reductions of many organics
and total organic carbon (TOC) of the contaminated water in a very reduced reaction time (minutes for
organics and a few hours for TOC) if compared to ozone-free photocatalytic oxidation, but the process
is expensive because both the generation of ozone and lamp functioning require electrical energy
which can be significant in many cases. Conversely, solar photocatalytic ozonation only requires
energy to produce ozone; moreover, this energy will eventually be able to be produced from the Sun
with a suitable photovoltaic or similar system able to generate electrical energy from solar energy.
Oyama et al. [40], for example, studied the removal of 2,4-dichlorophenoxyacetic acid, bisphenol A
and two surfactant compounds with SPO, and the electric power for the reactor system, pumps, ozone
generator, radiometer, and computer used was supplied entirely by a solar cell battery. The Sun can be
a never-ending natural energy resource. The average incident solar energy on the Earth’s surface is
about 240 W m−2, a part of which (about 5%) corresponds to UVA radiation with wavelengths from 290
to 400 nm, (5% UVB and 95% UVB) However, total solar energy (290–800 nm) would be approximately
three thousand millions of MW, which is equivalent to about 15 million 2000 MW Nuclear Power
Plants or about 600 million of 50 MW thermosolar or photovoltaic plants. Thus, solar energy could
be the solution for environmental sustainable processes such as the photocatalytic degradation of
water contaminants.
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It might be said that works on SPO started in 2002, with an incipient study to remove p-nitrophenol
and observe the effects of phosphates [41]. However, the first work in which SPO was applied as
a main AOP was for the removal of 2,4-dichlorophenol with ozone or hydrogen peroxide, with
Fe(III) as catalyst and different radiation sources from UVA blue fluorescent lamps emitting radiation
between 300 and 420 nm as well as the Sun itself [42]. The main processes studied were solar
photo-Fenton and SPO. In this paper, the greatest TOC removal achieved by SPO (approximately 90%
with 20 μEinstein s−1) was a clear indication of the high efficiency of this process compared to others,
such as solar photo-Fenton, which only allowed 10% mineralization. A search on the Web of Science
database from 2000 to 2017 produced 53 papers when the keywords solar photocatalytic ozonation
and water were used. However, a closer look at these papers reveals that only 18 of them specifically
study the SPO process. In addition, we found a further eight papers on SPO that did not appear in the
search. Accordingly, it can be said that SPO is an emerging AOP since, so far, as many as five papers
have been published in only one year. In Table 2, the main features of these papers regarding catalysts,
organics treated, radiation sources, concentrations of ozone, types of AOPs, etc., are presented. In the
following sections, explanations of the results obtained in these works are given.
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2.1. Radiation Sources and Photoreactors Used

SPO processes are fed with solar radiation that covers the range between 290 to 800 nm, mainly
UVA and visible zones of the solar spectrum. This means that radiation sources are limited to the Sun
itself and lamps simulating this radiation wavelength range. The exciting gas of these lamps is in many
cases Xe, but blue fluorescent lamps emitting from 300 to 420 nm have also been used [42], in this
latter case to study part of the visible wavelength range. Also, Xe lamps emit over a wider range, but
radiations below 300 nm are avoided with the use of filters. Also, in some studies, filters are used to
allow specific radiation wavelength ranges, 320–800 nm or 390–800 nm, to be emitted from Xe lamps in
order to reach the water to be treated. For example, Quiñones et al. [50] used a 1500 W air-cooled Xe arc
lamp with the emission restricted to wavelengths over 300 nm because of the presence of quartz and
glass cut-off filters. The irradiation intensity was kept at 550 Wm−2 and the temperature of the system
was maintained between 25 and 40 ◦C throughout the experiments. To cut off all the wavelengths
below 390 nm and 320 nm, films of flexible polyester from Edmund Optics and Unipapel, respectively,
were used. In some cases, halide lamps were used. For experiments in the laboratory, Shin et al., [48],
for example, used three Osram metal halide lamps of different powers (100, 250, and 400 W), which
were placed 60 cm above a compound parabolic collector (CPC) reactor (see below) at the top of
the chamber as an artificial solar light. According to the authors, the irradiation wavelengths of
the metal halide lamps (300–800 nm) and solar light (λ > 300 nm) were similar in terms of the light
spectrum. In another study, Mano et al. [53] used a 300 W Xe lamp with an IR cut-off filter; the incident
light power inside the vessel, measured by a radiometer, was about 200 mW in the wavelength range
from 360 to 470 nm. An additional cut-off filter (λ > 410 nm) was used for visible light irradiation. Also,
Liao et al. [49] used a 500 W Xe lamp jacketed by a quartz thimble filled with flowing and thermostated
aqueous NaNO2 solution (1 M) between the lamp and the reaction chamber as a filter to block UV
light (λ < 400 nm). High or medium-pressure Hg lamps have also been used. Mecha et al. [62], for
instance, used a Heraeus TQ 150 W medium-pressure Hg lamp that was surrounded by a quartz
cooling water jacket and 70 mW cm−2 of light intensity. The lamp emission spectrum had peaks
at 253.7, 313 and 366 nm in the UV range and 436, 546 and 578 nm in the visible range. Results when
this lamp was used could not exactly be classified as due to SPO because of the UVC 254 nm radiation
peak; however, this work also used sunlight.

Regarding photoreactors, two main installations have been used, depending on the radiation
source. Thus, when lamps, mainly Xe lamps emitting radiation with wavelengths higher than 300 nm,
were used, photoreactors were made of glass in cylindrical or spherical shapes where the water
containing the catalyst and the organics to be treated was continuously charged or recirculated as it
was pumped from a reservoir or a tank. The photoreactor, if it is of semi-batch type, has inlets for ozone
feeding and sample taking as well as an outlet for the gas to exit. In many cases, the photoreactor was
inside a box or solar simulator also containing the lamp. In all cases, the experimental installations were
supplied with connections to the ozone analyzer and ozone destruction units. The second important
photoreactor, used to receive natural solar radiation, was in most cases the so-called CPC photoreactor
or compound parabolic collector. The CPC photoreactor consists of a number of borosilicate glass tubes
connected in series situated above an anodized aluminum parabolic platform or collector oriented
to the south and tilted at an angle equal to the latitude of the place where the reactions are carried
out. For example, Quiñones et al. [56] used a CPC photoreactor supplied with four borosilicate glass
tubes (32 mm external diameter, 1.4 mm thickness, 750 mm length), anodized aluminum reflectors
tilted at 45 degrees (the latitude of the place was in this case 38◦52′) and inlets and outlets for the
gases. The total collector surface was 0.25 m2 and the illuminated volume was 1.8 L. In these reactors,
a radiometer is usually included to measure the instantaneous and accumulated UV light absorbed.
Quiñones et al. [56] used a broadband UV radiometer (290–370 nm) tilted at the same angle as the CPC.
In order to introduce the oxidizing gas (ozone-oxygen or ozone-air), at the edge of some of the tubes
there were porous plates connected to the gas circuit. The system is usually completed with a reservoir
tank for the water that is recirculated through the CPC at a turbulent regime with the aid of a pump.
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2.2. Catalysts Used

Catalysts or semiconductors used in SPO can be classified into three different types: metal oxides,
metal-doped metal oxides, and composites of different materials. All these catalysts are charged to
the reacting systems as solids, usually of nanometer size, so heterogeneous photocatalytic oxidation
develops. Metal or metal oxide-supported catalysts on solid structures (glass film, Raschig rings,
granular activated carbon, etc.) have not yet been used for solar photocatalytic ozonation systems
with the exception of the work of Oyama et al. [45] in which, in addition to the conventional TiO2

suspension form, the authors also used TiO2 coated on glass. Additionally, in some cases, Fe(III) as a
homogeneous catalyst was used. In this case, Fe(III) through the formation of aqua complexes, mainly
Fe(OH)2+, undergoes photolysis with radiation (λ > 300 nm) to give hydroxyl radicals and Fe(II) [56].
Due to the presence of ozone, hydrogen peroxide is also formed from ozone direct reactions [66]
or simply by ozone decomposition [17,67]. Then, Fe(II) is reconverted to Fe(III) by reacting with
hydrogen peroxide, which is the Fenton reaction [68]. Thus, the addition of Fe(III) as a catalyst in solar
photocatalysis allows different ways of hydroxyl radical formation, including those of Fenton and
photo-Fenton processes.

Apart from the use of Fe(III), the rest of the works already published (see Table 2) used a solid as
a main catalyst or semiconductor. From the three different types of solid catalysts indicated above,
metal oxides are the most frequently used, and of these TiO2, due to its high catalytic capacity, is the
main catalyst used since it first appeared in 1978 [22]. Although TiO2 has been prepared and applied in
different works, the commercial P25 TiO2 from Degussa is actually the most frequently used catalyst.
This is due to its low cost, stability (it does not leach into the water), and activity, especially with
UV radiation. P25 TiO2 contains around 75% anatase and 25% rutile crystalline phases which confer
a highly active character [28]. Consequently, this catalyst is often used as a model to compare the
activity of new catalysts. These comparisons of catalyst performance can be seen in many of the works
quoted in Table 2. Other metal oxide catalysts used in SPO are Bi2O3, Nb2O5, SnO2, WO3, Fe2O3,
In2O3, Fe3O4, and CeO2 [44,53,55,59,64] which have a band gap energy lower than that of TiO2 and
hence, a priori, they can be excited with visible light (λ > 400 nm). In addition, the conduction band
redox potentials of these catalysts are more negative than that of ozone, so ozone can trap electrons
from their conduction bands, generate hydroxyl radicals, and avoid electron-hole recombination [36].
WO3 and TiO2 have also been applied as a double metal oxide catalyst, as is seen in the work of
Rey et al. [52], in which P25 TiO2 and TiO2 nanotubes were coated with nanosized WO3 particles.
These catalysts present lower band gap energy due to the tungsten oxide and the charge transfer
between photogenerated electrons from the conduction band of TiO2 to the WO3 conduction band,
and holes transfer from the valence band of WO3 to the TiO2 valence band is favored. Another group
of catalysts used in SPO are metal-doped TiO2 materials. Of these, Cu, Ag, Fe, Mn, Zr, Ce, and B have
so far been used. An Au-Bi2O3 catalyst was also prepared and applied to remove the Orange II dye
in the work of Anandan et al. [44]. One of the possible ways TiO2 can be active with visible light is
by doping it with different metals. For instance, oxygen atoms in the TiO2 lattice can be substituted
by B atoms by mixing the p orbital of B with O2 p orbitals, narrowing the band gap and thus shifting
the optical response into the visible range [69]. Boron can also be located in interstitial positions of
the TiO2 lattice, leading to the partial reduction of Ti(IV) to Ti(III), which can act as an electron trap
enhancing the photocatalytic activity of TiO2 [69,70]. A third group of catalysts are composites formed
by the combination of metal oxides (mainly TiO2) and activated carbon, carbon nanotubes, and some
other metal oxides. Examples of composites are Fe2O3/TiO2/activated carbon (FeTiC), WO3/TiO2,
and gC3N4 or gC3N4-rGO [49,50,52,60,61], where rGO stands for reduced graphene oxide. The main
components are the magnetite crystalline phase that confers a magnetic moment causing the FeTiC
catalyst to be easily separated from water, enhanced adsorption capacity, and the lower band gap of
Ti-W composites and the narrower band gap energy of WO3/TiO2 and gC3N4 catalysts, especially
when reduced graphene oxide is present.
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2.3. Catalyst Synthesis and Characterization

Both the synthesis and characterization of catalysts are important parts of SPO research. Thus, the
ways these catalysts have been prepared and characterized are presented in this section. Regarding the
synthesis or preparation, the sol-gel method has so far been the most-used method in SPO catalysts.
A clear example of this was the TiFeC magnetic composite prepared by Rey et al. [47]. The catalyst was
prepared in three steps: first a meso-microporous activated carbon was impregnated with an ethanol
ferric nitrate solution. Once iron nitrate was adsorbed, it was dried and subsequently impregnated
with ethylene glycol. This was then heated in an oven, allowed to cool, and finally milled into
power. Secondly, a sol-gel of titania was prepared from titanium (IV) butoxide diluted in isopropanol.
Finally, magnetic activated carbon (FeC) was dispersed in the titania sol and subjected to ultrasonic,
evaporation, washing, and drying procedures. A similar but more simple procedure was used to
prepare metal doped-TiO2. For example, Mecha et al. [62] prepared Cu-, Ag-, and Fe-doped TiO2

via sol-gel methods from Ti3Cl and metal nitrates, while Quiñones et al. [58] prepared a B-TiO2

catalyst from a sol gel where the principal precursors were boric acid in anhydrous ethanol and
titanium butoxide. In another study [63], TiO2 was prepared from a sol formed from titanium (IV)
butoxide, isopropanol, and ultrapure water acidified with HNO3. In this work, composites of TiO2

and multiwalled carbon nanotubes (MWCNT) were also synthesized from the TiO2 sol dispersed with
an amount of MWCNT under sonication. Finally, drying and washing procedures were carried out to
obtain the TiO2/MWCNT composite with TiO2 percentages of about 70–80%. Graphitic carbon nitride
(g-C3N4) has also been obtained [49] through a sol-gel method. In this case, the starting material was
powdered urea that was heated, washed with ethanol and water, filtrated, and dried. Apart from the
sol-gel method, the hydrothermal method was applied in some of the works depicted in Table 2. With
this method, Rey et al. [52,55,65] prepared TiO2 nanotubes, WO3 catalysts, and nanocubes (NC) and
nanorods (NR) of CeO2. In this latter case, the procedure basically consisted of heating an alkaline
aqueous Ce(NO3)3 solution in an autoclave for a given time at 100 ◦C for nanorods or at 180 ◦C for
nanocubes. After the hydrothermal treatment, the autoclave was cooled down to room temperature
and then the precipitates were separated by centrifugation, washed sequentially with water and
ethanol, and dried overnight. A different procedure was used by Mano et al. [53], who carried out a
solid-state reaction with Bi(NO3) × 35 H2O and NH4VO3 to prepare their BiVO4 catalyst (see also [71]).
Then, the final product was dried and heated.

The characterization of synthesized catalysts is essential to understand the results of any catalytic
process and/or confirm the presence of some metals in any metal-supported catalyst. Thus, works on
SPO where new catalysts were prepared also show a section dedicated to catalyst characterization. The
main methodologies applied for SPO catalysts are N2 adsorption-desorption to establish the specific
surface area of the catalyst (SBET) and pore volume (micro and mesoporosities); X-ray diffraction
(XRD) to determine the crystalline phases present in the catalyst and the crystalline size; scanning and
transmission electron microscopy (SEM, TEM) to obtain photographical information of catalyst samples
below 10 or 1 nm diameter, respectively; associated technique energy dispersive X-ray spectroscopy
(EDX) to verify the distribution of metal ions in the catalyst particles; X-ray photoelectron spectroscopy
(XPS) to provide information about the chemical composition of the catalyst surface; and Fourier
Transform-Infrared spectroscopy (FTIR), usually in the wavenumber range between 200 and 4000 cm−1,
to supply data about the catalyst surface, the presence of functional groups, and interactions between
adsorbate and adsorbent. Raman spectroscopy, based on the Raman shift, is also useful for structural
characterization, presence of defects, or different crystal size effects in the catalysts. In addition, other
important techniques used are: diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis) to determine
absorption of radiation in the UV-visible wavelength range of the catalyst, and its band gap energy
for potential activation of the catalyst with UVA and visible radiation; inductively coupled plasma
to measure metal contents (inductively coupled plasma-mass spectroscopy (ICP-MS) or inductively
coupled plasma-optical emission spectroscopy (ICP-OES)); and, for magnetic catalysts, the use of
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superconducting quantum interference device (SQUID) magnetometry to measure the magnetic
moment. In Table 2, the different techniques used in SPO works are listed.

Combinations of these techniques are needed to justify the results obtained. For example, the
metal (Fe, Ag or Cu)-doped TiO2 catalysts prepared by Mecha et al. [62] were characterized by the
combination of specific surface area and DR-UV-vis results to explain the best results obtained with
the Fe-TiO2 catalyst which presented the highest SBET and red shift of the band edge absorption,
with significant tail absorption at 530 nm. In Rey et al. [47], XRD analysis showed the presence
of anatase, magnetite, and maghemite crystalline phases in their FeTiC composite. The catalyst
was easily separated from water with a magnet and its superparamagnetic behavior was confirmed
through SQUID magnetometry. In this work, a very uniform distribution of Fe on the composite
was also observed by SEM and EDX and pore volume and specific surface area were measured for
the three solids used, activated carbon (AC), Fe-impregnated activated carbon (FeC), and the final
composite, FeTiC. The results showed the decrease of micropore volume after impregnation (from
AC to FeC) and catalyst preparation (from FeC to FeTiC), which justifies the loss of specific interfacial
area from 640 to 552 and finally to 331 m2 g−1, respectively. FTIR, on the other hand, allowed the
justification of some functional surface groups belonging to phenols or TiO2-OH bonds, quinones and
other carbonyl groups and aromatic structures, amongst others. Mano et al. [53] used different metal
oxide catalysts of specific interfacial areas ranging between 2.1 and 54 m2 g−1. DRUV-vis showed
visible light absorption properties for WO3, Fe2O3, In2O3, Bi2O3, and BiVO4 catalysts used, but not for
Nb2O5 and SnO2, although some activity of these latter catalysts was attributed to photosensitizing
effects. In another work by Yin et al. [61], graphitic carbon nitride linked to a reduced graphene oxide
(g-C3N4–rGO) composite was characterized. TEM analysis showed that the rGO sheet was sandwiched
between g-C3N4 through the polymerization of melamine molecules. On the other hand, through
DRUV-vis, Yin et al. [61] reported a red shift to a longer wavelength in the absorption band edge of
g-C3N4–rGO composite, probably due to the presence of rGO in the g-C3N4–rGO composite, which
exhibits a stronger broad background absorption in the visible-light region. This brings about band-gap
narrowing and enhanced visible light utilization. While doping TiO2 with boron, Quiñones et al. [58]
noticed an SBET increase compared to the B-free TiO2 catalyst (68 to 125 m2 g−1) effect attributed to
the lower crystal size of the anatase phase in the B-TiO2 catalysts. B/Ti (atomic ratio) proportion was
measured through both XPS (surface data) and ICP (bulk data). The authors suggest that most of B
is located on the surface of TiO2 during the sol–gel synthesis. Sassolite boron structure (H3BO3) and
anatase were crystalline forms identified by XRD, revealing that the crystal size decreases with the
increasing B content, an effect attributed to the restrained TiO2 crystal growing due to the existence
of a large amount of boron. XPS confirmed the formation of Ti–O–B structures (interstitial B). XRD
patterns of MWCNT, MWCNT-TiO2, TiO2-P25, and TiO2 prepared samples were obtained in a study by
Alvarez et al. [63]. According to the results shown, the pristine MWCNTs had a graphite-like structure
and only anatase crystalline form was present in TiO2 catalysts. Average crystallite sizes were found
for TiO2 particles in MWCNT-TiO2, TiO2-P25, and TiO2 samples, respectively. TEM images show that
MWCNTs tend to aggregate together as bundles with sorption sites including the inner and outer
surface of individual tubes, interstitial channels between nanotubes, and external groove sites. Also,
heterogeneous, non-uniform coating of MWCNTs by TiO2 particles was observed showing both bare
MWCNTs and random agglomeration of TiO2 particles on MWCNTs surface. Finally, Mena et al. [64]
showed TEM images of a size distribution between 25 and 100 nm for CeO2 nanocubes (NC), and a
thickness of approximately 7.2 nm and lengths between 40 and 200 nm for CeO2 nanorods (NR). The
application of XRD allowed pure CeO2 cubic phase (fluorite structure) to be identified in both types of
catalysts. The content of Ce(III) was higher in CeO2-NR as observed by XPS and from DRUV-Vis band
gap energies of 3.32 eV for CeO2-NC and 3.07 eV for CeO2-NR were measured, with the result that
this latter catalyst was very efficient when visible radiation was used during photocatalytic ozonation.
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2.4. Organics Treated

The finding of many organic compounds of a pharmaceutical origin in urban WWTPs has given
rise to the application of SPO and other AOPs for the study of the removal of these from water.
These compounds, also called emerging contaminants (ECs), so-called because they do not yet have
maximum contaminant levels assigned, are the most studied ones in SPO works both in ultrapure
or urban wastewater. ECs can lead to a number of risks, such as sterility, feminization of aquatic
organisms, and bacterial resistance [72,73], and as such they have to be removed from waters. In most
of the papers (see Table 2), concentration of these compounds is some orders of magnitude higher
than those found in actual wastewater, ranging from some mg L−1 to μg L−1, when in reality they
usually are at ng L−1. There is a double reason for this. First, analytical laboratory equipment to
measure ng L−1 concentrations is very expensive, and also inefficient, given the high number of
analyses required (for instance, to perform a kinetic study). Second, the SPO works in many cases aim
to check the activity of new catalysts so, in these cases, the main objective is not really the removal
of a given contaminant but the performance of a catalyst. In addition to pharmaceutical compounds,
other important groups studied in SPO works are pesticides (see Table 2), which are also recalcitrant to
biological and physicochemical processes applied in classical WWTPs. Water from agriculture, which
is the industrial activity with the highest water consumption (about 70% of the world’s accessible
freshwater [74]) may contain a high number of organic pesticides and fertilizers which are eventually
dispersed in aqueous environments by runoff or leaching. Finally, phenolic compounds, such as
phenol itself or bisphenol A, a plasticizer compound that has been found in many wastewaters [75],
and oxalic acid, because its oxidation directly leads to mineralization [76], are also model compounds
in SPO works.

2.5. Influence of Main Variables

Variables studied in SPO works are the nature of the catalyst, including here the synthesis
procedure for a given catalyst, the concentrations of organics and oxidants such as ozone itself, the
pH of water, and the intensity and wavelength range of radiation applied. Although this review
deals with solar radiation, the use of filters (for instance when Xe lamps are used), permit the study
of different wavelength range effects from λ > 290 nm. However, the most studied variable in SPO
works is the comparison with other AOPs which could be called blank AOPs, such as single ozonation
and ozone-free solar photocatalytic oxidation or solar ozone photolysis. In fact, comparison of these
AOPs with SPO results is a necessary step before proceeding to the influence of other variables. It is
the first step to know whether the catalyst applied together with ozone and light is worth being
investigated to remove water contaminants. Examples of this comparison can be seen in most of the
works in Table 2. The normal way to make the comparison is by determining the concentration of the
organics and total organic carbon with reaction time, the latter is known as mineralization. In many
cases, there are few differences between the organic removal rates observed during the different ozone
processes applied (ozonation, solar ozone photolysis, catalytic ozonation, and solar photocatalytic
ozonation) because the organics studied react very fast with ozone through their direct reactions so
that there is no need to combine ozone with any other agent (catalyst and/or light). A clear example
of these results is given in the study of Márquez et al. [51] in which a mixture of ECs including
atenolol, ofloxacin, hydrochlorotiazide, and trimetropim is treated. Similar results, that is, scarce
differences between ozone processes for the removal of a mixture of six ECs were also found in the
works of Quiñones et al. [56,57], both in ultrapure water and urban wastewater. However, the fact
that differences between reaction rates of organics are independent of the ozone process applied is not
only due to the fast ozone-organic compound direct reaction rates, as can be seen in another study
by Quiñones et al. [58]. Here, a mixture of four pesticides with rate constant values of their direct
reactions with ozone lower than 400 M−1 s−1 was treated. As in the preceding case, no differences
were observed in the reaction rates for different ozone processes applied, but now the contribution of
HO radicals cannot be disregarded, especially in the cases of diuron and t-buthylazine which react
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slowly with ozone (the rate constants of direct ozone reactions are 3.7 and 20 M−1 s−1 for diuron
and, terbuthylazine, respectively, [58]). It is likely that direct reactions with some of the organics
present in water that yield hydrogen peroxide will trigger the formation of hydroxyl radicals and
facilitate the removal of other more recalcitrant compounds such as terbuthylazine,. In fact, when this
herbicide has been treated alone [63], differences between ozonation alone and solar photocatalytic
ozonation are important. Thus, the complete removal of terbuthylazine, when treated alone, was
observed after 30 min in a solar photocatalytic (P25-TiO2) ozonation run, while at this reaction time
ozonation only yielded about 63% removal. With other compounds, for example, the insect repellent
DEET [55,64,65] or oxalic acid [49], SPO gives much better results than ozonation alone, which is a
clear consequence of the recalcitrant character of these compounds towards direct ozonation (very low
ozone reaction direct rate constants: <10 M−1 s−1), meaning that hydroxyl radicals are the only means
of oxidation [65]. Another important fact to highlight when comparing AOP processes to remove
organics is that, in all cases, SPO is a better option than ozone-free photocatalytic oxidation, since
much more time is always needed in this latter process to remove the organics. To give an example of
this, the removal of dichloroacetonitrile with SPO and ozone-free solar photocatalytic oxidation with
P25 TiO2 as a catalyst, after 4 h of reaction, was 90% and 20%, respectively [48]. Significant differences
can also be observed with other compounds (see Table 2). Another common result of all SPO works is
related to TOC removal. In this case, regardless of whether the compounds studied are alone or in
a mixture with other compounds, TOC removal or mineralization is always much better with SPO
than with any of the other AOPs examined, that is, blank AOPs such as ozonation alone or combined
with the catalyst or UVA-visible or solar radiation. This can be observed in any of the studies listed
in Table 2.

The effect of catalyst nature is another important variable tested in SPO works. In an attempt
to benefit from the visible zone of the solar electromagnetic spectrum, many catalysts are prepared
to be active with radiation wavelengths higher than 400 nm. The TiO2 catalyst, due to its high band
gap (3.2 eV), is only active with UV radiation, though the presence of defects in the crystalline structure
shifts its absorption capacity to the visible light radiation wavelength in some cases. In order to activate
this situation, metal doping of TiO2, composites of TiO2, or other visible active catalysts have been used.
In these cases, SPO studies show results with Xe lamps and filters that cut wavelength radiation range.
For instance, Quiñones et al. [50] studied the removal of metoprolol (MTP) with a FeTiC composite
and a Xe lamp so that the use of filters allowed the passing of three radiation wavelength ranges: 300
to 800 nm, 320 to 800 nm, and 390 to 800 nm. Thus, during ozone photolysis, after 5 h of reaction,
mineralization was about 60% with irradiated light between 300 to 800 nm but was reduced to 40%
with radiation lights from the other two wavelength ranges. This means that the main photolysis of
ozone to yield hydroxyl radicals happens between 300 to 320 nm, which is in accordance with ozone
quantum yields [77]. In the presence of the best FeTiC composite catalyst, mineralization percentages
were about 92%, 90%, and 60%, for radiation lights of 300 to 800 nm, 320 to 800 nm, and 390 to 800 nm,
respectively, which confirm the 300 to 320 nm interval as the most efficient for TOC removal. In another
paper [61] in which a g-C3N4–rGO composite was prepared and used as a catalyst with a NaNO2

aqueous solution filter, the authors reported that the contribution of UV light (λ < 400 nm) and visible
light (λ > 400 nm) to the degradation of oxalic acid by O3/UV-Vis/g-C3N4–rGO system (see Table 2)
was 33.1% and 66.9%, respectively. Other visible light active catalysts prepared were Bi2O3, WO3, or
metal doping TiO2 (with metal = Cu, Mn, Fe, Zr, etc.) [44,46,54,55]. For instance, in the study by Feng et
al. [46] the M-TiO2 catalysts showed extended absorption spectra into the visible-light region. Ag-TiO2,
Cu-TiO2, Ce-TiO2, and Fe-TiO2 showed a relatively small absorption region between 400 and 580 nm,
while Mn-TiO2 and Zr-TiO2 exhibited substantial and broad absorption shoulders of up to 700 nm.

Another variable studied is the effect of changes in some steps of the synthesis procedure.
For example, Quiñones et al. [58], while preparing a boron-doped TiO2 catalyst, changed the amount
of B containing precursor (boric acid) to have different mass B percentages in the final catalyst. They
observed that the catalyst with the highest amount of B leads to the highest removal rate (the maximum
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B percentage was 12%, though subsequently they observed that some B had leached). According to
the authors, the probable reason is that B tends to lose its three valence electrons which are transferred
to the 3d orbitals of lattice Ti ions yielding Ti(III), diminishing the electron-hole recombination. In the
FeTiC/solar/O3 process [50], the synthesis procedure included changes that affected the amount of
Fe incorporated into the catalyst composite, which obviously produced changes in the saturation
magnetization of catalysts and in TiO2 content. The increasing presence of Fe affected the specific
surface area that became lower but with more TiO2. These two effects changed the amount of organic
compound adsorbed and reacted on the catalyst surface. Thus, the catalyst with the lowest Fe content
had the highest adsorption capacity, while the catalyst with the highest TiO2 content presented the
highest activity. Calcination time and/or temperature effects were studied for the preparation of WO3,
which led to different crystalline structure catalysts [54,55]. These works show that monoclinic or
orthorhombic forms of WO3 were more active for the photocatalytic ozonation process using visible
light from λ > 390 nm or λ > 300 nm for the total solar spectrum.

Apart from catalyst and AOP comparison, the influence of other main variables that affect the
oxidation rate, that is, pH, organics, ozone and catalyst concentrations, and intensity of radiation, has
not been extensively examined in SPO works. In fact, only in some cases [48] has the influence of
pH, ozone and catalyst (P25 TiO2) concentration, and temperature been studied. In ozone processes,
but also in adsorption processes, pH is a fundamental variable and hence its effect on SPO must be
optimized. pH therefore affects the charge distribution of the catalyst surface, which will depend on
the pHpzc of the catalyst and dissociated species present in water. It also affects ozone decomposition in
free radicals and even ozone direct reaction rates with dissociated species [78]. Shin et al. [48] studied
the SPO of dichloroacetonitrile (DCA) at pH 3, 6.5 and 10. They observed that DCA self-decomposes
at pH 10 while it remains unaltered at the other two pH values. In the SPO runs, they observed a
positive increase in reaction rate with the increasing pH. At pH 10, the reaction rate was probably due
to the action of hydroxyl radicals coming from ozone decomposition and photocatalysis. However, the
reaction rate at pH 6.5 was also significant and in this case, given the pHpzc of TiO2 (6.2–6.6 [79,80]),
pH 6.5 is also likely to be the best value for SPO application since, as the authors indicate, there is no
need to add any basic or acid substance.

The effect of the concentration of organics on the removal rate during SPO runs has only been
studied by Rey et al. [47]. They treated MTP at concentrations of 10 and 50 mg/L and they observed
a similar behavior to the other ozone processes were studied, that is, for a given reaction time, an
increase in the initial organic compound concentration leads to an increase in removal rate (both for the
compound and TOC). The logical consequence of these results is that reaction rates are proportional
to the concentration of the organics treated, which usually follow a Langmuir reaction rate equation.
Obviously, the complete disappearance of MTP takes more time when the initial concentration is
higher. A comparison was also made between the results obtained in solar photolytic ozonation and
SPO at different concentrations. These authors noted that at 10 mg L−1, concentration differences in
the TOC removal rate were not significant, but at 50 mg L−1, the removal rate through SPO was much
higher than with solar photolytic ozonation. The effect of the initial concentration of organics has been
more extensively treated in non-solar photocatalytic ozonation processes with similar results to those
presented above [81,82].

With regard to the effect of the catalyst concentration, an increase in this variable leads to
an increase in the reaction rate due to the increase in surface, that is, active centers. However,
this is observed up to an optimum value above which the reaction rate diminishes. The reason is
poor light transference or photon absorption rate through a higher concentrated catalyst suspension.
Shin et al. [48] reported an optimum value of 1 g L−1 for the SPO removal of DCA, which is similar to
others found in some solar photocatalytic oxidation processes [31].

The ozone concentration effect is also positive up to a given value, above which no influence
on the reaction rate is observed. This happens in any type of ozone process and is related to the
ozone saturation of water [8]. In the study by Shin et al. [48], the optimum ozone dose found
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was 1.13 g L−1 h−1. This optimum value is also highly dependent on the nature of the organics in the
water, pH, and catalyst concentration because all of these affect the ozone driving force in the water.

Temperature also has an optimum value because of two opposing effects. A temperature increase
leads to an increase in reaction rate constants, but at the same time to a decrease in ozone solubility,
which are opposing aspects. Thus, in SPO runs of Reference [48], the optimum temperature was 20 ◦C
in the range from 10 to 40 ◦C.

Finally, the study by Shin et al. [48] is the only one that has analyzed the effect of light intensity
on an SPO system. As a rule of thumb, in photocatalytic oxidation processes, reaction rate and
light intensity are proportional up to a given value of the latter, above which the reaction rate
becomes proportional to the square root of light intensity [31]. Shin et al. [48] varied the light intensity
between 4.6 and 33.8 Wm−2, and found that about 20 Wm−2 was needed to change the proportionality
of reaction rate/light intensity, which is in accordance with what has been mentioned above.

In a practical situation, SPO will probably be applied to remove contaminants in a given
wastewater, simply for depuration or for recycling. Thus, the effect of the water matrix in SPO
also needs to be examined. Marquez et al. [51] studied the removal of ECs in a mixture dissolved
in ultrapure water and wastewater from a secondary effluent. These authors observed a decrease in
reaction rates in wastewater, but the effect of the water matrix could not be established because they
used different EC concentrations in each water type. In fact, there are no studies on SPO where the
effect of the water matrix on organic compound or TOC removal rate has been studied with equal
organic concentrations. However, the presence of hydroxyl radical inhibitors in wastewater actually
makes the SPO process slower than in ultrapure water.

Given that in a real situation, SPO will be an additional process of a biological step (for instance, a
secondary treatment of urban wastewater), Gimeno et al. [59] studied the aerobic biological oxidation
followed by SPO of a mixture of nine ECs (see Table 2) that were doped in an urban wastewater
primary effluent. First, aerobic biological oxidation was applied with a food to a microbial ratio of 0.5,
a hydraulic residence time of 7 h, and mixed liquor volatile suspended solids (MLVSS) of 1.5 g L−1

with WWTP conventional activated sludge as biomass. The initial concentration of each EC compound
was 0.2 mg L−1 so that the TOC contribution of ECs was less than 5% of initial TOC of the wastewater
primary effluent. The authors observed 50% and 80% COD removals in the presence and absence
of ECs, respectively. This indicates that some sort of disturbance to microorganisms present on the
activated sludge occurred when ECs were present. The authors highlighted that it could be due
to the presence of sulfamethoxazole, an antibiotic which alters microorganism concentration and
nature at concentrations higher than 50 μg L−1 [83]. After 7 h of biological oxidation, only three
ECs (caffeine, acetaminophen, and metoprolol) out of nine present in wastewater underwent some
significant reductions (between 40% and 61%), the other ECs only obtaining percentage removals of
less than 5%. Gimeno et al. [59] in subsequent experiments applied some AOPs (SPO with TiO2, solar
photo-Fenton: Fe(III) and magnetite, and single ozonation) to the biologically treated wastewater. With
a total accumulated solar energy of 30 kJ L−1, more than 80% ECs removal was achieved with SPO
TiO2. Mineralization was 40%. In the absence of ozone, mineralization was less than 10%. Finally,
process efficiency followed this order: SPO magnetite > SPO TiO2 > SPO Fe(III) > ozonation >> solar
photocatalytic oxidation.

2.6. Intermediates, Ozone Consumption, Biodegradability, and Toxicity

In some works, during the course of SPO runs, identification and/or concentration measurement
of intermediates was also carried out for two reasons: to check the toxic character of these compounds
and/or to establish the mechanism of reactions (see the next section). Because of the simplicity
of the analytical procedures, the main intermediates detected were in some cases phenolics (such
as total phenolic compounds), saturated carboxylic acids, and inorganic ions. In some other cases,
High Performance Liquid Chromatograph-Mass Spectrometry HPLC-MS was used to detect the first
intermediates of a molecular structure similar to the initial organic compound studied. Thus, in the
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work by Quiñones et al. [50], MTP and six intermediates formed were analyzed by HPLC-qTOF. They
represented the results as the variation of the area with MTP conversion observing the existence of an
MTP conversion (between 40% and 60%), for which the concentration (area) of intermediates reached
a maximum value. Mena et al. [65], with similar analytical techniques, detected 22 intermediates of
large molecular weight (MW > 160) and a series of low molecular weight saturated carboxylic acids as
end products, the latter with ion chromatography, during DEET degradation. Phenolic compound
concentration was measured in the works of Marquez et al. [51] and Quiñones et al. [57]. In these
studies, SPO application leads to an initial increase in phenolic compound concentration with time to
reach a maximum value followed. Then, at more advanced times a continuous decrease in phenolic
concentration with time is observed, though this depends on the nature of the starting compounds
to be degraded and the catalyst used in the SPO process. Quiñones et al. [57] observed a continuous
decrease in phenolic concentration of up to 75% removal with 10 kJ L−1 of accumulated Sun energy
with SPO TiO2 applied to a mixture of seven ECs in a secondary effluent of an urban WWTP. They
also observed that ozone-free solar photocatalytic (TiO2) oxidation led to an increase of 50% phenolic
concentration with 15 kJ L−1 of accumulated Sun energy which was reduced at a more advanced
reaction time but remained higher than the initial one at the end of the reaction (after 40 kJ L−1 of
accumulated sun energy). In SPO, the concentration of carboxylic acids was followed in several works,
as shown in Table 2. Apart from phenolics, carboxylic acids, and TOC measurements as a way of
determining the remaining amount of all intermediates and final products, in many works hydrogen
peroxide and dissolved ozone concentration are followed. Hydrogen peroxide is a key compound
in ozonation processes since its presence triggers different routes of hydroxyl radical formation (see
the later mechanism section). For instance, Mena et al. [64] measured the concentration of hydrogen
peroxide with time in experiments of ozonation, ozone photolysis, catalytic ozonation, and SPO (with
simulated solar light and CeO2 nanocubes) and observed a rapid formation of hydrogen peroxide,
much greater in ozonation alone than in the catalytic processes. In fact, the concentration of hydrogen
peroxide in SPO was very low, probably not only as a consequence of its reaction with ozone, but also
because of its direct photolysis and participation in capturing electrons. However, in Mena et al. [64],
using a WO3 catalyst, the presence of H2O2 did not have a beneficial effect as an electron acceptor.

The concentration of dissolved ozone is also followed in SPO works to determine ozone
consumption, that is, the amount of ozone needed to remove a given amount of organic carbon
measured as TOC. Márquez et al. [51] reported that ozone consumption was much lower in SPO
than in other ozone processes to treat four ECs. In ultrapure water, for a 40% TOC removal, they
observed 35, 20, 40 and 18 mgO3/mgTOC in ozonation alone, catalytic ozonation, solar ozonation, and
SPO, respectively, with P25 TiO2 as a catalyst. In urban wastewater, also for 40% TOC removal, the
figures were 61, 52 and 37 mgO3/mgTOC in ozonation alone, solar ozonation, and SPO, respectively.
It can be seen then that SPO again leads to the lowest ozone consumption, though it is about twice the
value observed in ultrapure water. In wastewater, however, the contribution to TOC of the four ECs
studied was negligible.

Biodegradability has been studied as the ratio BOD/COD. As a general rule, it can be said that
biodegradability in wastewaters increases with the application of ozone in any ozonation process,
SPO included. In particular, Márquez et al. [51] observed that BOD/COD ozone-free photocatalytic
ozonation of an urban secondary effluent wastewater remains constant with time but increases
from 0.22 (raw wastewater) to 0.78 with SPO. This was the highest value obtained from the ozonation
processes applied. Quiñones et al. [57] also reported a 2.5-fold increase in the BOD/COD initial ratio
of another urban secondary effluent wastewater, with the homogeneous solar-Fenton photocatalytic
ozonation process.

Finally, ecotoxicity is another typical determination in AOP and, in particular, in SPO processes.
Daphnia magna survival is usually the test performed. Gimeno et al. [59] reported the absence of
inhibition in immobilization tests after applying a SPO process to urban wastewater with TiO2 or
Fe(III) as catalysts. Quiñones et al. [57] studied the toxicity of urban wastewater doped with six
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ECs (0.2 mg L−1 concentration each). The bioassays showed an increase in toxicity after the addition
of ECs to the secondary effluent. Thus, the percentage of inhibition increased from 5% (without added
ECs) to about 25%. Additionally, changes in sample toxicity were observed during the course of
the photocatalytic experiments. As a rule, the toxicity of samples increased at the beginning of the
photocatalytic treatment, probably as a consequence of the accumulation of phenolic and other toxic
intermediates, and then decreased. This result is in agreement with that reported for the removal
of other ECs by ozonation and solar photocatalytic oxidation with TiO2 [51,84]. Toxicity removal
below 25% inhibition was only observed when a high degree of TOC removal (i.e., mineralization)
was achieved. This applies especially for the Fe(III)/O3/solar light (pH 3) and Fe(III)/H2O2/O3/solar
light (pH 3) photocatalytic ozonation systems.

2.7. Mechanism and Kinetics: The Use of Scavengers

The SPO process goes through a complex mechanism of direct reactions between compounds
present and oxidants (ozone, generated hydrogen peroxide, oxidizing holes), as well as free radical
reactions. This complexity is the result of the combination of the ozonation and photocatalytic oxidation
processes. The former, ozonation, implies direct ozone-organic reactions and ozone decomposition
reactions due to the appearance of hydrogen peroxide, increase in pH, and ozone photolysis, at least
with radiation wavelengths of up to 320 nm. Photocatalytic oxidation involves hydroxyl radical
formation from holes in the catalyst valence band and probably from the superoxide ion radical
formed from excited electrons of the catalyst conduction band [24–27]. Detailed explanations of these
mechanisms are available elsewhere [56,85]. When ozone, an active semiconductor, and light are
simultaneously present to remove some organics in water, some new reactions occur, the main one
being the formation of the ozonide ion radical, O3•−, from the ozone capture of electrons in the catalyst
valence band:

O3 + e− → O−
3 • (1)

which eventually leads to hydroxyl radicals:

O−
3 •+ H+ → HO3• → O2 + HO• (2)

In the SPO process, hydroxyl radicals can be formed from the individual mechanisms of ozonation
and photocatalytic oxidation processes [17,85] but also from the synergism between these two
processes, as it is observed from Reactions (1) and (2) [86]. Thus, in the SPO process, there are
some possible oxidizing agents: ozone; hydrogen peroxide, formed in direct ozone reactions with
some organics (aromatic compounds, olefines, etc.) [87]; oxidizing holes in the catalyst valence band;
singlet oxygen, etc. [88].

The use of scavengers is an effective way to check the importance of the oxidation mechanism or
the importance that some oxidants have in a given SPO process. These scavengers react exclusively with
some oxidants like hydroxyl or superoxide ion radical or oxidant holes. Liao et al. [49], for example,
used tert-butanol and triethanolamine as scavengers of hydroxyl and valence band holes, respectively.
With these experiments, the authors observed that after 120 min, the oxalic acid removal efficiency
reached 80% without scavengers. However, only 46.2% and 66.5% of oxalic acid was removed with the
presence of tert-butanol and triethanolamine separately. This means that both hydroxyl radicals and
holes contributed to the degradation of oxalic acid. However, the highest inhibition of removal rate
was observed with the addition of tert-butanol, which suggests that HO· radicals play a dominant
role in the SPO of oxalic acid. Furthermore, in another work [60], benzoquinone was used to scavenge
any possible superoxide ion radical that could be formed from conduction band electrons trapped
by oxygen:

O2 + e− → O−
2 • (3)
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Superoxide ion radicals can oxidize organic matter, though the rate constants of their reactions
with organics are, in most cases, lower than those of hydroxyl radicals [89,90] and can also react with
ozone to yield more ozonide ion radicals:

O3 + O−
2 • → O−

3 •+ O2 (4)

In fact, Reactions (3) and (4) with Reactions (1) and (2) complete the synergism mechanism
between ozonation and photocatalytic oxidation. In this respect, Liao et al. [60] observed a 95%
and 37.8% removal of oxalic acid during SPO (with a g-C3N4 catalyst) in the absence and presence of
benzoquinone. The contribution of superoxide ion radicals to remove oxalic acid was also confirmed.

The Langmuir equation, usually applied to follow the kinetics of ozone-free photocatalytic
oxidation processes [85], is also used in SPO kinetics. The Langmuir equation is as follows:

− rM =
kKCM

1 + KCM
(5)

where k and K are the rate constant of the SPO process and the adsorption equilibrium constant of
compound M, respectively, and rM its removal rate. Mecha et al. [62] used simplified Langmuir kinetics
reduced to a first order reaction rate because they observed negligible adsorption of the compound
they studied, phenol, on the catalyst they prepared (see Table 2). With the obtained apparent pseudo
first order rate constants, they calculated the synergy index of SPO, that is, the ratio between SPO rate
and the sum of the ozonation and ozone-free photocatalytic oxidation rates:

SI =
kSPO

kO3 + kSPoxidatio
(6)

The authors obtained values of 1.51, 1.03, 1.11 and 1.54 for the SPO processes conducted with
TiO2, Ag-TiO2, Cu-TiO2, and Fe-TiO2 catalysts, respectively. Thus, bare TiO2 and Fe-TiO2 were the
best catalysts investigated with the highest SPO removal rates.

As mentioned above, the contribution of hydroxyl radical reactions in SPO processes is one of
the main ways of oxidation, and the concentration of these free radical species is necessary for kinetic
studies. Quiñones et al. [57] applied the hydroxyl radical exposure concept to indirectly measure this
concentration. This parameter is a measure of the concentration of hydroxyl radical during a given
time in any AOP. It also allows for the determination of the RCT, which is the ratio between the time
integrating concentrations of hydroxyl radical and ozone in any water which is ozonated. It is based
on the kinetics of any AOP process when an ozone non-reacting compound like p-chlorobenzoic acid
(PCBA) is present in the problem water. PCBA does not react with ozone (the reaction rate constant is
lower than 0.15 M−1 s−1 [91]) but it does react with hydroxyl radicals [7]. After taking into account the
mass balance of PCBA in a semi-batch reactor where the SPO process was carried out, the hydroxyl
radical exposure for a given reaction time can be obtained from Equation (7) [92]:

t∫
0

CHO dt =
ln CPCBA

CPCBA0

kHO
(7)

where the left side of Equation (7) is the hydroxyl radical exposure; CPCBA, CPCBA0 are the
concentrations of PCBA at time t and at the start of the SPO process, respectively; and kHO the
rate constant of the hydroxyl radical-PCBA reaction (kOH = 5 × 109 M−1 s−1 [7]). The authors observed
that the hydroxyl radical exposure increased with the UV radiation dose for any of the systems tested
(see Table 2). For a given radiation dose, the ozone/light systems (pH 3) led to higher HO· production
than those systems tested in the absence of ozone. The Fe(III)/H2O2/O3/light (pH 3) system can be
highlighted as the one which produces the highest HO· exposure and, consequently, the highest TOC
removal after 5 h of treatment (35%).
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Additionally, process ozonation kinetics is studied by first determining the kinetic regime of
ozone reactions. This can be established by calculating the Hatta number which, for second order
irreversible reactions such as those ozone undergoes with organics in water [8], is defined as follows:

Hatta =

√
kO3DO3CM

kL
(8)

where kO3, DO3, and kL are the ozone-organic M reaction rate constant, the ozone diffusivity in water,
and the individual liquid side mass transfer coefficient, respectively. Quiñones et al. [56] studied
the SPO kinetics of TOC removal from a mass balance in water in a semi-batch reacting system.
In this balance, the different contributions to the TOC removal rates were considered as shown below.
It should be noted that TOC is a parameter that depends on the type of water and nature of the
compounds present and, hence, rate constants involved will also vary depending on the system. The
authors studied two different SPO processes according to the catalyst used: Fe(III) and H2O2 at pH 3,
and TiO2 at pH 7. For the complex SPO process at pH 3: Fe(III)/O3/H2O2/solar light, TOC mass
balance applied was:

− dTOC
dt

=
(

kT2CFe(II)CH2O2 + kO3CO3 + kT3CO3

)
TOC (9)

In Equation (9) the terms of the right-hand side represent the contributions of the Fenton reaction
and those of the TOC reactions with ozone (direct reactions) and with the fraction of hydroxyl radicals
that comes from ozone decomposition initiation-promotion reactions. The apparent rate constant kT3 is
the result of applying the RCT concept, allowing the concentration of hydroxyl radicals to be expressed
as a function of that of ozone [92]. In addition, the authors proposed the following TOC balance for the
pH 7 SPO process: TiO2/O3/solar light:

− dTOC
dt

=

[
kUV +

kiCO3

1 + ΣKiCi
+ kO3CO3 + kHOCHO

]
TOC (10)

where the four terms of the right-hand side are the contribution of direct photolysis, photocatalytic
ozonation, direct ozone reactions, and reactions of hydroxyl radicals that come from non-photocatalytic
ozonation reactions. As can be observed, Langmuir kinetics was considered for the contribution of
photocatalysis due to oxidizing holes. Langmuir kinetics was reduced to a first order kinetics since
most of the active sites were occupied with water molecules. Also, the direct photolysis of TOC was
negligible. With these simplifications, Equation (10) eventually leads to a second order equation:

− dTOC
dt

= kTCO3TOC (11)

From experimental data, Quiñones et al. [56] determined all rate constant values of Equations (9)
and (11). With the rate constants of ozone involving reactions, they calculated the Hatta number to
obtain values of less than 0.3 which confirmed a slow kinetic regime and the validity of the mass
balance equation applied [8]. They then determined the percentage contribution of the different
pathways for the removal of TOC. For instance, for the Fe(III)/O3/H2O2/Solar light/pH 3 system,
they concluded that during the first seconds of reaction, the main contribution to the mineralization
process corresponds to the photo-Fenton reaction. Minutes later, the percentage contribution of
ozone-involving mechanisms increases due to the ozone accumulation and hydrogen peroxide partial
consumption. Therefore, the contribution of ozone processes to mineralization increases with the
increasing reaction time, accounting for 72% of mineralization after 5 min of reaction and for 98%
after 1 h.
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2.8. Stability and Activity of Catalysts

There are three important properties of any catalyst: selectivity, activity, and stability. In a few
studies on SPO, both activity and stability have been analyzed. For example, regarding stability,
Quiñones et al. [58] applied a B-doped TiO2 catalyst to analyze the leaching phenomenon, after which
catalysts were submitted to water washing at the same conditions as the reaction medium (catalyst
concentration and pH). They observed that the boron concentration in the solution reached values as
high as 5.5 mg L−1 in the case of the highest loading B-doped catalyst (12%), the loss of the total boron
being from 46 to 70%. However, the authors observed no further loss of B after using the water-washed
catalysts in three consecutive runs, which confirms a certain level of stability and activity. In another
work, Rey et al. [47], with a magnetic FeTiC catalyst, observed Ti and Fe leaching at concentrations
lower than 15 and 25 μg L−1, respectively, in each 2 h SPO run they carried out. Then, after five
consecutive cycles using the same catalyst, only 0.04% and 0.6% of the initial Ti and Fe, respectively,
were leached into the water with a constant activity for TOC removal and good magnetic separability.
Liao et al. [60] also reported high activity and stability of their gC3N4-rGO catalyst to remove oxalic
acid. These authors found a slight decrease in oxalic acid removal percentage (96.7 to 93.8%) after five
consecutive runs performed with the same amount of catalyst.

3. Conclusions and Future Steps

According to the few papers published on SPO compared to other similar technologies such
as photocatalytic oxidation, the main conclusion that can be drawn is that SPO is an incipient but
potentially attractive AOP since it projects the image of a green and environmentally sustainable
process. Thus, solar energy can supply all the necessary energyneeded for an SPO process, that is, the
energy for exciting catalysts (wavelength range depending on the nature of the catalyst), photolysing
ozone (mainly in the range 290–320 nm), pump functioning, ozone production and even, in the case of
cloudy days, accumulated energy could enable the use of new generation artificial lamps.

So far, SPO processes have been carried out at laboratory (solar simulator box with Xe lamps)
and pilot plant scale (solar CPC photoreactors) with different types of catalysts: from the classical
TiO2 to new composite materials containing some metals, activated carbons, graphene, etc. The new
synthesized catalysts that are now being investigated include, in many cases, TiO2 as the main active
material with other components such as metal or metal oxides (for example, Ag, Cu, Fe, Fe2O3, WO3),
or carbon materials (activated carbons, multiwalled carbon nanotubes, etc.) that provide energy states
between the valence and conduction bands of TiO2. This permits a decrease in TiO2 band gap energy
and allows it to be active under visible light.

Magnetic catalysts are also used in SPO. In this case, TiO2, as the main active catalyst, and
magnetite, for supplying magnetic properties, are supported on carbon materials such as activated
carbons responsible for a wide surface area of adsorption. These magnetic catalysts are easily separated
from water with the aid of a magnetic field.

Sol-gel and hydrothermal methods are still the most frequently used for the synthesis of catalysts
for SPO. Condition changes of preparation steps lead to changes in the catalyst activity. Composition,
crystalline structure, morphology, textural properties of SPO catalysts are obtained with classical
techniques such as XRD, SEM, TEM, N2 adsorption and desorption isotherms, etc.

At present, photoreactors are of a cylindrical type: tanks or tubes. Agitated tanks are used inside
box simulators supplied, in general, with Xe lamps that emit in the solar radiation range (λ > 290 nm),
that which reaches the Earth’s surface. Different filters have been used to simulate radiation wavelength
ranges between 290–320 nm, 290–400 nm, and above 400 nm (visible light). Several tubes are in many
cases connected in series and placed above parabolic light reflecting structures oriented to the south as
compound parabolic collectors (CPC).

A comparison of SPO with other AOPs that individually form the combination of ozone,
UVA-visible light, and a catalyst is the first and principal study of papers. In all cases, TOC removal
with SPO is much higher than that obtained from individual or blank processes (UVA-visible radiation,
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ozonation, catalytic ozonation, ozone photolysis, and ozone-free photocatalytic oxidation). The
formation of hydrogen peroxide in the SPO process gives rise to an increase in TOC removal or
mineralization by reacting with ozone to yield more hydroxyl radicals. However, the individual
removal of many compounds is even faster with ozonation alone since in most of these cases direct
ozone reactions are the main means of oxidation. This is particularly important in the removal of
many pharmaceutical contaminants. The effects of other variables such as concentrations of ozone,
organics, and catalysts are similar to those already reported for ozone-free photocatalytic oxidation
and ozonation processes.

Ozone consumption results in much lower figures in SPO than in the rest of the ozone processes,
and the water matrix strongly affects the organics and TOC removal rates, as has been shown from
results in ultrapure and wastewater. Biodegradability, measured as BOD/COD, significantly increases
with SPO application, rising by about 250% in an urban secondary wastewater effluent [59]. As a
general rule, the toxicity of samples increases at the beginning of the photocatalytic treatment, probably
as a consequence of the accumulation of phenolic and other toxic intermediates, and then at more
advanced reaction times it decreases.

Reaction (1) or electron ozone capturing that generates the ozonide ion radical, eventually
leading to hydroxyl radicals, is the main step of ozone-photocatalytic oxidation synergism. The
participation of hydroxyl radicals has been confirmed in SPO works with the use of scavengers aiming
at determining whether valence band holes and superoxide ion radicals could also intervene directly
as other oxidizing species.

At the concentrations that the organics have in wastewaters (up to a few μg L−1), the kinetic
regime of ozone reactions is slow, which suggests AOPs and hence SPO as recommended processes
to increase organic or TOC removal rates. This is because in slow kinetic regimes both ozone direct
reactions and hydroxyl radical reactions compete, and the latter have much higher reaction rate
constants. Thus, the application of AOPs that generate high concentration of hydroxyl radicals is
recommended to increase the reaction rates.

It is foreseen that in the near future there will be an increase in studies on SPO due to its
environmentally sustainable character, especially with new catalysts. The objectives of these studies
will most likely be related to visible light activation and catalyst separation from water, two problems
that so far have limited the practical application of photocatalytic processes in water treatment.
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Abstract: TiO2 photocatalysis is considered as an alternative to conventional disinfection processes
for the inactivation of waterborne microorganisms. The efficiency of photocatalysis is limited
by charge carrier recombination rates. When the photocatalyst is immobilized on an electrically
conducting support, one may assist charge separation by the application of an external electrical bias.
The aim of this work was to study electrochemically assisted photocatalysis with nitrogen doped
titania photoanodes under visible and UV-visible irradiation for the inactivation of Escherichia coli.
Aligned TiO2 nanotubes were synthesized (TiO2-NT) by anodizing Ti foil. Nanoparticulate titania
films were made on Ti foil by electrophoretic coating (P25 TiO2). N-doped titania nanotubes and
N,F co-doped titania films were also prepared with the aim of extending the active spectrum
into the visible. Electrochemically assisted photocatalysis gave higher disinfection efficiency in
comparison to photocatalysis (electrode at open circuit) for all materials tested. It is proposed
that electrostatic attraction of negatively charged bacteria to the positively biased photoanodes
leads to the enhancement observed. The N-doped TiO2 nanotube electrode gave the most efficient
electrochemically assisted photocatalytic inactivation of bacteria under UV-Vis irradiation but no
inactivation of bacteria was observed under visible only irradiation. The visible light photocurrent
was only a fraction (2%) of the UV response.

Keywords: titania nanotubes; nitrogen-doped nanotubes; photoelectrocatalysis; E. coli; visible light

1. Introduction

Chlorination is an effective approach for the disinfection of water; however, it can lead to the
formation of disinfection by-products e.g., trihalomethane, which can be mutagenic and carcinogenic.
Furthermore, some species of pathogenic microorganisms are resistant to chlorination and ozonation [1].
As a consequence, new technologies have been developed to overcome the drawbacks of current
disinfection processes. Heterogeneous photocatalysis is an advanced oxidation process (AOP) which
can operate under ambient temperature and pressure, and oxygen from the air can be utilized
as the oxidant without the addition of consumable chemicals. If one can use solar energy to
drive the photocatalytic process then it becomes a truly clean technology. Since the early work of
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Matsunaga et al. [2], TiO2 photocatalysis has been reported by many research groups to be effective
for the inactivation of a wide range of microorganisms in water [3,4].

The use of TiO2 suspensions for photocatalysis involves an additional post treatment step to
separate the particles from the treated water, which may increase the complexity and cost of treatment.
Another disadvantage of suspension systems is low quantum yield for hydroxyl radical generation
due to the recombination of charge carriers. Electrochemically enhanced photocatalysis using TiO2

photoanodes is a potential solution to improve charge carrier separation and this approach utilizes
immobilized photocatalyst without the need for post-treatment separation. The application of an
external electrical potential to the TiO2 anode can improve charge carrier separation and thus reduce
the rate of recombination. Under irradiation, photogenerated valence band holes migrate to the
semiconductor surface where the water oxidation occurs, producing hydroxyl radicals (·OH), and the
photogenerated conduction band electrons migrate or diffuse to the supporting electrode, from where
they are driven to the counter electrode and passed on to molecular oxygen creating superoxide radical
anion (O2

·−). Subsequent reduction reactions yield hydrogen peroxide (H2O2) and ·OH. The use of
electrochemically assisted photocatalysis for the disinfection of water and the degradation of organic
pollutants has been previously reported [5–7]. One of the important advantages of the application
of electrochemically assisted photocatalysis with respect to the inactivation of microorganisms is
that mass transport may be enhanced through electromigration of negatively charged bacteria to a
positively biased photoanode [8–10].

Nanoengineering of the titania (TiO2) electrodes is an interesting approach to improve the
efficiency for electrochemically assisted photocatalytic disinfection. The interest in the potential
use of titanium dioxide nanotubes as photoanodes has been increasing. They may exhibit better
photoelectrolytic properties compared with nanoparticle films, due to the short diffusion path
for photogenerated holes and a direct path for photogenerated electrons to the supporting
electrodes [11–13]. In 1999, anodically grown self-organized TiO2 nanotubes were reported by
Zwilling et al. [14]. These nanotubes can be prepared by anodic oxidation of a Ti substrate in
fluoride containing electrolytes. TiO2 nanotubes remain attached on the substrate and therefore
can be used directly as photoanodes. It has been reported that photoelectrolytic degradation of
chemical contaminants in water is more effective with the TiO2-NT electrodes as compared to TiO2

nanoparticulate electrodes [12,15,16]. However, few studies have been conducted to date on the use of
nanotubular TiO2/Ti for electrochemically assisted photocatalysis in water disinfection [9,17–20].

A major drawback of TiO2 for solar applications is that it has a wide band gap (anatase = 3.2 eV)
which means that it absorbs in the UV domain and only 4% of solar photons are of sufficient energy to
excite TiO2. Many efforts have been made to modify titania (particles, films, and nanotubes) in order to
extend the action spectrum into the visible domain of the electromagnetic spectrum as around 45% of
solar photons are in the visible wavelength range [13,21,22]. TiO2 doping with non-metals, in particular
with nitrogen, has attracted great interest since Asahi and co-workers [23] reported in 2001 that
N-doped TiO2 showed visible light photocatalytic activity. They reported that the mixing of N 2p with
O 2p states in valence band results in the narrowing of the TiO2 band-gap and shifting absorption onset
of TiO2 to lower energies. However, since heavy doping of the metal oxide semiconductor is required
for narrowing the band gap [24,25], other mechanisms regarding the causes leading the absorption
edge of TiO2 to be shifted towards the visible region have been proposed. Several authors [26–28]
have suggested that sub-band gap excitation is due to isolated N 2p states located above the valence
band maximum as a result of N-doping. Other groups have pointed out an increase in the absorption
of visible light due to the presence of oxygen vacancies, induced as a consequence of N doping,
which give rise to the formation of Ti3+ defect states, also called color centers [28,29]. There is lack of
consensus since these states have been reported to be lying just below the conduction band [27,29–32]
but also just above the valence band [25,32–35]. Although some authors such as Yang et al. [36] and
Nakamura et al. [37] have reported that these color centers may act as electron trapping sites, leading to
new photo excitation processes, they have traditionally been reported as responsible for hole trapping,
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leading to charge carrier recombination [26,28,33,38]. It has been reported that while Ti3+ color centers
can give rise to visible light absorption, they may not contribute to visible photocatalytic activity [38].
Furthermore, co-doping with N and F has been reported to yield visible light activity. The presence
of fluorine as a dopant induces formation of shallow Ti3+ donor levels a few tenths of electron volts
below the conduction band [39]. Calculations suggest that the co-doping N-TiO2 with fluorine reduces
the number of oxygen vacancies as compared to nitrogen doping alone [40].

It is worth noting that several reports have been published concerning the potential use of N-TiO2

photocatalysts for disinfection applications [41]. However, no papers concerning electrochemically
assisted photocatalytic disinfection involving N-doped titania nanotubes have been found. Therefore,
the aim of this work is to study the effect of the application of an electric potential bias on the
photocatalytic inactivation efficiency of E. coli under simulated solar irradiation by using TiO2

particulate films, sol gel films, and N-doped titania nanotubes as photoanodes. In this work, N,F-TiO2

has been used as a reference for a reported visible light active photocatalyst material [42].

2. Results and Discussion

2.1. Electrode Characterization

SEM analysis of TiO2 nanostructures obtained by anodization of Ti foil were carried out for both,
undoped and doped titania nanotube samples. The SEM image for the N-doped titania NT electrode
is shown in Figure 1 as an example. There was no discernible difference observed by SEM between the
titania nanotubes annealed in air (TiO2-NT) and those annealed in NH3 (N-TiO2-NT).

Figure 1. SEM image of titania nanotubes (N-TiO2-NT) grown by anodization of Ti foil, followed by
annealing in ammonia atmosphere.

The nanotubes are observed as discrete, hollow, and cylindrical tube-like features (both undoped
and N-doped). They are uniformly distributed throughout the sample and densely populated. It must
be noted that the undoped and doped nanotubular layers resist heat treatment. They show a shape
similar to stacked rings, which has already been observed in the case of tubes grown in aqueous
electrolytes containing fluoride ions [43,44]. For both samples, not only the diameter of nanotubes
(ca. 100 nm) but also the wall thickness (ca. 8 nm) was similar, which is in agreement with the
dimensions reported by other researchers using anodizing potentials between +20 to +25 V [12,43–46].
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Previous XRD analysis of TiO2-NTs showed that annealing at 450 ◦C in air gives the anatase crystal
phase [47]. Annealing the NTs in NH3 at 450 ◦C does not alter the crystal phase. SEM analysis of
the electrophoretically deposited P25 electrode (P25 TiO2) has already been reported [48]. A highly
porous fractured appearance was obtained. The P25 TiO2 is an 80:20 ratio of anatase to rutile and this
does not change following annealing at 450 ◦C. The N,F-TiO2 used in this work has been previously
characterized by XRD and has been found to consist predominantly of the anatase phase [42]. The
overall surface morphology of the N,F-TiO2 synthesized film was previously reported and a rough but
fairly uniform grain size distribution was observed [42].

Reported BET analysis of titania NTs has suggested that the surface area is between 12 [12]
and 38 m2 g−1 [49]. Given that the NTs by mass are much less than 1.0 mg cm−2, it is not then possible
to measure the specific surface area on these samples, but it will be less than 0.038 m2. The P25 TiO2 has
a specific surface area of 50 m2 g−1 as the free powder. Necking of the particles occurs through partial
sintering at 450 ◦C, so the surface area will be somewhat less that of the free particles; however, the
loading is 1.0 mg cm−2 of P25 (<0.05 m2). The N,F-TiO2 as free powder has a surface area of 136 m2 g−1,
but the film thickness is around 1.5 μm, with 160 μg cm−2 (<0.02 m2).

XPS analysis was used to confirm nitrogen incorporation in the nanotube electrodes (Figure 2).

Figure 2. XPS spectra of the N 1s core level obtained for N,F-TiO2 and N-TiO2-NT.

Analysis of the N 1s region from the XPS spectra (Figure 2) shows a wide peak centered with
binding energy at 399.5 eV indicating that nitrogen is incorporated at interstitial sites [42]. The presence
of fluoride in the N,F-TiO2, using this preparation method, was previously confirmed by a peak
centered at 688 eV [42]; however, there was no significant peak in the analysis of the materials
fabricated in this work. The concentration of nitrogen in the N,F-TiO2 was determined to be 1.5 atom%.
The concentration of nitrogen in the N-TiO2-NT was 0.5 atom%. Asahi et al. reported an optimal
N concentration of 0.25 atom% with samples prepared by sputter deposition [23]. Delegan et al.
reported an optimal N doping at 0.4 atom% for band gap narrowing with no further effect at higher
loadings [50]. Therefore, the N doping level of 0.5 atom% in the N-TiO2-NTs is similar to that reported
for optimal doping. According to the literature, peaks in the range of 400–402 eV may be due to
molecularly chemisorbed N2 [38,45] whilst NO2 and NO3 have been reported to occur at higher
energies 403–408 eV [16,51,52]. Other groups have observed the N 1s peak alone at 399–400 eV
and assigned it as NO [38]. However, the absence of peaks beyond 407 eV indicates the absence of
chemisorbed NO or NO2 species [53]. In general, the N 1s peak at ca. 400 eV is typically assigned to
the interstitial nitrogen dopant while the peak at ca. 396 eV is associated to the substitutional nitrogen
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dopant. However, there is no consensus about which kind of doping is more efficient for giving rise to
visible light activity [34].

To study the photoelectrochemical properties, linear sweep voltammetry (LSV) was carried out
under chopped UV-Vis irradiation. The supporting electrolyte was a 1

4 strength Ringers solution.
The current-potential behavior of the different materials is shown in Figure 3.

Figure 3. Linear sweep voltammograms for nanotube (TiO2-NT and N-TiO2-NT) and nanoparticle
(P25 and N,F-TiO2) titania electrodes in 1

4 strength solution under chopped (10 s light on/ off) UV-Vis
irradiation. The potential was swept from negative to positive with a sweep rate of 5 mV s−1.

All samples showed negligible dark anodic current under UV-Vis irradiation, which is typical
of n-type semiconductor electrodes in contact with an electrolyte. It has widely been reported that
electron transport, in particulate electrodes, occurs by diffusion since the small size of the particles does
not allow the formation of the depletion layer across the particle [54–56]. Moreover, as a consequence
of inter-particle boundaries due to their porous structure, many localized states may exist leading
to charge carrier recombination. Therefore, the photocurrent is not expected to be dependent on the
applied potential. However, the Fermi level of the supporting electrode is potential dependent [57,58]
and the application of a positive potential leads to a decrease in the Fermi level of the supporting
electrode and consequently, to the increase in the efficiency of electron drift from the irradiated
nanoparticulate film [15].

It must be noted that both nanotube electrodes (undoped and N-doped) show the highest values
of photocurrent under UV-Vis illumination in comparison with both nanoparticle electrodes (P25 and
N-doped sol-gel) at the same anodic potential. This is in agreement with other workers [11,12,15] who
reported a higher photocurrent of titania nanotubes as compared to P25; and others who observed a
higher photocurrent of titania nanotubes compared to titania sol-gels or films [46,59–61]. However,
it should be noted that the onset potential for anodic photocurrent is more positive with the NT
electrodes as compared to the P25 or N,F-TiO2 electrodes.

Several authors have pointed out that despite the nanotubular morphology, these nanostructured
materials give a lower surface area compared to that of mesoporous nanoparticle thick films (e.g., P25),
yet the NT electrodes give a higher photocurrent response [11,12,15]. In nanoparticulate films the
particles are partially sintered and electron diffusion to the supporting electrode follows a convoluted
pathway via particle to particle across grain boundaries. Also, the electrolyte penetrates into the
mesoporous film and conduction band electrons may be lost to surface recombination reactions
resulting in relatively low photocurrent, as compared to compact oxide electrodes. The aligned
nanotube morphology provides a more direct pathway for the electrons to transfer to the supporting
electrode through the continuous TiO2 tube wall. Also, the NTs are grown from the titanium substrate
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which favors good electron transfer from the NTs to the metal support [59]. It is also worth
noting that there was only a small difference in photocurrent response for the doped and undoped
nanotube electrodes.

The current-time behavior of all the electrodes at a fixed potential of +1.0 V is given in Figure 4.
The same trends in photocurrent intensity were observed at fixed potential as were observed in the
LSV. Both the P25 and N,F-TiO2 samples gave a similar photocurrent response. The NT samples gave
the highest photocurrent values. The third cycle of amperometry is represented for each electrode. No
decrease in photocurrent is observed between the first (data not shown) and the third cycle in any
sample, therefore there is no observed decrease in the photocurrent activity in repeat runs.

Figure 4. Current-time behavior of nanotube (TiO2-NT and N-TiO2-NT) and nanoparticle (P25 and
N,F-TiO2) electrodes in 1

4 strength solution under chopped UV-Vis irradiation. UV-Vis exposure time:
5 s. Potential bias: +1.0 V. 3rd cycle of current measurement for each electrode.

Linear sweep voltammetry was also carried out under visible only irradiation (Figure 5).
The photocurrent response under only visible light is two orders of magnitude lower than that
observed under UV-Vis irradiation (Figure 4) which agrees with previous results [62]. This would
indicate that the visible light activity for water oxidation is two orders of magnitude lower than that
under band gap excitation. Previously, it has been reported that the hydroxyl radical is the main
species responsible for E. coli inactivation with UV excited nonmetal doped TiO2 [63]. If the anodic
photocurrent is a measure of water oxidation, and formation of the hydroxyl radical, therefore, one
might expect a rate of two orders of magnitude lower under visible as compared to UV (not considering
direct photolytic inactivation) and as such, no inactivation would be observed under visible irradiation
in the timescale of the experiments. The nitrogen doped titania nanotube sample (N-TiO2-NT) showed
the highest photocurrent (Iph) under visible irradiation. The N,F-TiO2 electrode also showed a small
visible photocurrent response. Interestingly, the P25 shows a small visible photocurrent response but it
is noted that P25 is an 80:20 mixture of anatase and rutile, with the rutile band gap at 3.0 eV, just into
the visible region (413 nm).

The N-TiO2-NT photoresponse is also higher than that observed for the other doped titania sol
gel sample (N,F-TiO2). Again, it suggests that nanotubular structure offers a less resistant path for the
electrons to reach the supporting electrode, and consequently, it leads to a more effective separation
of the electron—hole pairs. In addition, if both undoped and doped nanoparticulate samples are
compared, their photocurrent response is similar.

It must be highlighted that the photocurrent response under visible irradiation is only a fraction
of the band gap response observed under UV-Vis irradiation for the N-TiO2-NT electrode (and all
electrodes). This correlates with previous work investigating the photoelectrochemical response of
N,F-TiO2 [62] where it was found that the visible light photocurrent was only a fraction of the band gap
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response and the photocurrent action spectrum did not correlate to the optical absorbance spectrum for
the material; however, the open circuit photopotential gave a better correlation to the optical spectra.

Figure 5. Linear sweep voltammograms for nanoparticle (P25 and N,F-TiO2) and nanotube (TiO2-NT
and N-TiO2-NT) electrodes in 1

4 strength solution under chopped visible irradiation (10 s light on/off).
The potential was swept positive at a sweep rate of 5 mV s−1.

The current-time behavior of all the electrodes, shown in Figure 6, is typical of an n-type
semiconductor under chopped illumination. An initial anodic photocurrent spike (Iph in) is instantly
observed under exposure to illumination which corresponds to separation of photogenerated e−-h+

pairs. Then, photocurrent decay is observed until a steady-state photocurrent (Iph st) is reached, due
to surface charge carrier recombination and/or accumulation of holes at the surface. A cathodic
photocurrent spike (i−in) is observed when the light is turned off, representing back reaction of
conduction band electrons with the hole trap sites at the surface [33,64]. In this case, a higher
recombination might be suggested by the observed decay in the initial Iph produced in the instant of
illumination for N-TiO2-NT under visible irradiation as compared to UV-Vis irradiation (Figure 4).

Figure 6. Current-time behavior of nanotube (TiO2-NT and N-TiO2-NT) and nanoparticle (P25 and
N,F-TiO2) electrodes in 1

4 strength solution under chopped visible irradiation (light on/off 10 s) at fixed
potential (+1.0 V). Data shown is from the third cycle of current measurement for each electrode.

107

Bo
ok
s

M
DP
I



Molecules 2017, 22, 704

2.2. Electrochemically Assisted Photocatalytic Disinfection

Figure 7 shows E. coli inactivation obtained with the different photoelectrodes: P25 TiO2, N,F-TiO2,
TiO2-NT, and N-TiO2-NT. Firstly, different control experiments were carried out. The chemical
composition of the supporting electrolyte, electrochemical oxidation under an electric potential bias
of +1.0 V, and photolysis did not lead to any significant decrease in the viable concentration of E. coli
after 4 hours of treatment for any of the electrodes analyzed.

Figure 7. Photocatalytic and electrochemically assisted photocatalytic inactivation of E. coli for the
different electrodes in 1

4 strength solution under UV-Vis irradiation, and visible only irradiation for
N,F-TiO2, TiO2-NT, and N-TiO2-NT electrodes. The applied potential was +1.0 V for electrochemically
assisted photocatalysis. PC = Photocatalysis, Ringers = dark control, Dark, +1.0 V = electrochemical
control, UV-Vis = light control. All the experiments have been performed in triplicate using the
same electrode.

The extent of bacterial inactivation for photocatalysis (electrodes at open circuit) was small over
the timescale of the experiments. This is to be expected as the irradiated surface area to volume
ratio (Incident Illuminated Density, ICD) for this reactor system is 0.066 cm2 cm−3. In a previous
study, complete inactivation was observed at around 100 min for E. coli with photocatalysis on P25
TiO2 films in a stirred tank reactor with an ICD of 0.28 cm2 cm−3 [65]. However, the photocatalytic
bacterial inactivation is notably improved by the application of a positive electrical potential for all
the TiO2 electrodes under UV-Vis irradiation. Dunlop et al. [6] reported that the rate of inactivation
of E. coli was increased using an applied potential of +1.0 V (SCE) as compared to photocatalysis
alone for particulate electrodes (Degussa and Aldrich (anatase)) as well as an increase in bacterial
inactivation with application of a positive bias. Also, Dunlop et al. [66] reported that the application of
an external electrical bias significantly increased the rate of photocatalytic disinfection of C. perfringens
spores on particulate electrodes (P25). Thus, it suggests that the increase in inactivation efficiency
for nanoparticulate electrodes is probably due an improvement of mass transport of the negatively
charged bacteria to the positively charged photoanode by electromigration [8–10].

Comparing the photocurrent at fixed potential (+1.0 V) under UV-Vis irradiation (Figure 4) it is
clear that the NT electrodes give a much better response i.e., 175 μA for the TiO2-NT and 165 μA for
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the N-TiO2-NT electrodes, as compared to less than 50 μA for the NF-TiO2 and P25 TiO2 electrodes.
Comparing the photocurrent at fixed potential (+1.0 V) under visible only irradiation (Figure 6),
the N-TiO2-NT electrode gives the highest photocurrent (3 μA) as compared to P25 TiO2 (1 μA),
N,F-TiO2 (0.6 μA) and TiO2-NT (0.5 μA). The order of photocurrent magnitude correlates with the
observed electrochemically assisted photocatalytic disinfection rates under UV-Vis irradiation (Figure 7)
in that both NT electrodes reach a 5 log inactivation within the timescale of the experiments (120 min
for the TiO2-NT and 60 min for the N-TiO2-NT), but neither the N,F-TiO2, nor the P25 TiO2 electrodes
achieve a 5 log kill within 240 min. None of the electrodes gave any significant inactivation of bacteria
under only visible irradiation. It is noted that the visible light photocurrent is two orders of magnitude
lower than the photocurrent observed under UV-Vis irradiation. The correlation with photocurrent
and disinfection rate fails when comparing the N-TiO2-NT and the TiO2-NT under UV-Vis irradiation.
The time taken to reach a 5 log inactivation for the N-TiO2-NT is only 30 min while it takes 120 min for
the TiO2-NT under UV-Vis irradiation. Both NT electrodes give similar UV-Vis photocurrent at +1.0 V,
but the N-TiO2-NT electrode gives a greater visible only photocurrent, yet this is only 2% of the UV-Vis
photocurrent. If one considers that the main species responsible for photocatalytic inactivation of
bacteria under UV irradiation on TiO2 is the hydroxyl radical [63], then one would expect the time
taken for inactivation on both NT electrodes to be similar, based on photocurrent. It is not clear why
the N-TiO2-NT electrode should give a much faster rate of inactivation, but this must be related to
the mechanism of disinfection. Differences in the attachment/association of bacteria to the surface
of the catalyst should not be excluded as the materials may have different properties concerning
surface interactions. Additionally, Hamilton et al. [62] previously reported that the mid-gap state
introduced by N-doping of titania could yield some visible photocatalytic activity by the visible light
excitation of electrons from the mid-gap state to the conduction band leading to the reduction of
molecular oxygen to superoxide and hydrogen peroxide, and/or the oxidation of superoxide by visible
light generated holes in the mid-gap state to yield singlet oxygen. The additional ROS generated
under visible excitation, in combination with the hydroxyl radicals generated by UV excitation, yields
a much faster inactivation rate as compared to the UV photocatalytic mechanism alone. Previous
work reported on the activity of N-TiO2 thin-films produced using atmospheric-pressure chemical
vapor deposition (APCVD) with tert-butylamine as the nitrogen source [67]. They attributed the
enhancement of the UV activity of the N-TiO2 to surface N species which, were not stable, leading to a
decrease in activity over time. However, in this work the disinfection experiments were undertaken in
triplicate with no decrease in disinfection efficiency observed between the experiments. Furthermore,
no decrease in the photocurrent response was observed in repeat measurements, suggesting that these
materials are relatively stable.

Further research is required to elucidate the difference in the electrochemically assisted
photocatalytic disinfection mechanism on N-TiO2-NT and TiO2-NT. Nevertheless, the N-TiO2-NT
electrode gives a much faster rate of disinfection under UV-Vis irradiation than any of the other
materials studied.

3. Experimental Section

3.1. TiO2 Electrode Preparation

Ti foil (Sigma-Aldrich, Irvine, UK, 0.127 mm, 99.7%) was cut into 2.5 × 2.0 cm2 pieces and cleaned
in an ultrasonic bath in methanol for 15 min. An area of ca. 1 cm2 was exposed for coating or iodization.

Two particulate photoelectrodes were prepared by: (i) electrophoretic coating of a TiO2 suspension.
A Ti foil was submerged in a 1% P25 TiO2:CH3OH suspension of P25 TiO2 (P25 Evonik industries,
Rhine-Main Germany, CH3OH, 99.9% Sigma Aldrich, Scotland, UK) and an electric potential bias
of +20 V vs. a Pt paddle (Windsor scientific, Berkshire, UK) used as the anode was applied for 15 s [15].
The samples were annealed at 450 ◦C for 1 h in air with a heating rate of 2 ◦C min−1; (ii) dip-coating of
N and F co-doped TiO2 suspensions (N,F-TiO2) onto a Ti foil. This catalyst sol was prepared according
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to Pelaez et al. [42], using titanium (IV) isopropoxide (TTIP, 97%, Aldrich, Irvine, UK) as the titania
precursor and anhydrous ethylenediamine (EDA, Fisher, Loughborough, UK) as the nitrogen source.
The chosen concentration of the non-ionic fluorosurfactant in molar ratio corresponded to five. The sol
was deposited onto the Ti substrate at a withdrawal speed rate of 4.9 mm s−1. The samples were
annealed at 400 ◦C for 30 min in air. The temperature was increased at a ramp rate of 1 ◦C min−1 and
cooled down at 4 ◦C min−1.

Titania nanotubes were grown by the electrochemical oxidation of Ti in a fluoride-based electrolyte
according to Dale et al. [15]. Ti foil pieces were anodized in a custom designed two electrode
electrochemical cell made of Perspex with a 100 mL capacity. Each Ti foil piece was fixed in the
cell with copper back-plate electrical contact. An O-ring was used to seal the foil in the cell, leaving
an area of ca. 1 cm2 exposed to the electrolyte (1 M Na2SO4 + 0.12 M NaF in aqueous solution).
A platinum electrode served as the counter electrode. The distance between the two electrodes
was 3 cm. Conducting wires soldered to the copper back-plates allowed connection to a power supply.
The Ti foil was treated at constant potential of +25 V for 4 h using the power supply. After anodization,
the Ti foil was ultrasonicated in methanol for 5 min to wash off any remnant salts from electrolyte.
Undoped titania samples were annealed in air at 450 ◦C at the ramp rate of 2 C min−1 for 1 h (TiO2-NT)
and those doped with nitrogen (N-TiO2-NT) were annealed at 450 ◦C at the same ramp rate but in
NH3 (BOC gas and gear, BOC, Belfast, UK). All the samples were made into electrodes by cleaning
part of the Ti foil to attach a copper wire using silver loaded epoxy. Afterwards, the contact, wire and
titanium were masked with negative photoresist (KPR, Cassio chemicals, Hertfordshire, UK) which
was cured under UV-A exposure for 10 min. The electrodes were finally sealed with epoxy resin
(Araldite) leaving an area of TiO2 of 1 cm2 exposed.

3.2. Materials Characterisation

Scanning electron microscopy (SEM, FEI Quanta 200, FEI Eindhoven, The Netherlands) was
used to confirm the formation of nanotubes for the TiO2-NT and N-TiO2-NT electrodes. Chemical
composition analysis was undertaken by X-ray photoelectron spectroscopy (XPS) with a Kratos Axis
Ultra employing an Al Kα source (Kratos Analytical, Eppstein, Germany). The binding energies of the
samples were calibrated relative to the C 1 s peak at 284 eV.

3.3. Photoelectrochemical Analysis

Linear sweep voltammetry (LSV) was used to determine the current-potential characteristics
of the electrodes under chopped irradiation. Photocurrent measurements were recorded at a scan
rate of 5 mV·s−1 sweeping from −1.0 to +1.0 V under irradiation. Photocurrent-time measurements
at a fixed potential (+1.0 V) were also carried out. A shutter (Unblitz, WMM-T1, Vincent associates,
Rochester, NY, USA) was also used to chop the light. The titania samples were used as the working
electrodes (WE), a Pt mesh paddle (5.9 cm2) was used as the counter electrode (CE) and an Ag/AgCl
electrode was used as the reference electrode (RE) (Figure 8). An electrochemical workstation
with PC control (Autolab PGStat 30, Metrohm UK, Runcorn, UK) provided potentiostatic control.
Quarter strength Ringers solution (Oxoid, Fisher, Hampshire, UK) was used as electrolyte, consisting
of 2.25 × 103 mg dm−3 NaCl, 1.05 × 102 mg dm−3 KCl, 1.2 × 102 mg dm−3 CaCl2, and 50 mg dm−3

NaHCO3 in deionized water [6].

3.4. Photoreactor Configuration

The photoreactor used was a 35 cm3 Pyrex water-jacketed reactor (Figure 8). The working volume
used corresponded to 15 mL. Air was bubbled in through a Pasteur pipette suspended in the working
solution. Distilled water was pumped from a thermostated water tank and circulated round the reactor
water jacket. The suspension was magnetically stirred to ensure effective mixing and the temperature
was maintained at 25 ◦C throughout the experiments. The suspension was irradiated with UV-Vis
using a 450 W xenon lamp (Horiba Jobin Yvon, Horiba UK LTD, Northampton, UK) full spectrum as
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solar simulated irradiation placed 4 cm away from the reactor. The incident light intensity reaching
the suspension was determined to be 197 W m−2 (measured between 200–800 nm using a spectral
radiometer, Gemini 180, Horiba Jobin Yvon, Horiba UK LTD, Northampton, UK). For visible light only,
a UV filter (λ > 420 nm) (UQG Optics Ltd., Cambridge, UK) was placed between the reactor and the
irradiation source. The incident light intensity corresponded to 150 W m−2.

Figure 8. Photoelectrochemical cell.

The same reactor was used for the electrochemically assisted photocatalytic experiments with the
photoanode under a fixed potential of +1.0 V vs. Ag/AgCl. The photocurrent was recorded against
time for each experiment. Quarter strength Ringers solution was used as the working suspension.

3.5. Bacterial Growth and Detection

Escherichia coli K12 was used as the model microorganism for the inactivation experiments. Fresh
liquid cultures were prepared by inoculation in a Luria-Bertani nutrient medium (Sigma-Aldrich,
Irvine, UK) and incubation at 37 ◦C for 24 h under constant stirring on a rotary shaker. The cell
density of the culture was checked prior to the experiment by measuring its absorbance at 520 nm as
prediction of the initial bacterial concentration. Cells were harvested by centrifugation (at 4000 rpm
for 10 min) washing twice the bacteria with sterile 1

4 strength Ringers solution before resuspension in
the same solution. Finally, a volume of the bacterial suspension corresponding to 0.15 mL was diluted
in 15 mL of sterile 1

4 strength Ringers solution to start the experiments at an initial concentration
approximately 106 CFU mL−1. The bacterial inactivation was followed by evaluating the concentration
of viable bacteria in the samples taken throughout the reaction. The quantification was carried out
following a standard serial dilution procedure. Serial dilutions in sterile 1

4 strength Ringers solution
were carried out prior to spotting 10 μL drops of each decimal dilution 4 times on LB nutrient agar
plates. At longer irradiation times (low bacterial concentrations), 2 drops of 100 μL were obtained
from the working suspension of the undiluted suspension were plated directly onto LB agar to reduce
the limit of bacterial detection to 10 CFU mL−1. All LB agar plates were incubated at 37 ◦C for 24 h,
and the number of colonies were manually counted. Key experiments were also repeated three times
to test the reproducibility of the disinfection results. Full details of components of the LB medium are
available elsewhere [6].

4. Conclusions

Aligned self-organized titania nanotubes were grown on titanium foil by anodic oxidation in
fluoride containing electrolyte (TiO2-NT). The nanotube samples were doped with nitrogen by annealing
in ammonia. Nanoparticulate films of N,F-TiO2 and P25 were prepared for comparison purposes.

This study demonstrates that electrochemically assisted photocatalysis is much more effective
than photocatalysis alone (electrodes at open circuit) for the inactivation of E. coli under solar simulated
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UV-Vis irradiation for all of the different electrodes tested. No significant inactivation of bacteria was
observed under only visible light irradiation of any of the materials tested, with or without applied
potential. The photocurrent response of the electrodes at fixed potential under UV-Vis irradiation
correlated well with the disinfection rates observed under the same conditions, in that the NT electrodes
gave a much higher photocurrent response than the nanoparticulate electrodes and a much better
disinfection efficiency. The most interesting finding of this work was that the N-TiO2-NT electrode
gave a much better disinfection rate at +1.0 V under UV-Vis irradiation as compared to any of the other
materials studied. The time taken for a 5 log kill on the N-TiO2-NT was half that observed for the
TiO2-NT electrode. However, the UV-Vis photocurrent was slightly higher for the TiO2-NT electrode
at a fixed potential. This suggests that the N doping generates mid gap states which yield visible
light activity through the formation of superoxide and singlet oxygen. Although, these ROS are less
effective for the inactivation of bacteria than hydroxyl radical (produced under UV excitation), their
presence should not be dismissed. Also, the visible light excitation of mid gap excitation does not
generate significant photocurrent (only 2% of the UV-Vis response). The higher UV-Vis disinfection
efficiency of the N-TiO2-NT electrodes must be due to differences in the disinfection mechanism and
further research is required to elucidate these differences. Nevertheless, N doping of titania nanotubes
gives electrodes with excellent UV-Vis activity for the electrochemically assisted disinfection of water.
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Abstract: This work describes the preparation of transparent TiO2 nanotube (TNT) arrays on
fluorine-doped tin oxide (FTO) substrates. An optimized electrolyte composition (0.2 mol dm−3

NH4F and 4 mol dm−3 H2O in ethylene glycol) was used for the anodization of Ti films with different
thicknesses (from 100 to 1300 nm) sputtered on the FTO glass substrates. For Ti thicknesses 600 nm and
higher, anodization resulted in the formation of TNT arrays with an outer nanotube diameter around
180 nm and a wall thickness around 45 nm, while for anodized Ti thicknesses of 100 nm, the produced
nanotubes were not well defined. The transmittance in the visible region (λ = 500 nm) varied from
90% for the thinnest TNT array to 65% for the thickest TNT array. For the fabrication of transparent
TNT arrays by anodization, the optimal Ti thickness on FTO was around 1000 nm. Such fabricated
TNT arrays with a length of 2500 nm exhibit stable photocurrent densities in aqueous electrolytes
(~300 μA cm−2 at potential 0.5 V vs. Ag/AgCl). The stability of the photocurrent response and a
sufficient transparency (≥65%) enables the use of transparent TNT arrays in photoelectrochemical
applications when the illumination from the support/semiconductor interface is a necessary condition
and the transmitted light can be used for another purpose (photocathode or photochemical reaction
in the electrolyte).

Keywords: nanotubular; transparent; TiO2; sputtered Ti; FTO; anodization; photocurrent

1. Introduction

With an increasing demand on energy supply, the necessity of using an efficient renewable
source of energy is growing. One of the possibilities is the conversion of solar light to electricity
or fuel. Since photocatalytic water splitting on TiO2 was discovered by Fujishima and Honda [1],
great effort has been devoted to the application of TiO2 in energy conversion. Although TiO2 is a
suitable candidate for a photoanode, some major drawbacks need to be overcome, such as the high
electron–hole recombination. The use of 1-D nanostructures (nanotubes, nanorods, or nanowires)
might be a way of improving the efficiency of electron transport through TiO2 film. Nanotubular
structures have a mechanical stability that is superior to that of nanorod or nanowire structures.
Nanotubular structures of TiO2 can be prepared by various methods such as the anodization of Ti
substrates [2–5] or of Ti thin films [6–9], template synthesis [10], and hydrothermal synthesis [5].

Because of their ability to utilize backside illumination, transparent films of TiO2 on a
conductive substrate are considered to be very promising photoanodes for either DSSCs [11–13]
or photoelectrochemical water splitting [14,15]. So far, most transparent TiO2 nanotubular arrays have
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consisted of nanotubes prepared on bulk material and then transferred and attached on a transparent
substrate [16,17]. However, the fully transparent nanotubular TiO2 arrays prepared directly by the
complete anodization of a metallic Ti thin layer deposited on a fluorine-doped tin oxide (FTO) glass
substrate would represent the most straightforward solution [6–9,18–24]. Nanotubes prepared on FTO
glass are mainly tested as photoanodes in DSSCs [7,21,23,24] and not in PEC (photoelectrochemical)
water splitting [9,22], so there is not much work dealing with photoelectrochemical measurements in
an aqueous phase for TNTs prepared directly on FTO glass. We recently showed that the magnetron
sputtering of Ti on an FTO substrate appears to be the most promising technique for the anodic
fabrication of transparent TNT arrays [25]. This work was thus devoted to the preparation of TNT
arrays via anodic oxidation of sputtered Ti films of different thicknesses and to a comparison of their
photo(electro)chemical properties with TNT arrays prepared via anodic oxidation of Ti foil.

2. Results and Discussion

2.1. Optimizing Electrolyte Composition

Water content in electrolytes has been shown to be a very important parameter [26]. Therefore,
this parameter has been studied in detail. Figure 1 shows the surface morphology of TNTs prepared
by the anodization of Ti foil in electrolytes with different water concentrations influenced by annealing
at 500 ◦C. Other conditions such as NH4F concentration, temperature, applied voltage, and anodization
time were kept constant.

For TNTs prepared with a water content of 1 mol dm−3 and lower, cracks appeared even before
annealing (Figure 1a). The increase in water concentration to 2 mol dm−3 led to a significant decrease
in the number of cracks in the TNT array; however, after annealing cracks appeared again in the TNT
film (Figure 1c). The optimal amount of water was determined as 4 mol dm−3, all films prepared
using this electrolyte composition were free of cracks, even after annealing. These results agree well
with findings of Tsui et al. [27], who report that a water content around 10% (5.5 mol dm−3) results
in a well-formed nanotube film with the highest photocurrent density. Additionally, the influence
of different NH4F concentrations in the 0.1–0.2 mol dm−3 range was studied. Resulting layers were
similar and no significant influence on their structure was observed, which is in agreement with
published results by Acevedo-Pena et al. [28]. Concentrations of 0.2 mol dm−3 NH4F and 4 mol dm−3

H2O were thus chosen for further study.

 

a) c) d) b) 

Figure 1. SEM images of TiO2 nanotubes (TNTs) prepared by anodization of Ti foil in electrolytes with
different water content. Non-annealed: (a) 1 mol dm−3 H2O; (b) 2 mol dm−3 H2O. Annealed at 500 ◦C;
(c) 2 mol dm−3 H2O; (d) 4 mol dm−3 H2O.

2.2. The Growth of TNT Array and Optical Properties

Figure 2 shows the current density transient during anodization of a sputtered Ti metal layer of
different thicknesses (100, 600, 1000, and 1300 nm) on FTO glass. All current transients show the typical
trend of TNT formation. A fast decrease of current corresponds to the formation of compact TiO2

followed by a slow increase of current and its stabilization typical of TNT formation. The anodization
of Ti films on FTO was terminated when the transparent film was formed. The passed charge depends
almost linearly on the Ti film thickness (see the insert in Figure 2).
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Figure 2. Current density transients during anodization of sputtered Ti films of four different
thicknesses to transparent TiO2 nanotubes on fluorine-doped tin oxide (FTO) glass. Inset: Passed
charge as a function of Ti layer thickness.

The UV-Vis spectra of anodized Ti films of four different thicknesses were corrected on the
transmittance of the FTO substrate and are shown in Figure 3a. The transmittance of the TNT film in
the whole range of spectra decreases as layer thickness increases—however, the difference between
anodized Ti films of thicknesses 1000 and 1300 nm is very small.

The inserts in Figure 3a shows that all TNT arrays on FTO were transparent. The next step is the
evaluation of the transparency in the visible region of solar light and the amount of absorbed light
in the UV region. The transparency of the fabricated TNT array is expressed as the transmittance
(T) at 500 nm in Figure 3b. This transmission is significantly higher than that in the UV region (90%
and 35% for the anodized 100 nm and 1000 nm Ti film, respectively). This means that, even for the
thickest TNT; more than 60% of the light in the visible part of the solar spectra is transmitted.

     (a)                                             (b) 

Figure 3. (a) UV-Vis spectra of transparent TNT films prepared via the anodization of Ti films of various
thicknesses on FTO glass and annealing at 500 ◦C. Inset: Optical images of anodized Ti films on FTO
glass; (b) The dependence of T at 365 nm and T at 500 nm (corresponding to annealed TNT films) on
the thickness of Ti films on FTO.

Figure 3b shows the values of T for 365 nm. It is known that the amount of reflection component
of the light is not negligible; therefore, the absorbed amount of light cannot be simply obtained
as (1 − T). Therefore, for the calculation of absorbed light, we also have to measure the total reflectance
(diffuse plus specular) and correct the measured transmittance. This task is possible in the case of single
dense layers on a transparent support, as we show for the case of TiO2 films of various thicknesses on
quartz glass in our previous work [29]. However, in the case of a two-layer structure (TNT arrays on
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the FTO layer) on a glass support, due to the numerous layer interfaces and the nanostructure character
of TNT arrays, the exact subtraction of the reflectance is almost impossible due to light interference.
The experimentally obtained reflectance of TNT arrays on FTO was thus only used to estimate the
amount of reflected light. For all fabricated TNT arrays with thicknesses of 180–3500 nm, the average
value of R in the range from 350 to 800 nm lies in the range 15 ± 5%. This value has been taken for the
estimation of absorbed UV light at 365 nm. As expected, the amount of absorbed UV light increases
with TNT length (from 25 ± 5% for anodized 100 nm Ti film to 70 ± 5% and 75 ± 5% for anodized
1000 and 1300 nm Ti film).

2.3. Crystallinity and Morphology of TNT Arrays

Figure 4 shows the diffractograms of the TNT arrays grown on FTO glass substrates.
For comparison, the diffractogram for TNTs grown on Ti foil under the same anodization conditions
with a passed charge similar to anodization of the 1000 nm Ti film is also shown. After anodization
and annealing in an air atmosphere at 500 ◦C, the TNT arrays on FTO glass and on Ti foil were well
crystallized, and the presence of anatase phase was confirmed via the observation of the most intense
plane orientations (110), (200), and (105) (Figure 4). There is almost negligible signal corresponding to
Ti for anodized Ti films on FTO, implying that Ti was completely oxidized during anodization.

Figure 4. XRD patterns of TNT arrays prepared on Ti foil and on FTO glass and annealed at 500 ◦C.

The surface morphology of anodized Ti films was followed by top-view SEM images; the thickness
and structure of anodized Ti films was determined from cross-section SEM images (see Figure 5).
The structure of the thinnest transparent film was not completely nanotubular—the beginning of the
formation of the nanotubular structure is shown in Figure 5a—but in the cross section, the nanotubular
structure was not observed. This is due to the very short (25 s) anodization period, which is not
sufficient for the development of a proper nanotubular structure. The anodization of thicker Ti films
resulted in the fabrication of well-formed nanotubes; however, they were covered with a thin and
irregular nanoporous structure. The presence of this top layer has been reported elsewhere and can be,
for some purposes, removed by sonification in dilute HCl or by Ar ion sputtering [30].

The anodization of the 100 nm Ti film resulted in the formation of a transparent nanoporous film
with a thickness of 180 ± 20 nm. The anodization of the 600 nm and 1000 nm Ti films resulted in the
formation of a transparent TNT array with a thickness of 1000 ± 50 nm and 2450 ± 50 nm, respectively.
The expansion factor Fex for the anodization of the 100 nm and 600 nm Ti films was in the 1.6–1.8 range.
For the 1000 nm Ti film, Fex increased to 2.5. The anodization of the 1300 nm Ti film resulted in the
formation of a TNT array with a thickness of 3500 ± 50 nm (not shown in Figure 5) and an expansion
factor Fex very similar (2.6) to that for the anodized 1000 nm Ti film.
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Fex is highly dependent on electrolyte composition (mainly water content) and applied
potential [8]. For the present anodization conditions (a water content of 7 wt %, a potential of 60 V),
Albu et al. [8] reported for an evaporated 1000 nm Ti layer on FTO a much lower Fex value (1.7). For
a lower water content (3 wt %), Albu et al. [8] reported a value of Fex around 2.6, which was also
observed in our recent work [25] but for the anodization of a sputtered Ti film on FTO.

This suggests that, for sputtered Ti films on FTO, the water content is not as critical as it is for
evaporated films, and the starting thickness of a sputtered Ti film is more significant. The reason
for the increase in the expansion factor with thickness of sputtered Ti film on FTO is not completely
clear at the moment. In a detailed previous study, Albu et al. [8] concludes that the variation in the
expansion factor can be due to the variation in parameters such as efficiency of oxide growth, chemical
composition, density, and porosity of the TiO2 nanotubular array. We also think that the influence of the
chemical composition, density, and the porosity of Ti film is crucial. In our work, Ti films were grown
by magnetron sputtering with emphasis on the adhesion of Ti to FTO. Therefore, the composition
and porosity of Ti films close to FTO glass can be different from that of the bulk of Ti films, and this
influences the expansion factors of TNTs obtained by anodization of Ti with less thickness, where the
different interfacial parts of the Ti films close to FTO represent significant parts of the entire Ti film.

The outer diameter of TNTs for samples prepared from 600 nm, 1000 nm, and 1300 nm Ti films
was between 160 and 190 nm, with a wall thickness between 40 and 50 nm. These characteristics differ
for samples 100 nm thick; the nanotubes are not that well defined, the wall thickness varies between 40
and 70 nm and the inner diameter is about 50 nm.

 

FTO layer  

a)  

FTO layer  

b) c) 

FTO layer  

Figure 5. SEM top view and cross-sectional images of TNTs on FTO prepared by the anodization of Ti
films of thickness: (a) 100 nm; (b) 600 nm; and (c) 1000 nm and annealed at 500 ◦C. The thickness of
anodized Ti films is marked with a double arrow.

2.4. Photoelectrochemical Activity

The photoelectrochemical behavior of anodized films on FTO glass has been compared in aqueous
electrolytes with the aim of evaluating the efficiency of PEC water splitting. Figure 6 shows the
comparison of chopped light polarization curves under simulated solar light for TNTs prepared
from Ti films on FTO glass annealed at 500 ◦C. The photocurrent onset is around −0.4 V (Ag/AgCl),
and at 0 V the photocurrent plateau starts to develop. The photocurrent density in plateau increases as
the anodized Ti thicknesses increase from 100 to 1000 nm, but for Ti thicknesses 1000 and 1300 nm, it is
almost identical. This is in agreement with the fact that for thicknesses of 1000–1300 nm, the amount of
absorbed UV light is very similar (see Figure 3b). The chronoamperometry measurements enabled the
evaluation of the photocurrent stability as a function of irradiation time. This was performed on all
TNT films on FTO, and the photocurrent density in plateau (at 1 V (Ag/AgCl)) was stable for at least 5
min. Values are shown in Table 1. At least two samples of Ti films with identical thicknesses on FTO
were anodized to obtain transparent TNT films. The deviation in the measured photocurrents for each
TNT film was lower than 10%. The photocurrent density of the TNT film with a thickness of 2500 nm
(prepared from the 1000 nm Ti film) reached 300 μA cm−2 at 0.5 V (Ag/AgCl), which is 25 times
higher than the value published by Szkoda et al. [9] (although they prepared transparent TNT films
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from Ti films with a greater thickness (2000 nm). Bai et al. [22] reported a substantially high value
of photocurrent density (750 μA cm−2 at 0.2 V (Ag/AgCl)) for transparent TNT films. However, the
measurement was carried out in 1 mol dm-3 Na2S electrolytes, which can act as a hole scavenger [31]
and thus increase the PEC performance of a TNT layer.

A long test was performed for the anodized Ti film with a thickness of 1000 nm on FTO.
The photocurrent density at the beginning of the test was 296 μA/cm−2 and after 3 h it decreased
to 282 μA cm−2 (about 95% of the initial value). The highest decrease was observed after the first 30 min;
afterwards, the value of the photocurrent remained almost stable at 282 ± 2 μA cm−2. The summarized
values of the photocurrents are shown in Table 1. The TNT film on FTO prepared from 1000-nm-thick
Ti was compared with TNT films on Ti foil (with a comparable charge passed during anodization).
The photocurrent densities obtained by both types of TNT films were similar (about 300 μA cm−2 at 1 V
against Ag/AgCl). This means that such fabricated transparent TNT arrays can be successfully used in
photoelectrochemical applications that require illumination from the support/semiconductor interface.

Table 1. Main characteristics of all prepared samples.

Name of
Sample

Ti Film
Thickness (nm)

Anodization
Time (s)

Passed Charge
(mC cm−2)

TNT Thickness
(nm)

Photocurrent Density *
(μA cm−2)

100 nm 100 25 524 180 ± 20 43 ± 2
600 nm 600 138 2404 1000 ± 50 196 ± 5
1000 nm 1000 290 4226 2450 ± 50 300 ± 5
1300 nm 1300 538 5460 3500 ± 50 294 ± 5

Ti foil - 887 4155 - 315 ± 5

* Results obtained by chronoamperometry measurement at 1 V vs. Ag/AgCl in Na2SO4 electrolytes.

Figure 6. Chopped light polarization curve for TNTs of different anodized Ti thicknesses on FTO glass
annealed at 500 ◦C, electrolytes of 0.1 mol dm−3 Na2SO4.

2.5. Photocatalytic Activity

For each TNT array sample annealed at 500 ◦C, the photoactivity test using Resazurin indicator
ink was performed. Resazurin ink works via a photo-reductive mechanism and photocatalytic activity
is determined by its color change from blue to pink. The rate of the color change of the ink, measured
using digital photography, provides a direct measurement of the photocatalytic activity.

The plot of the R vs. the time of UV exposure for TNTs of various thicknesses is shown in Figure 7.
R(t)90 (90% of overall bleaching) was used to calculate the time to bleach 90% of the color, ttb(90) [21]
and thus to compare the photocatalytic activity of prepared TNT films. ttb(90) values are marked
by gray circles in Figure 6 and shown together with the reciprocal values 1/ttb(90) (proportional to
photoactivity) in Table 2. All annealed TNT arrays were photoactive. The photocatalytic activity of
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TNT arrays on FTO glass significantly increased with an increase in anodized Ti thickness from 100
to 600 nm; however, further increases in the thickness of anodized Ti did not result in an additional
photoactivity increase. The ttb90 value for non-anodized Ti foil and non-annealed TNTs was for both
samples higher than 420 s, which implies that those samples exhibit about two orders of magnitude
lower photoactivity. In the case of Ti foil, the ttb90 value corresponds to the very thin (several nm) film
of native TiO2 oxide on Ti foil; in the case of non-annealed TNTs, it corresponds to the amorphous TiO2.

Table 2. ttb(90) values of Resazurin reduction for various anodized Ti thickness.

Thickness of Ti on FTO TNT Thickness ttb(90) (s) 1/ttb (90) (s−1)

100 nm 180 nm 50 0.020
600 nm 1000 nm 10 0.100

1000 nm 2500 nm 9 0.111
Ti foil - ≥420 ≤0.0024

non-annealed TNT - ≥420 ≤0.0024

Figure 7. Dependence of R(t) corresponding to Resazurin ink on UV exposition time for TNT arrays of
different anodized Ti thicknesses on FTO glass, annealed at 500 ◦C.

The fact that the above Ti thickness of 600 nm, the photocatalytic activity of fabricated TNT
arrays does not increase, while the photoelectrochemical activity increases to a Ti thickness of 1000 nm,
which is rather surprising. There is one possible explanation. The deposited ink film is in contact
only with the upper part of the TNT array. The photoactivity of TNTs with thicknesses of 180
and 1000 nm differ by a factor of 5, so photoactivity is proportional to the TNT length and roughly to
the exposed surface area of TNT arrays. An increase in TNT length from 1000 to 2500 nm then results
in a photoactivity increase of about 10%, which does not correspond to the increase in TNT length.
This suggests that the bottom part of the TNTs of a higher thickness (than approximately 1000 nm) is
not in contact with ink film and thus cannot be utilized for photocatalytic reactions.

3. Experimental Part

3.1. TNT Preparation and Characterization

Self-organized TiO2 nanotubes (TNTs) were grown via the electrochemical anodization of a Ti foil
(purity 99.6%, Advent Research Materials Ltd., Oxford, UK) or of titanium film deposited on FTO.

Titanium films were deposited on FTO substrates (FTO-TCO22-7, Solaronix, Aubonne,
Switzerland) via pulsed magnetron sputtering using a pure titanium target. An operating pressure
of 0.2 Pa was kept constant during the deposition. The duty cycle of the pulse was 90% and the
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frequency was 50 kHz. In order to improve the adhesion of titanium, the FTO glass substrate was
treated by radio-frequency (RF) plasma before the deposition. The substrate holder worked as an
RF electrode connected to the RF power supply working at 13.6 MHz. A gas mixture of Ar–O2

was used for this purpose, with a pressure of 10 Pa in the reactor chamber. The deposition process
followed immediately after RF plasma treatment without the interruption of a vacuum in the reactor
chamber. The deposition time differed according to the prepared Ti film thickness: 100 nm—3.5 min,
600 nm—21 min, 1000 nm—35 min, 1300 nm—45.5 min; deposition speed was the same for all samples.

The Ti foil was chemically polished in a mixture of HF and HNO3 and then washed in
ethanol and acetone in an ultrasonic bath. The Ti films on FTO glass were just washed with
ethanol. TNTs were grown at 60 V using a power source (STATRON 3253.3, Statron AG, Mägenwil,
Switzerland) in a two-electrode configuration with a counter electrode made of platinum in electrolytes
containing 0.1–0.2 mol dm−3 NH4F + 0.5–8 mol dm−3 H2O in ethylene glycol. After the anodization
process, the samples were washed in ethanol and then dried in a nitrogen stream. To transfer
amorphous TiO2 nanotubes to a crystalline anatase structure, anodized samples were annealed
at 500 ◦C for 1 h in air using a cylindrical furnace (Clasic CLARE 4.0, CLASIC CZ Ltd., Řevnice,
Czech Republic) with a temperature increase of 5 ◦C min−1.

3.2. Characterization Methods

The titania nanotubes produced were characterized by XRD (PANanalytical X´Pert PRO, Cu tube,
1D XCelerator detector, PANanalytical B.V., Almelo, Netherlands), SEM (Hitachi SEM S-4700, Hitachi,
Tokyo, Japan), and UV-Vis spectroscopy (Varian CARY 100 with integrating sphere DRA-CA-30I
and 8 reflectance geometry, Varian, Palo Alto, CA, USA).

3.3. Photocatalytic Activity

Photocatalytic activity was determined using degradation of Resazurin in model ink.
Photocatalytic activity indicator inks work on the basis that (i) the ink film is deposited onto the
surface of the photocatalytic film under test; (ii) upon ultra-band gap illumination of the underlying
photocatalyst, the photogenerated holes oxidize a sacrificial electron donor (such as glycerol), which
is present in the ink. The photogenerated electrons are then free to reduce the redox dye present
in the ink and in doing so change the color of the ink. The redox dye is chosen so that it is readily
and irreversibly reduced by the photogenerated electrons and that the associated color change is
striking. A typical ink consisted of 10 g of 1.5 wt % of hydroxyethyl cellulose, 1 g of glycerol, 20 mg
of polysorbate 20 surfactant, and 10 mg of the Resazurin dye [32]. The amount of dye in the ink
was chosen based on previous experience with an aim to achieve decolorization times in the range
from 1–90 min [33,34]. Ink was coated on a photocatalytically active surface using a paintbrush. After
application, the ink-coated sample was dried for 1 h in the dark and then exposed to UVA light from a
black light (BL) lamp (λmax(emission) = 352 nm; irradiance: 2 mW/cm2). Throughout the irradiation,
digital images of the ink-coated samples were periodically recorded using a handheld document
scanner (CopyCat). The central part of the ink-coated digital image (with minimal dpi 300) of each
sample was then analyzed in terms of its RGB values (RGB(red)t, RGB(green)t, and RGB(blue)t) using
a free graphical software package, ImageJ. The normalized color component R(t) value for red was
calculated according to Equation (1):

R(t) =
RGB(red)t

RGB(red)t + RGB(green)t + RGB(bleu)t
. (1)

The present method of ink deposition (paintbrush) was different from that in our previous
work [29,32], where a 24 micron K-bar was used to obtain the same thickness and homogeneous
distribution of the ink film on smooth photocatalytic surfaces. The amount of deposited ink could be
monitored by the measurement of the initial normalized color component R(t = 0) value. This value
was for all tested TNT samples in the 0.14–0.27 range, which was found to be sufficient for the
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achievement of the reproduction (20% deviation) of the amount of deposited ink on the TNT arrays of
various lengths.

3.4. Photoelectrochemical Activity

A 150 W Xe arc lamp (Newport) with an AM1.5G filter (100 mW cm−2) was used for the
photoelectrochemical characterization of TiO2 nanotubes. Photocurrents were acquired using a
photoelectrochemical cell in aqueous 0.1 mol/dm−3 Na2SO4 electrolytes using a conventional
three-electrode configuration (a Pt counter electrode, an Ag/AgCl reference electrode, and the TNT
array as the working electrode). The photocurrent was recorded versus the applied potential using a
potentiostat interfaced to a computer. The linear voltammetry of prepared layers was measured with a
sweep rate of 5 mV/s−1 while being periodically illuminated (5 s light/5 s dark). Chronoamperometry
measurement was performed at 0.5 V against an Ag/AgCl reference electrode (1.45 V vs. RHE) under
continuous illumination.

4. Conclusions

The insufficient water amount in the electrolytes led to a high amount of cracks in the TNT layer,
so the electrolyte composition had to be optimized. The anodization of Ti films with thicknesses
of 100–1300 nm on FTO resulted in transparent TNT arrays; the observed expansion factor depended
on the Ti thickness and varied from 1.8 for Ti thicknesses lower than ≈600 nm to 2.5 for Ti thicknesses
higher than ≈1000 nm. The transmittance in the visible field (500 nm) varied from 90% for the
thinnest TNT array to 65% for the thickest TNT array. The photocatalytic activity was successfully
demonstrated by the decolorization of Rz ink. Fabricated TNT arrays on FTO glass showed an
increase in photocurrent density as TNT length increased, but for TNT lengths higher than 2500 nm,
the photocurrent was fairly constant. For the fabrication of transparent TNT arrays, the optimal Ti
thickness is around 1000 nm. This is due to the absorption of a significant amount of UV light (≥70%)
and a sufficient transparency (≥65%), which enables their use in photoelectrochemical applications
when the illumination from the support/semiconductor interface is a necessary condition.
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Abstract: Molecular Modeling methods play a very important role in TiO2 photocatalysis.
Recent advances in TiO2 photocatalysis have produced a number of interesting surface phenomena,
reaction products, and various novel visible light active photocatalysts with improved properties.
Quantum mechanical calculations appear promising as a means of describing the mechanisms and the
product distributions of the photocatalytic degradation reactions of organic pollutants in both gas and
aqueous phases. Since quantum mechanical methods utilize the principles of particle physics, their
use may be extended to the design of new photocatalysts. This review introduces molecular modeling
methods briefly and emphasizes the use of these methods in TiO2 photocatalysis. The methods used
for obtaining information about the degradabilities of the pollutant molecules, predicting reaction
mechanisms, and evaluating the roles of the dopants and surface modifiers are explained.

Keywords: TiO2; photocatalysis; DFT; quantum mechanics; molecular modeling

1. Introduction

Molecular modeling is the art of representing molecular structures mathematically and simulating
their behavior with quantum mechanical methods. Quantum mechanical methods allow us to study
chemical phenomena by running calculations on computers rather than carrying out experiments.
Geometries and properties of the transition states, excited states or other short-lived species can only
be calculated by using quantum mechanical methods. They utilize the principles of particle physics
and examine structure as a function of electron distribution. Therefore, they can be used to design new
photocatalysts, to even analyze reactions which have not yet been carried out. Quantum mechanical
methods generate data on geometries (bond lengths, bond angles, and torsion angles), energies (total
energies, heats of formation, activation energies, and thermodynamic properties), electronic (frontier
orbital energies, charge distributions, and dipole moments) and spectroscopic properties (absorption
thresholds, vibrational frequencies, and chemical shifts).

TiO2 photocatalysis is an advanced oxidation process to destroy hazardous compounds in water
or air [1–4]. The process is non-energy intensive, operates at ambient conditions and able to mineralize
organic pollutants using only atmospheric oxygen as the additional chemical species. Because of its
low cost, long-time stability, chemical inertness and high activity, and TiO2 has been proven to be the
most effective photocatalyst for this process [5–8]. The photocatalytic reactions on TiO2 are initiated
by band-gap excitation and subsequent generation of electron–hole (e−/h+) pairs that can initiate
redox reactions on the surface. Electrons are trapped at surface defect sites (Ti3+) and removed by
reactions with adsorbed molecular O2 to produce superoxide anion radical O2•−, while holes react
with adsorbed water molecules or OH− ions to produce •OH radicals. •OH radicals are considered
to be the principal reactive species responsible for the degradation reactions. However, TiO2 has
a wide band-gap (~3.2 eV) and is only excited by UV-light; it is inactive under visible light irradiation.
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This feature of TiO2 inhibits the utilization of solar energy as a sustainable energy source for its
excitation because only 5% of the incoming solar energy on the earth’s surface is in the UV range.
Besides, electron–hole recombination speed is too fast to allow any chemical reaction, due to short
charge separation distances within the particle. The majority of the e−/h+ pairs generated upon
band-gap excitation are lost through recombination instead of being involved in redox processes at the
surface. The e−/h+ recombination process not only decreases the quantum yield but also decreases the
oxidation capability of TiO2 [8,9]. Therefore, in recent years, in order to utilize sunlight instead of UV
irradiation, studies have begun to develop the next generation of TiO2, well-tailored photocatalysts
with high photocatalytic activities under visible light irradiation. One way to achieve this is doping
of impurities into the TiO2 matrix in order to reduce the band-gap. The methods used are transition
metal doping [10–16], metal-ion implanting, surface modification, non-metal doping [17–29] and
cooping [30–38]. However, each method has shown both positive and negative effects.

The common positive effect of doping and surface modification of TiO2 is that the absorption edge
shifts to the red region of the spectrum and the photocatalytic activity increases, but, the key question
to be answered is how doping or surface modification achieves this. On the other hand, photocatalytic
degradation reactions of organic contaminants may take place through the formation of harmful
intermediates that are more toxic than the original compound. In order to eliminate certain reaction
paths yielding such hazardous compounds, the mechanisms and the nature of the reactions should
be known. As for the mixtures of different pollutants, the reactivities of the individual molecules are
also needed. All of these problems can be solved by computational techniques based on the principles
of quantum mechanics. The aim of this review is to introduce molecular modeling methods briefly
and emphasize the use of these methods in TiO2 photocatalysis. The methods used for obtaining
information about the degradabilities of the pollutant molecules, predicting reaction mechanisms and
evaluating the roles of the dopants and surface modifiers are explained.

2. Molecular Modeling Methods

Molecular modeling studies start with generating a model of the molecule under investigation.
Models are generated in the computer by defining the relative positions of the atoms in space by a set of
Cartesian coordinates. A reasonable and reliable starting geometry essentially determines the quality
of the calculations. There are mainly four classes of molecular modeling methods; molecular mechanics
(MM), electronic structure, post-ab initio and molecular dynamics methods [39–41]. All molecular
modeling methods compute the energy and related properties of a particular molecular structure.
However, the generated model of a given molecule does not have ideal geometry; therefore, a geometry
optimization must be performed subsequently. Geometry optimizations locate the lowest energy
molecular structure in close proximity to the specified starting structure. Geometry optimizations
depend primarily on the gradient of the energy which is the first derivative of the energy with respect
to atomic positions. Gradient is the force acting on the structure. The lowest energy structure obtained
through energy-minimization techniques corresponds to the geometry with zero gradient. Vibrational
frequencies of molecules resulting from interatomic motions within the molecule may also be calculated
by molecular modeling methods. Frequencies depend upon the second derivative of the energy with
respect to atomic structure and they can be used to predict thermodynamic properties of the molecule.

2.1. Molecular Mechanics Methods

Molecular mechanics (MM) methods use the laws of classical physics and a set of experimental
data for atom types. MM methods do not treat electrons; instead, they perform computations based
upon the interactions among the nuclei. This approximation makes MM calculations quite inexpensive
so they can be used for very large systems.
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2.2. Electronic Structure Methods

Electronic structure methods use the laws of quantum mechanics rather than classical physics.
The fundamental equation of quantum mechanics is the Schrödinger equation;

HΨ = EΨ (1)

where E is the energy of the system, Ψ is the wavefunction which defines Cartesian and spin coordinates
of atoms, and H is the Hamiltonian operator including kinetic and potential energy terms. However,
exact solutions to the Schrödinger equation are not computationally practical. Approximations must
be introduced in order to apply the method to multi-electronic and polyatomic systems. Electronic
structure methods are characterized by their various mathematical approximations to the solution of
the Schrödinger equation.

“Semi-empirical methods” use experimental data to simplify the computation and solve an approximate
form of the Schrödinger equation ignoring complex differentials. They reduce the computational cost
by reducing the number of complex integrals. “Ab initio” methods use no experimental parameters.
Instead, they use the well-known physical constants, and solve the equation directly using only the
principles of quantum mechanics.

Semi-empirical methods are relatively inexpensive and provide reasonable qualitative
descriptions of molecular systems. In contrast, ab initio methods provide accurate quantitative
predictions of energies and structures. Both semi-empirical and ab initio methods depend upon
Hartree–Fock (HF) theory. In HF theory, single-electron wavefunctions are used. The one-electron
wavefunctions are molecular orbitals which are given as a product of a spatial orbital times a spin
function. The use of these functions implies that electron correlation is neglected. The electron–electron
repulsion is only included as an average effect.

2.3. Post-Ab Initio Methods

The third class of electronic structure methods, such as the Density Functional Theory (DFT),
configuration interaction (CI) and Moller–Plesset Perturbation Theory (MP) methods, known as
“post-ab initio methods” has recently been developed. These methods are attractive because they take the
electron correlation into account. The DFT methods are the most widely used post-ab initio methods
because they are thought as being the least expensive. The DFT methods use the electron density
instead of the wavefunction. While the complexity of a wavefunction increases with the number of
electrons, the electron density has the same number of variables. The DFT methods design functionals
connecting the electron density with the energy.

2.4. Molecular Dynamics Method

The molecular dynamics methods combine energy calculations with the laws of classical
mechanics. The simulation is performed numerically integrating Newton’s equation of motion over
small time steps. Once the velocities are computed, new atom locations and the temperature of the
assembly can be calculated.

2.5. Solvent Effect

All of the molecular modeling methods, molecular mechanics, semiempirical, ab initio, post-ab
initio and molecular dynamics methods assume that the molecules are isolated from each other as in
the gas phase. However, solvation plays a decisive role in determining the energetics of the reactions in
aqueous media. Molecular modeling allows us also to compute the properties of the systems in solution.

In solutions, solvent molecules affect the properties of the solute molecules and the kinetics of the
reactions. In aqueous media, solvent water affects the energetics of the solute species and also induces
geometry relaxation for systems containing hydrogen-bonded complexes. However, previous results

129

Bo
ok
s

M
DP
I



Molecules 2017, 22, 556

indicate that geometry changes have a negligible effect on the energy of the solute in water for both
open and closed shell structures [42,43].

Solvation effects are generally modeled by polarizable continuum models (PCMs). In these
methods, solvent is treated as a polarizable continuum rather than separate, individual molecules
in order to reduce the computational cost. The solute is placed into a cavity within the solvent.
The construction of the cavity is different in different PCM methods. In most cases, it is constructed as
an assembly of atom-centered spheres, while the cavity surface is approximated by segments.

Among PCMs, the so-called conductor-like screening model COSMO is popular to use for aqueous
media [42]. In COSMO, the solvent is treated as a dielectric continuum surrounding the solute molecule.
Solute molecule forms a cavity with a similar shape. The charge distribution on the solute polarizes the
dielectric medium. This effect causes the generation of screening charges on the cavity surface. Therefore,
solvent is described by apparent polarization charges included in the solute Hamiltonian, so that it is
possible to perform iterative procedures leading to self-consistence between the solute wavefunction and
the solvent polarization. The COSMO method describes the dielectric continuum by means of apparent
polarization charges distributed on the cavity surface, which are determined by imposing that the total
electrostatic potential cancels out on the surface. This condition describes the solvation in polar liquids.
Hence, COSMO can be accepted as a suitable method to be used in TiO2 photocatalysis.

3. Degradation Reaction Model

3.1. Active Species

In TiO2 photocatalysis studies, the reaction model used so far has been the reaction between the
pollutant molecule and the •OH radical [44,45]. However, the governing role of active species leading
to initial photocatalytic process is still a matter of controversy. The interfacial transfer of conduction
band electrons to the adsorbed oxygen acting as primary electron acceptor has been accepted as the
rate-determining step of the whole photocatalytic reaction. The most important primary chemical
process is the formation of •OH radicals from adsorbed OH groups. These radicals either diffuse in
solution or migrate on the surface. During migration, other species like H2O2 or peroxyl radicals are
formed. However, •OH radicals are considered to be the principle reactive species responsible for the
photocatalytic reaction.

In order to compare the behavior of the two species, the frontier orbitals of the free and the
adsorbed •OH radicals on TiO2 have been calculated by DFT/B3LYP/6-31G* method [46]. The results
obtained indicate that the •OH radical is strongly bound to the TiO2 surface, the distance between
the oxygen atom of the •OH radical and the surface titanium cation has been calculated to be 1.822 A.
Moreover, it has been also found that the frontier-orbital energy of the •OH radical does not change
much, the SOMO (singly occupied molecular orbital) of the adsorbed •OH radical has been calculated
to be −8.871 eV, slightly higher than the energy of the free •OH, −8.953 eV. The frontier orbitals
of 4-chlorophenol (4-CP) and the adsorbed •OH radical are presented in Figure 1. Therefore, it may be
concluded that the photocatalytic degradation reactions of compounds in the presence of TiO2 may
be based on hydroxyl radical chemistry. The most plausible reaction pathway for hydroxyl radical
having a strong electrophilic character is a direct attack on one of the atoms of the pollutant molecule,
generally the one with the highest electron density.

3.2. Reaction Center

Most of the organic pollutant molecules are aromatic in nature. •OH radicals react with
aromatic molecules through addition to yield hydroxycyclohexadienyl type radicals which then
form intermediates. Due to its highly electrophilic character, •OH radical has a very low-lying SOMO
(singly occupied molecular orbital) the energy of which is −8.871 eV, while the energies of the HOMO
(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) of the aromatic
molecules are around −5.4 and −2.7 eV respectively. Therefore, in the hydroxylation of the aromatic
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molecules, the SOMO of the •OH radical interacts with the HOMOs of the molecules, as displayed in
Figure 1 for 4-chlorophenol. It may be concluded that the photocatalytic degradation reactions on TiO2

are orbital-controlled reactions.

 

Figure 1. The frontier orbitals of 4-chlorophenol and the adsorbed •OH radical.

It has been experimentally proven that •OH radicals attack aromatic molecules at the ring
positions. Therefore, the intermediates and products of the degradation reactions of aromatic molecules
depend upon the position of attack of the •OH radicals. There are several theoretical shortcut methods
in the literature for the determination of the position of attack of the •OH radical in such reactions [47].
One of the most successful ones is the “frontier orbital theory (FMO)” which states that in electrophilic
reactions, the point of attack is at the position of the greatest electron density in the HOMO of the
aromatic molecule. The HOMO coefficients for 4-nitrophenol (4-NP) have been calculated by using
a semiempirical PM3 (Parametric Model number 3) method to be 0.4 for the two -ortho positions
and 0.1 for the two-meta positions with respect to the functional –OH group. These values indicate
a high preference for the -ortho carbons and the most probable primary intermediate that forms in the
photocatalytic degradation of 4-NP has been predicted to be 1,2-dihydroxy-4-nitro-cyclohexadienyl
radical which then forms 4-nitrocatechol [48].

Another theory for the determination of the position of attack of the •OH radical to the aromatic
molecule is the localization approach of Wheland [47]. According to this theory, the position of attack
is determined by the energy of the intermediate. The most probable intermediate is the one with the
lowest energy. The calculated total energies and the heats of formation of the hydroxylated radicals
forming in the photocatalytic degradation reaction of 4-NP indicate that the attack is at the -ortho
position in agreement with the FMO Theory [48].

4. Prediction of Degradability

Quantum mechanical methods are very useful tools for obtaining information about the
degradabilities of the pollutant molecules. In fact, the degradation rate depends upon the electronic
structure of the compound. However, there are relatively few correlations between the degradability
and the molecular structure, reported in the literature [49–51]. In all of these equations, empirical
parameters, such as 1-octanol/water partition coefficient, the Hammett constant, molecular refractivity
and Brown constant have been used as the molecular properties. Therefore, the correlations obtained
contain either experimental or approximate structural parameters. The use of molecular modeling
techniques gives better relationships.

4.1. Electronic Molecular Properties

The energies of the frontier molecular orbitals are important quantum mechanical indices, the
application of which in quantitative structure activity relations (QSAR) has gained considerable
attention in the last decades. The energy of HOMO (EHOMO) is a measure of the ease of oxidation of the
compound. On the other hand, the energy of the lowest unoccupied orbital (ELUMO) generally shows
the reduction potency of the compound. The excitation energy, which is defined as the difference in
energies of the HOMO and LUMO, reflects the electronic stability of the pollutant molecule.
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In order to obtain a relationship predicting the degradabilities of monosubstituted anilines,
San and Cinar [52] have used the semi-empirical PM3 method to calculate electronic properties of the
compounds and correlated the logarithm of the experimental degradation rate constant (k) with the
energies of the HOMOs, (EHOMO) and the sum of the electron densities (q) of the substituents. EHOMO is
a measure of the ease of oxidation of the compound while 1-octanol/water partition coefficient (KOW)
is a measure of the distribution of the compound between TiO2 particles and the solution. The sum of
the electron densities has been used in order to take into account the electrophilic character of the •OH
radical. As a result, a linear relationship of the form

log k = Aq + BEHOMO + C log KOW + D (2)

has been obtained by using multiple regression. In this equation, A, B, C and D are the constants
obtained by regression. The correlation coefficient r has been calculated to be 0.9937 with A = 0.02,
B = 0.22, C = −0.27 and D = −0.32.

4.2. DFT Reactivity Descriptors

The best descriptors showing degradability can be obtained by the application of the Conceptual
Density Functional Theory (DFT). According to the Conceptual DFT, the reactivity of a molecule
depends upon its response to the perturbations caused by the attacking chemical species, in TiO2

photocatalysis •OH radicals. The typical perturbations for a chemical reaction are changes in external
potential and the number of electrons N. The Conceptual DFT discusses reactions in terms of these
changing properties. This approach leads to a series of reactivity descriptors, such as; the electronic
chemical potential, hardness, softness and Fukui function. These descriptors then may be connected to
different reactivity principals to be used in the determination of the regioselectivity and the reactivity
of the compound under investigation.

There are mainly two classes of DFT descriptors; global and local descriptors. Perturbations
due to changes in the number of electrons are defined as global descriptors and are related to overall
molecular stability. Perturbations due to changes in external potential are called local descriptors and
determine the site selectivity of a molecule for a specific reaction type.

Global hardness η is defined as the second derivative of the energy E with respect to the number
of electrons N. It is equal to the reciprocal of global softness (S) [53,54]. Using the finite

η =
1
2

(
∂2E
∂N2

)
v(r)

=
1

2S
(3)

difference approach together with Koopman’s theorem, hardness can be written in terms of the first
ionization potential (I) and the electron affinity (A) of the molecule, whereas, in the frozen-core
approximation, global hardness equals the gap between the frontier orbitals;

η =
I − A

2
=

ELUMO − EHOMO
2

(4)

Global hardness is a measure of the stability of the molecule. It is also a measure of the resistance
of a chemical species to change its electronic configuration. Therefore, stable molecules are likely to
be harder than less stable molecules and thus they have low reactivities. On the other hand; global
softness is related with the polarizability of the molecule. Soft molecules have a high polarizability,
which can allow a large deformation of the electron cloud. Soft molecules are more reactive, thus their
degradation rates are faster than the hard molecules.

Generally, local properties are used in the determination of the reactivities of different sites of
a molecule. Fukui function f (r) is the most important local DFT descriptor. It is defined as the mixed
second derivative of the energy of the molecule with respect to the number of electrons and the
external potential:
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f (r) =
(

∂2E
∂N.∂v(r)

)
=

[
∂μ

∂v(r)

]
N
=

[
∂ρ(r)
∂N

]
v(r)

(5)

Fukui function reflects the reactivity of a certain site of the molecule and it is the change in the
electron density driven by a change in the number of electrons. The larger the value of the Fukui
function, the higher the reactivity of that site. The fundamental equations defining the Fukui functions
per atom i in a molecule are;

f−i = [qi(N)− qi(N − 1)] (6)

f o
i =

[
f+i + f−i

]
/2 (7)

where qi is the electron population of atom i in the molecule. f−(r) is used when the system
undergoes an electrophilic attack, whereas f o

i governs radical attack. The local softness s(r) provides
intermolecular reactivity information about regioselectivity. It is related to the Fukui function through
s(r) = S f (r). This equation indicates that f (r) redistributes the global softness among different parts
of the molecule.

San et al. [55] have calculated global and local DFT descriptors for monosubstituted phenols and
examined correlations between the experimental degradation rate constants and the calculated DFT
descriptors. However, the results indicate that the global DFT descriptors do not well describe the
degradabilities of the phenol derivatives due to their different adsorptive capacities and characteristics
of the substituents. The calculated local descriptors give better results. This finding indicates that the
photocatalytic degradation reactions of phenol derivatives are orbital-controlled reactions rather than
radical attack.

The use of “softness-matching principle” which is based on the HSAB principle has given the
best descriptor for phenol derivatives studied. According to the HSAB principle, soft atoms react
preferentially with other soft atoms and hard atoms with other hard atoms. However, the principle
also indicates that the interaction between two chemical species will not necessarily occur through
their softest atoms but through those whose softnesses are approximately equal. The reactions
investigated are orbital-controlled reactions in which soft–soft interactions dominate. For these,
reactions, Δs between the reacting atoms must be as small as possible. Therefore, Δs = s+(O)− s−(C)
the difference between the local softnesses of the oxygen atom of the attacking •OH radical and of the
carbon atom of the aromatic ring that undergoes the electrophilic attack has been calculated for each of
the phenol molecules.

Consequently, a simple linear equation giving logk in terms of Δs and EHOMO with a regression
coefficient r = 0.9816 has been obtained. The experimental and calculated k values are presented in
Figure 2. Therefore, it may be concluded that local DFT descriptors describe the reactivities of the
phenol molecules in their photocatalytic degradation reactions better than the global ones.

Figure 2. Observed vs. calculated rate constants for the photocatalytic degradation reactions of phenols.
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5. Reaction Mechanisms

Molecular modeling methods can also be used to determine degradation reaction mechanisms.
One way is to apply a short-cut method based on the use of DFT reactivity descriptors. However, the
most reliable method is to apply Transition State Theory through quantum mechanical calculations.

5.1. Short-Cut Method

Short-cut method based on the use of DFT reactivity descriptors is computationally less
demanding than transition state calculations. This method describes the preferred reaction energetics
and thus kinetics in terms of the properties of the reactants in the ground state and is a successful
tool to gain insight into how photocatalytic degradation reactions occur. The calculations based on
reactivity indices are computationally less intensive but also less detailed because all information is
obtained through study of the reactants only. Consequently, only information about the onset of the
chemical reaction should be expected.

In an earlier study [56], the degradation mechanism of cefazolin has been determined by using
the DFT descriptors. Cefazolin is a semi-synthetic antibiotic. It belongs to the first generation of
cephalosporines that are the most widely-used group of antibiotics and inhibits cell-wall biosynthesis
in a manner similar to that of penicillins. As seen in Figure 3, cefazolin with molecular formula
C14H14N8O4S3, consists of a fused β-lactam-Δ3-dihydrothiazine two-ring system.

Figure 3. Cefazolin molecule.

The reaction model used is the reaction between the cefazolin molecule and the photogenerated
•OH radicals. Therefore, all the calculations have been based on hydroxyl radical chemistry. First the
geometries of the reactants have been optimized and their electronic properties have been calculated.
Then, the calculations have been repeated by adding and subtracting an electron from the reactant
structures. Geometry optimizations of the reactants have been performed with the DFT method.
The DFT calculations have been carried out using the hybrid B3LYP functional, which combines HF
and Becke exchange terms with the Lee-Yang-Parr correlation functional in order to obtain an exact
solution. 6-31G* has been used as the basis set.

Using the electron densities of the atoms in the optimized reactant structures Fukui functions
have been calculated for each of the atoms in the molecule. Then, by using the highest f values
local softnesses have been calculated. In order to determine the reaction centers and the reaction
intermediates accordingly, softness-matching principle has been used. Therefore, for each of the atoms
of the molecule Δso = so(O)− so(X), the difference between local softnesses of the oxygen atom of the
attacking •OH radical and the atom (X) of the cefazolin molecule that undergoes the radical attack has
been calculated.

Then, the softnesses of the atoms have been compared with that of the •OH radical and the
ones with softnesses being close to that of the •OH radical have been chosen. As a result, three main
competing reaction pathways have been determined. The local softness s◦ and softness difference Δs◦

values indicated that sulfur atoms on the thiadiazole ring are the prime targets of hydroxyl radical attack.
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In Pathway I, upon the attack of the •OH radical, S–C bond cleavage occurs leading to the
formation of 5-methyl-1,3,4-thiadiazole-2-thiol as seen in Figure 4. Oxidation of the other sulfur by
•OH radicals precedes ring opening. Hydrogens on the dihydrothiazine are the two possible positions
of •OH attack. Therefore, in the first step of Pathway II, •OH radical bonds to the carbon atom of the
radical formed through H-abstraction. In the second step, lactonization occurs between hydroxyl and
carboxy groups to yield a lactone as a by-product. The reactivity of the carbon on β-lactam ring is high
according to its local softness value, in the third step, upon the attack of the •OH radical, β-lactam
ring opens to give a β-lactam ring-opened lactone. The local softness and softness difference values of
the atoms indicated that sulfur atom on the dihydrothiazine is another reactive site for •OH attack and
it has been predicted that dihydrothiazine ring disappears when β-lactam ring is opened. In Pathway
III, N–C bond cleavage occurs in the tetrazole part of the molecule. Successive •OH attacks results in
ring opening and mineralization due to comparable reactivities of the nitrogen atoms on the tetrazole
ring. All the predicted intermediates have been confirmed through FTIR, HPLC and UV-vis analyses.
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Figure 4. Pathway I for the photocatalytic degradation mechanism of cefazolin.

5.2. Transition State Calculations

In order to determine the most plausible reaction path and the product distributions for the
photocatalytic degradation reactions of organic pollutants the best way is to use Transition State
Theory. For transition state calculations, the first thing to do is to carry out a conformer search for
the reactants and the products to determine the most stable structures. Then, geometry optimizations
of the reactants and the transition state complexes are performed by quantum mechanical methods.
Zero-point corrections are made and the thermodynamic properties of all the species involved in the
reactions are calculated.

Vibrational frequencies are calculated for the determination of the reactant and product structures
as stationary points and true minima on the potential energy surfaces. All possible stationary
geometries located as minima are generated by free rotation around single bonds. The forming
C–O bonds in the OH-addition paths and the H–O bonds in the H-abstraction paths are chosen as the
reaction coordinates in the determination of the transition states. Each transition state is characterized
with only one negative eigenvalue in its force constant matrix.

Product distributions are determined by calculating the rate constant for each of the possible
reaction paths by using the Transition State Theory. The classical rate constant k in the Transition State
Theory is given by Equation (8);
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k =
kBT

h
qTS

qR.qOH
e−Ea/RT (8)

where kB is Boltzmann’s factor, T is temperature, h is Planck’s constant and q’s are molecular partition
functions for the transition state complex (TS) and the reactant species, (R) and •OH and Ea is
the activation energy. Each of the molecular partition functions is the product of the translational,
rotational, vibrational and electronic partition functions of the corresponding species. The equations
used for computing partition functions are those given in standard texts on thermodynamics. In the
computation of the translational partition function, the molecule is treated as a particle with mass
equal to the molecular mass of the molecule confined in a three-dimensional box. Vibrational partition
function is composed of the sum of the contributions from each vibrational mode. The bottom of the
potential well of the molecule is used as the zero of energy. Rotational partition function depends
upon the geometry of the molecule, which is determined in the optimization step of the calculations,
while electronic partition function is composed of the sum of the contributions from each electronic
energy level. Thus, it depends upon the energies of the orbitals and their degeneracies. The first and
higher excited states are assumed to be inaccessible at any temperature since the first excitation energy
is much greater than kBT.

In an earlier study [57], in order to determine the product distributions and also to develop
a short-cut model for the photocatalytic degradation reactions of phenol derivatives, their reactions
with the photogenerated •OH radicals have been modeled. Forty-three different reaction paths for
the reactions of 11 phenol derivatives with the •OH radical have been determined by nature of
the carbon atoms of the aromatic ring, the substituent and the functional –OH group. •OH radical
additions to the aromatic rings yielding dihydroxycyclohexadienyl type radicals and direct H-atom
abstraction from the phenolic functionalities have been modeled. For all the possible reaction routes,
calculations of the geometric parameters, the electronic and thermodynamic properties of the reactants,
the product radicals and the transition state complexes have been performed with the semi-empirical
PM3 and DFT-COSMO methods successively. The molecular orbital calculations have been carried
out by a self-consistent field SCF method using the restricted RHF or unrestricted UHF Hartree–Fock
formalisms depending upon the multiplicity of each species. Single point energies were then refined
by DFT calculations. Based on the results of the calculations, the rate constant k for each reaction path
has been calculated by using the transition state theory for 300 K. The branching ratios and the product
distributions of all the possible reaction paths have been calculated by dividing the corresponding rate
constant of each reaction path by overall k taking the number of similar addition centers into account.

The results obtained have been compared with the available experimental data in order to assess
the reliability of the proposed model. The values indicate that DFT/B3LYP/6-31G*//PM3 calculations
underestimate the rate constants. The reason may be attributed to the use of the PM3 method which is
wavefunction based. The use of higher basis sets could modify the results, but they are not affordable
in terms of computational time and resources. However, the primary intermediates determined in this
study are in perfect agreement with the experimental ones. Therefore, it may be concluded that the
proposed theoretical model, even by the PM3 method can be used for the estimation of the rates and
the product distributions for the photocatalytic degradation reactions of phenol derivatives or similar
pollutant molecules in gas and aqueous media [48,58–60].

With the aim of describing the mechanism of the photocatalytic degradation reaction
of 4-chlorophenol (4-CP) in detail, the reaction between •OH radical and 4-CP has been modeled by
means of the DFT method for geometry optimizations in order to determine the identities and the
relative concentrations of the primary intermediates [46]. The DFT calculations have been performed
by the hybrid B3LYP functional by using 6-31G* basis set. As seen in Figure 5, four different
possible reaction paths for the reaction of 4-CP with the •OH radical have been determined by
nature of the carbon atoms of the aromatic ring and the functional –OH group. The first three of the
reaction paths, ortho-addition, meta-addition and ipso-addition are OH-addition reactions, which yield
dihydroxy-chlorocyclohexadienyl type radicals. The fourth reaction path, H-abstraction is hydrogen
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abstraction from the functional –OH group producing 4-chlorophenoxyl radical and a water molecule.
The unexpected result obtained in this study is that the energies of the transition states, optimized
with the DFT/B3LYP/6-31G* method are lower than the energies of the reactants, 4-CP and the •OH
radicals. This finding indicates that in all the reaction paths, pre-reactive complexes which lower
the energy barriers are formed before the formation of the transition state complexes. Therefore,
pre-reactive complexes (PCs) have been located on the potential energy surfaces. Similar results have
been obtained for the degradation reactions of nitrobenzene and toluene [61,62].

Figure 5. Possible reaction paths for 4-CP + •OH reaction.

The product distribution obtained shows that the major primary intermediate that is formed in
the photocatalytic degradation of 4-CP is 1,2-dihydroxy-4-chlorocyclohexadienyl radical which then
forms 4-chlorocatechol. The reaction also yields 1,4-dihydroxy-4-chlorohexadienyl radical through
ipso-addition to the aromatic ring. As the chlorine substituent is then released due to the presence of
water molecules and steric effects, this radical is converted to hydroquinone. The results obtained
indicate that the major intermediates of the 4-CP + •OH reaction are 4-chlorocatechol (4-CC) and
hydroquinone (HQ) with [4-CC] > [HQ], confirming the experimental findings of earlier studies
reported in the literature [39].

In an earlier study, a combination of experimental and quantum mechanical methods has been
used for the reaction of toluene with •OH radical in both gas and aqueous media in order to determine
the most probable reaction path and the product distribution [62]. The obtained experimental and
theoretical results are in perfect agreement. Both of them indicate that the dominant reaction path is the
ortho-addition yielding ortho-cresol. Quantum mechanical results show that the primary intermediate
is 1-hydroxy-2-methylcyclohexadienyl radical which then forms ortho-cresol through abstraction of the
redundant ring hydrogen by molecular oxygen.

6. TiO2 Surfaces

Molecular modeling techniques can also be used to examine TiO2 surfaces either modified or
doped. Localized and delocalized modeling methods are the two main modeling techniques to be
used in the quantum mechanical studies of crystalline solids and surfaces. In delocalized modeling
technique, it is assumed that the presence of translational symmetry in crystalline solids leads to
periodic functions as solutions of the Schrödinger equation. The simplest periodic functions are
known as plane waves. Periodic models are advantageous, because they have no surfaces, but they
need exceptionally large repeating units that increase the computational cost. In localized modeling
technique, finite clusters are modeled by using molecular orbitals instead of plane waves. In contrast to
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periodic models, cluster models use small representative portions of the crystal that can be treated with
molecular quantum mechanical methods. Plane waves are delocalized and do not refer to a particular
site in the crystal lattice. However, surface modifiers, dopants and defects are localized, thus their
description by cluster models is favorable over periodic models. There is one problem in the use of
cluster models: they have more surface area than the real crystal. Free clusters have borders such as
corners, surfaces and edges that are not present in the bulk of the crystal. Therefore, the surface area
should be reduced by saturating the unsaturated atoms at the surface by other type of atoms or groups
that are similar to the ones in the environment of the crystal.

6.1. Doped TiO2 Surfaces

The anatase phase is the most used TiO2 photocatalyst. Among the low-index planes, (101), (100)
and (001) lattice planes present on the surface of anatase, (001) surface is the most stable surface with
a high photocatalytic activity [63,64]. Therefore, to determine the electronic properties of the doped
or surface modified TiO2 surfaces, the non-defective undoped anatase (001) surface is modeled first
with finite, neutral and stoichiometric cluster models. The reason for using neutral clusters is to avoid
associating formal charges with the cluster. The bare TiO2 cluster models can be constructed by using
the structure of the anatase unit cell. The unit cell for anatase has a tetragonal structure with the bulk
lattice constants a = b = 3.78 A and c = 9.51 A [65]. The building stone is a slightly distorted TiO6

octahedron, with the oxygens at the corners. Each octahedron is in contact with eight neighbors, four
sharing an edge and four a corner. Ti4+ cations are coordinated to six O2− anions and the oxygen
atoms are coordinated to three titanium atoms. The small cluster models can be enlarged by extending
the lattice vectors to construct larger models, supercells. However, the anatase surface is Lewis acidic
due to the presence of adsorbed water molecules [66]. Water adsorption on anatase occurs mostly by
dissociative adsorption. Therefore, in the cluster models, to saturate the free valence at the surface
and also to keep the coordination of the surface atoms the same as that in the bulk, the unsaturated
oxygens are terminated with hydrogens and titaniums with OH groups.

In an earlier study, the bare (001) surface of anatase has been modeled by two different sized
cluster models and the electronic properties of the cluster surfaces have been calculated by quantum
chemical methods [63]. All the calculations have been performed using the DFT/B3LYP method within
the GAUSSIAN 03 package [67] because it takes electron correlation into account. The double-zeta
LanL2DZ basis set has been used in order to take relativistic effects into account. The cluster geometry
has been kept frozen throughout all the calculations, but the terminal hydrogens and the OH groups
are relaxed. Electronic structure calculations indicate that the upper states of the valence band (VB)
are dominated by O 2p orbitals, while the bottom of the conduction band (CB) is mainly due to Ti 3d
orbitals. The DFT/B3LYP calculations for such clusters generally underestimate band-gap energies,
due to the well-known shortcoming of the exchange–correlation potential used within the framework
of DFT [68,69]. However, calculated band-gap energies for small clusters do not reflect this effect,
because the energy of the first excited state increases as the model size decreases. Band-gap energies
for large clusters are corrected by using a scissors operator that displaces the empty and occupied
bands relative to each other by a rigid shift to bring the minimum band-gap in line with experimental
band-gap of anatase.

In order to determine the location and the bonding status of the dopants, doped anatase clusters
are modeled. The doped models can be constructed by locating the dopant either substitutionally
or interstitially depending upon the radius of the dopant into the bare anatase cluster. Then, site
preference of the dopant on the surface is determined by changing the position of the dopant and
calculating total energies of the doped clusters. The geometric parameters, the band edges, band-gap
energies and Mulliken charge distributions of the surface atoms can be calculated for the doped model
with the optimum dopant position.

Gurkan et al. [63] have examined selenium (IV)-doped TiO2 experimentally and theoretically.
Only substitutional sites for Se (IV) ion have been analyzed. The doped models have been constructed
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by replacing one titanium atom by one selenium atom as seen in Figure 6. DFT/B3LYP/LanL2DZ
calculations indicate that four-fold coordinated Ti site substitution is favored over five-fold coordinated
Ti site substitution. Moreover, the results show that doping with Se (IV) does not cause a significant
change in the positions of the band edges; instead, it introduces three empty mid-gap levels into the
band-gap. The calculated coefficients of the wavefunctions indicate that they are mainly originating
from the Se 3p orbitals. These energy levels are not donor states because they are not populated by
electrons, but they are allowed energy states. These levels separate the band-gap of the Se(IV)-doped
TiO2 into two parts; a wider lower gap and a significantly narrower upper gap. These intermediate
energy levels offer additional steps for the absorption of low energy photons through the excitation
of VB electrons to these intermediate energy levels, from where they can be excited again to the CB.
The lower gap has been calculated to be 2.85 eV corresponding to a 435 nm photon. The result is
consistent with the UV-DRS spectrum of the sample which shows two absorption thresholds. Therefore,
it may be stated that the lower gap is responsible for the absorption in the first region of the spectrum
between 420 and 580 nm, while the second region between 580 and 650 nm corresponds to the excitation
of electrons from mid-gap levels to the CB.

 
Figure 6. Optimized structure of the Se(IV)-doped TiO2 cluster model (grey, titanium; red, oxygen;
orange, selenium; white, hydrogen).

6.2. Surface Modifiers

Surface modifiers enhance the surface coverage of pollutant molecules on TiO2, inhibit e−/h+

recombination process by separating the charge pairs and expand the wavelength response range.
Benzoic acid, salicylic acid and ascorbic acid have been used as surface modifiers to increase the
photocatalytic activity of TiO2 [70,71]. The experimental results indicate that these compounds modify
the surface of the particles through the formation of π–π donor–acceptor complexes [72]. Salicylic acid
SA has been used as a modifier for TiO2 and it has been reported that the onset of absorption of the
SA-modified TiO2 shifts to the red and the threshold of absorption is at 420 nm compared with 380 nm
for the unmodified TiO2 [70]. Although it has been known that surface modification by aromatic
carboxylic acids increases the photocatalytic activity of TiO2, the key question to be answered is the
electronic nature of the surface and the role of the surface complexes that lead the absorption edge to
be red-shifted.

In order to investigate the effect of surface modification with salicylic acid SA, the non-defective
anatase (001) surface modified with SA has been modeled with a finite, neutral, stoichiometric cluster
model SA-Ti3O11H8 [73]. Almost 40% of the TiO2 surface consists of Ti atoms whose coordination
is incomplete [74]. These atoms are four-fold coordinated to oxygen and have two unfilled orbitals.
Therefore, they can accept two lone electron pairs from electron donors to complete the octahedral
coordination [71]. In the SA-modified TiO2, the oxygen atoms of SA bond to these Ti cations, resulting
in a chelate structure as seen in Figure 7. Both carboxyl and hydroxyl groups of SA are involved in
binding. A bidentate binding of SA occurs through the two oxygen atoms yielding a six-membered
ring structure which is the favorable configuration of the surface Ti atoms. As a result of surface
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modification, titanium(IV) salicylate charge-transfer complex is formed on TiO2 particles through the
charge transfer reaction from the modifier (SA) to the conduction band of TiO2.

Electronic structure calculations indicate that conduction band minimum (CBM) shifts to a lower
energy level in the SA-modified TiO2 with respect to the bare TiO2 due to the electron transfer from
SA to the conduction band (CB) of TiO2. The formation of the bidentate charge transfer complex on
TiO2 introduces additional electronic states into the band gap. The results indicate that the formation
of the SA-bidentate complex on TiO2 particles causes an important reduction in the band gap of the
photocatalyst. As a result of the study, 396 nm for the absorption threshold of the SA-TiO2 has been
obtained which is in agreement with the experimental result reported in the literature [70].

Figure 7. SA-modifed TiO2 cluster model (Grey, titanium; red, oxygen; white, hydrogen; black, carbon).

The surface modification does not only reduce the band gap, but it also causes a change in the local
charge distribution of the atoms on TiO2 surface. The Mulliken charge distribution of the atoms on the
surface of the SA-TiO2 indicates that electron transfer occurs from SA to the conduction band of TiO2,
causing the separation of the charge pairs on the surface into two phases. The holes on the complex
can readily oxidize the adsorbed OH− ions or H2O molecules and form •OH radicals. As the holes are
on the bidentate complex and the electrons are on the TiO2 cluster, the electron–hole recombination
process will be greatly inhibited, resulting in an increase in the photocatalytic degradation rates of
organic contaminants. Similar results have been obtained for ascorbic acid modified TiO2 samples
through quantum mechanical calculations [71].

7. Summary and Outlook

This review highlights the most important molecular modeling methods and applications in
TiO2 photocatalysis. The relative advances in the synthesis and preparation of TiO2 photocatalysts
have led to a huge range of novel materials with improved properties and surface phenomena. The
photocatalytic degradation reactions of pollutants have gained considerable attention in the last decade
due to an increased number of hazardous synthetic pollutants that are being consumed. Selected
examples of the applications of molecular modeling methods to the problems of TiO2 photocatalysis
have been explained.

Molecular modeling techniques are very important tools for TiO2 photocatalysis. They use
quantum mechanical methods that allow us to study chemical phenomena by running calculations
on computers rather than carrying out experiments. Quantum mechanical calculations appear
promising as a means of describing the mechanisms and the product distributions of the photocatalytic
degradation reactions of organic pollutants in both gas and aqueous phases. Since quantum mechanical
methods utilize the principles of particle physics, their use may be extended to the design of
new photocatalysts.
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In TiO2 photocatalysis the primary process is the generation of •OH radicals from the
adsorbed OH groups. •OH radicals are considered the principle reactive species responsible for
the photocatalytic reaction. Therefore, photocatalytic degradation reactions of aromatic pollutants on
TiO2 may be based on hydroxyl radical chemistry. Local DFT descriptors describe the reactivities of
phenol derivatives and indicate that the photocatalytic degradation reactions are orbital-controlled
reactions in which soft–soft interactions dominate. Product distributions may be predicted using
even semiempirical quantum mechanical methods. However, DFT methods describe the reaction
mechanisms better than the semiempirical ones. COSMO method is a suitable solvation model to be
used to describe the reaction kinetics in aqueous media. Surface modification by aromatic carboxylic
acids reduces the band gap of TiO2 and inhibits electron–hole recombination process by causing the
separation of charges on the surface. Dopants reduce the band-gap either by introducing additional
electronic energy levels into the band gap or contributing electrons to the VB of TiO2.

Novel TiO2 photocatalysts are visible-light active and they have higher photocatalytic activities
than the standard anatase phase. The key question to be answered is how doping, codoping or
surface modification achieve these phenomena. Molecular modeling methods can be used to obtain
information about the degradabilities of the pollutants, to predict photocatalytic reaction mechanisms
and evaluate the roles of impurities used to develop new photocatalysts. Many of these phenomena or
the improved properties of the photocatalysts have not yet been explained in detail at the molecular
level. I hope that the brief introduction of molecular modeling methods explained in this review, their
applications in TiO2 photocatalysis and selected examples can provide readers necessary background
and ideas to broaden the area of application of TiO2. There is no doubt that cooperative studies of
computational chemists and experimentalists will lead to the fabrication of novel TiO2 photocatalysts
and to the success of removing hazardous pollutants from air and water resources in the future.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Se4+ and N3− ions were used as codopants to enhance the photocatalytic activity of TiO2

under sunlight irradiation. The Se/N codoped photocatalysts were prepared through a simple
wet-impregnation method followed by heat treatment using SeCl4 and urea as the dopant sources.
The prepared photocatalysts were well characterized by X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), UV-diffuse reflectance spectroscopy (UV-DRS), scanning electron microscopy
(SEM) and Raman spectroscopy. The codoped samples showed photoabsorption in the visible light
range from 430 nm extending up to 580 nm. The photocatalytic activity of the Se/N codoped
photocatalysts was evaluated by degradation of 4-nitrophenol (4-NP). The degradation of 4-NP was
highly increased for the Se/N codoped samples compared to the undoped and single doped samples
under both UV-A and sunlight irradiation. Aiming to determine the electronic structure and dopant
locations, quantum chemical modeling of the undoped and Se/N codoped anatase clusters was
performed using Density Functional Theory (DFT) calculations with the hybrid functional (B3LYP)
and double-zeta (LanL2DZ) basis set. The results revealed that Se/N codoping of TiO2 reduces the
band gap due to mixing of N2p with O2p orbitals in the valence band and also introduces additional
electronic states originating from Se3p orbitals in the band gap.

Keywords: TiO2; DFT calculations; Se/N-codoping; sunlight; heterogeneous photocatalysis

1. Introduction

In the last few decades, TiO2 has gained an enormous interest due to its potential application in
photocatalysis, solar cells and waste remediation. TiO2-mediated photocatalysis is an efficient and
economic method to eliminate recalcitrant contaminants from water or air, because it is non-energy
intensive, operates at ambient conditions and able to mineralize organic pollutants using only
atmospheric oxygen as the additional chemical species [1–4]. Owing to its high chemical and photo
stability, environmental friendliness, water insolubility, low-cost, non-toxicity and high oxidative
power, TiO2 has been proven to be the most efficient photocatalyst for this process [5–8].

The photocatalytic reactions on TiO2 are initiated by band-gap excitation and subsequent
generation of electron/hole (e−/h+) pairs that can initiate redox reactions on the surface. Electrons
are trapped at surface defect sites (Ti3+) and removed by reactions with adsorbed molecular O2 to
produce superoxide anion radical O2

•−, while holes react with adsorbed water molecules or OH− ions
to produce •OH radicals. •OH radicals are considered to be the principal reactive species responsible
for the degradation reactions. However, the wide band-gap of TiO2 (~3.2 eV) requires an excitation
wavelength that falls in the UV region. This disadvantage of TiO2 limits the utilization of solar energy
as a sustainable energy source for its excitation because only 5% of the incoming solar energy on
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the earth’s surface is in the UV-range. In order to utilize natural solar light in TiO2 photocatalysis,
the band gap of TiO2 must be reduced to be active under visible light irradiation. Recombination
of photogenerated charge carriers is another major drawback associated with TiO2. The majority of
the e−/h+ pairs generated upon band gap excitation are lost through recombination instead of being
involved in redox processes at the surface. The e−/h+ recombination process not only decreases the
quantum yield but also decreases the oxidation capability of TiO2 [8,9]. Therefore, in recent years
research on TiO2 has been focused on extending its optical absorption to the visible region of the
spectrum in order to substitute UV-light by sunlight and also to increase its photocatalytic activity by
decreasing the recombination rate of the charge carriers.

In the past decades, considerable efforts have been devoted to modify the electronic structure of
TiO2. The most common method is doping in which impurities are introduced into the TiO2 matrix
in order to reduce the band gap. The dopants develop electronic energy levels within the band
gap for absorption of photons or contribute electrons to the valence band (VB). The dopants also
behave as trapping sites for electrons and holes to significantly reduce the recombination processes
thus prolonging the lifetime of the charge carriers. Metal ion doped TiO2 photocatalysts have been
extensively studied and found to enhance photocatalytic activity in the visible range [10]. However,
some investigators have reported that doping with metal ions enhances the photocatalytic activity
while some research groups have found that the presence of cations in TiO2 is detrimental for the
photocatalytic degradation reactions of organics in aqueous systems [11–16]. Moreover, thermal
instability and increase in the charge carrier recombination centers have caused metal ion dopants to
be unfavorable. Therefore, non-metal doping of TiO2 has gained considerable attention as an approach
to overcome the drawbacks of metal doping.

Non-metal C, N, S, F, B-doped TiO2 photocatalysts have been found to show a relatively high
level of activity under visible-light irradiation [17–22]. These anion dopants either reduce the
band gap of TiO2 through mixing their p orbitals with O2p orbitals or introduce additional energy
levels into the band gap. Nitrogen seems to be more attractive than all the other anionic dopants
because of its comparable atomic size with oxygen, small ionization energy and stability. After
Asahi et al. [23] have reported that nitrogen doping of TiO2 extends its light absorption to visible light
range, nitrogen-doped (N-doped) TiO2 has been extensively studied [24–29]. However, at high dopant
concentrations, the impurity levels in the non-metal doped TiO2 act as charge recombination centers
and reduce photoactivity.

Recently, it has been reported that the photocatalytic activity of TiO2 doped with non-metals
can be further increased by the presence of a non-metal ion as a codopant [30]. Codoping of TiO2

has exhibited significant improvement in photocatalytic activity as compared to single doping due
to synergistic effects of two different non-metals. Yu et al. [31] have investigated N/S-codoped TiO2

and obtained a high day-light induced photocatalytic activity. Wang et al. [32] have synthesized
N/C-codoped TiO2 by a solvothermal method and reported that the surface of TiO2 was modified by
both C and N via formation of Ti-C bonds, carbonate species and oxynitrides. They have evaluated
the photocatalytic activity of their samples by investigating the degradation reaction of bisphenol.
Li et al. [33] have obtained high visible light activity for N/F-codoped TiO2. In another study, visible
light activated TiO2 with N and F codopants have been prepared by the surfactant assisted sol-gel
method and immobilized on glass substrates [34]. The prepared films have been examined for the
oxidation of NO and the modified catalysts have exhibited significant photocatalytic activity under
daylight illumination. B and N codoped titania photocatalyst has been synthesized by Ling et al. [35].
The results of their study have shown that the codoping of B and N played an important role in the
band gap decrease, which led to the rise of the photocatalytic activity.

Although codoping with two non-metals has been believed to be superior to single doping,
codoping at two anionic sites induces significant crystal distortion and charge unbalance resulting
in a high recombination rate of the charge carriers [36]. Therefore, more recently, most researchers
have concentrated on codoping with metal and non-metal combinations. In this case, the former
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contributes to the VB while the later forms additional levels in the band gap. N/V-codoped TiO2

has been investigated and found that codoping with V and N induces isolated energy levels near the
conduction band (CB) and VB causing an effective narrowing of the band gap [37]. Kubacka et al. [38]
have synthesized micro-crystalline W/N-codoped TiO2 that showed high activity under sunlight.
The structural and electronic properties of the codoped photocatalyst have been explored by combining
spectroscopic data with Density Functional Theory (DFT) calculations. Effect of metal ions (Fe, Ni,
Ag, Pt) on the physicochemical properties of N-doped TiO2 has been investigated experimentally [36].
A negative effect of Fe and Ni was observed while Ag and Pt codopants have positive effects.

In our previous study [39], we doped TiO2 with Se4+ ions. Characterization techniques showed
that Se4+ is in O–Se–O linkages in the crystal lattice. The absorption threshold of the Se4+-doped
photocatalyst shifted to the visible region of the spectrum. We obtained a higher photocatalytic
activity for the degradation of 4-nitrophenol (4-NP) for the Se4+-doped TiO2 compared to the undoped
TiO2. However, we did not observe any direct correlation between the visible light activity and the
photocatalytic activity of the doped samples. Our DFT calculations indicated that Se4+-doping of
TiO2 does not cause a significant change in the positions of the band edges; in contrast, it produces
additional electronic states originating from the Se 3p orbitals in the band-gap. The visible-light
photocatalytic activity of the Se4+-doped TiO2 is due to these localized mid-gap levels. In one of our
earlier studies [40], we doped TiO2 with N3− ions. Characterization techniques showed that nitrogen
anions are in O–Ti–N linkages and the dopant nitrogen led to an important reduction in the band-gap
through substitutional N-doping. We obtained a higher photocatalytic activity for the degradation
of 4-NP. Our DFT calculations indicated that band gap reduction arises from the contribution of N 2p
to the O 2p and Ti 3d states in the VB of TiO2.

Based on these results, we attempted to dope TiO2 with Se4+ and N3− ions simultaneously to
obtain a more active, visible-light driven photocatalyst. This paper has the purpose of determining
the electronic structure, optical and photocatalytic properties of Se/N-codoped TiO2, to elucidate
the chemical nature, the position and the synergistic effect of the dopants on the activity of the
photocatalyst. For this purpose, a combination of experimental and quantum mechanical methods
were used. In the experimental part of the study, a series of Se/N-codoped TiO2 photocatalysts were
prepared by means of a simple wet impregnation method and characterized by structural techniques.
The photocatalytic activity of the Se/N-codoped TiO2 was also determined by investigating the kinetics
of the photocatalytic degradation of 4-NP in the presence of the undoped and Se/N-codoped TiO2.
Modeling of the undoped and Se/N-codoped clusters was performed using DFT calculations to
provide a framework for the interpretation of the experimental data and to elucidate the structural and
electronic properties of the Se/N-codoped titania.

2. Experimental and Computational Details

2.1. Materials

TiO2 Evonik P-25 grade (Degussa Limited Company, Istanbul, Turkey) with a particle size of
about 21 nm and a surface area of 50 m2·g−1 was used as the photocatalyst without further treatment.
Evonik P-25 powder, which is a mixture of anatase and rutile phases (80% anatase, 20% rutile) was
chosen as the precursor for Se/N-codoping, in order to compare the results with the previous ones.
Moreover, Evonik P-25 is the standard photocatalyst with high activity and has a well-known structure
and photocatalytic data. SeCl4, urea and 4-NP were purchased from Merck (Istanbul, Turkey). All the
chemicals that were used in the experiments were of laboratory reagent grade and used as received
without further purification. The solutions were prepared with doubly distilled water.

2.2. Preparation of Se/N-Codoped TiO2

Doping was performed by an incipient wet impregnation method in order to prevent penetration
of the dopant ions into the bulk of TiO2, since bulk doping increases the recombination rate of charge
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carriers resulting in a decrease in photocatalytic activity. SeCl4 was used as the Se-source and urea as
the N-source. 10 g TiO2 Evonik P-25 was mixed with 10 mL of aqueous solutions of SeCl4 and urea and
stirred at room temperature for 1 h. During this period, the mixture changed color into a pinkish-beige
depending upon the dopant concentration. Five different Se/N-codoped photocatalysts containing
(wt. %) 0.1 N–0.25 Se, 0.25 N–0.1 Se, 0.5 N–0.5 Se, 0.25 N–0.25 Se, 0.1 N–0.1 Se were prepared. Then, the
prepared photocatalysts were washed with water and centrifugally separated three times, heat-treated
at 378 K for 24 h to eliminate water, calcined at 623 K for 3 h, ground and sieved. Three different
temperatures (623, 723 and 823 K) and three different times (1, 3 and 5 h) were applied to the sample
containing 0.5% N–0.5% Se in order to determine the effects of calcination temperature and period on
the structure of the photocatalyst.

2.3. Characterization Techniques

In order to determine the effect of Se/N-codoping on the crystal structure of TiO2, X-ray Diffraction
(XRD) patterns were obtained. XRD measurements were carried out at room temperature by using
a Philips Panalytical X’Pert Pro X-ray (Philips, Eindhoven, The Netherlands) powder diffraction
spectroscope with Cu Kα radiation (λ = 1.5418 A). The accelerating voltage and emission current
were 45 kV and 40 mA respectively. The scan ranged from 20 to 70 (2 theta degree) with a scan rate
of 3◦·min−1. Crystallite size was determined using the Scherrer equation:

d =
(0.9λ180)

(πFWHMhkl cos θ)
(1)

where FWHMhkl is the full width at half-maximum of an hkl peak at θ value. The crystal structure
was further analyzed by Raman spectroscopy. Raman spectra were acquired by a PerkinElmer 400F
dispersive Raman spectrometer (Perkin Elmer, Waltham, MA, USA) equipped with dielectric edge
filters and a cooled CCD detector. Samples were excited using a near infrared 765 nm laser
pulse. To examine the morphological structure of the Se/N-codoped TiO2 photocatalysts, scanning
electron microscopy (SEM) was performed on gold-coated samples by using a SEM apparatus
(JEOL JSM 5410 LV, Peabody, MA, USA) operated at an accelerating voltage of 10 kV. The UV-visible
diffuse reflectance spectra (UV-DRS) were recorded on a Perkin Elmer Lambda 35 spectrometer
equipped with an integrating sphere assembly using BaSO4 as the reference material. The analysis
range was from 200 to 800 nm. Surface properties of the codoped samples were examined by X-ray
photoelectron spectroscopy (XPS). XPS measurements were performed on a SPECS ESCA (Berlin,
Germany) system with MgKα source (hν = 1253.6 eV) at 10.0 kV and 20.0 mA respectively. All the
binding energies were referenced to the C 1s peak at 284.5 eV. Gaussian/Lorentzian peak shapes were
utilized for curve fitting.

2.4. Photocatalytic Experiments

The performance of the Se/N-codoped TiO2 was assessed on 4-NP by carrying out the
photocatalytic degradation reactions under both UV-A and sunlight irradiation. The photocatalytic
activity experiments were carried out in a Pyrex double-jacket photoreactor. A water bath connected to
a pump was used to maintain the reaction temperature constant. 5 × 8 W blacklight fluorescent lamps
emitting light between 300 and 400 nm with a maximum at 365 nm were used as the light source for
UV-A irradiation. Total photonic fluence was determined by potassium ferrioxalate actinometer [41]
as 3.1 × 10−7 Einstein·s−1. The experiments under solar light were performed in the second week
of May (the outside temperature was 29 ◦C) in Istanbul (41◦02’ latitude, 28◦97’ longitude). The daily
average solar light intensity was 650 W/m2.

In the experiments, a stock solution of 4-NP at a concentration of 1.0 × 10−2 mol·L−1 was used.
The suspension was prepared by mixing specific volumes of this solution containing the desired
amount of 4-NP with TiO2 Evonik P-25 and the Se/N-codoped TiO2. The suspension was agitated
in an ultrasonic bath for 15 min in the dark before introducing it into the photoreactor, to ensure
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adsorption equilibrium between the photocatalyst and 4-NP. The concentration of 4-NP was constant
before irradiation. The volume of the suspension was 600 mL. The amount of the photocatalyst used
was 0.2 g/100 mL, which was determined as the corresponding optimum photocatalyst concentration.
The suspension was stirred mechanically throughout the reaction period in order to prevent TiO2

particles from settling. The temperature of the reaction solution was 23 ± 2 ◦C. Under these conditions,
the initial pH was at the natural pH of 4-NP, 5.8 ± 0.1 as measured by a pH-meter (Metrohm 632,
Istanbul, Turkey). Duplicate experiments were performed unless otherwise stated.

All the samples, each 10 mL in volume were taken intermittently for analysis. The samples
were then filtered through 0.45 μm cellulose acetate filters (Millipore HA, Istanbul, Turkey).
The concentration of 4-NP was measured by a UV-Visible spectrophotometer (Agilent 8453,
Santa Clara, CA, USA) at 318 nm which was the wavelength of maximum absorption of 4-NP. The
calibration curves were prepared for a concentration range of (1.0–10.0) × 10−5 mol·L−1 and the
detection limit for 4-NP was calculated to be 3.79 × 10−6 mol·L−1. In the experiments, the pH of the
reaction solution decreased slightly. For 120 min of degradation the change in the pH was ±0.1, which
did not affect the wavelength of maximum absorption in the UV-spectrum of 4-NP.

2.5. Computational Models and Methodology

Quantum mechanical modeling techniques were employed in order to determine the effect of
the codopants Se4+ and N3− on the electronic and optical properties of TiO2. Of the two theoretical
modeling techniques used for crystalline solids and surfaces, localized modeling technique was used
in this study, since dopant ions in crystals are localized. This technique describes small representative
portions of the crystal by molecular orbitals.

The anatase phase is the most abundant phase of Evonik P-25 powder. (001) surface is known to
have the highest stability and photocatalytic activity among the low index planes of anatase [42].
Therefore, in order to determine the location and the bonding status of the dopant ions, the
non-defective anatase (001) surface was modeled with saturated, finite, neutral, and stoichiometric
cluster models, cut from the anatase bulk structure. For the free cluster models “water saturation
technique” was used in order to avoid spin localization and boundary effects [43].

Two different sized cluster models were considered. The primitive cluster Ti7O18H8 was
constructed by using the structure of the anatase unit cell [44]. The primitive cell was then enlarged
by extending the lattice vectors resulting in a supercell Ti25O55H10 with 4 × 2 × 1 repetitive units
respectively. The construction and the properties of the two undoped TiO2 clusters have been reported
and explained in detail previously [39].

In the Se/N codoped models, substitutional locations of Se4+ ion were analyzed. The structures
of the codoped models were constructed by replacing one titanium atom by one selenium atom. For
the codopant N, both substitutional and interstitial locations were analyzed. For substitutional models
one oxygen was replaced by one nitrogen. In the interstitial model, one nitrogen was added and one
OH group was removed. In order to keep the number of atoms the same as in the substitutional model,
an oxygen vacancy was also created by using a dummy atom. The anatase surface is Lewis acidic
due to the presence of adsorbed water molecules. Water adsorption on anatase surface occurs mostly
by dissociative adsorption. Therefore, in the clusters developed, the unsaturated oxygen atoms were
terminated with hydrogens and titanium atoms with OH groups, in order to saturate the free valence
at the surface and also to keep the average coordination of the surface cluster atoms the same as that in
the bulk.

All the calculations were carried out using the Density Functional Theory DFT method within the
GAUSSIAN 09 package [45]. The DFT calculations were performed by the hybrid B3LYP functional
which combines Hartree-Fock (HF) and Becke exchange terms with the Lee-Yang-Parr correlation
functional. The double-zeta LanL2DZ basis set was used in order to take the relativistic effects
into account. The dopant positions were optimized by changing their locations in the clusters
to find the lowest energy configuration. Optimized geometries of the clusters were calculated to
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obtain the geometric parameters, the band edges and the band gap energies Eg of the undoped and
Se/N-codoped photocatalysts.

3. Results and Discussion

3.1. Crystal Structure

Figure 1a shows XRD diffractograms of the undoped and Se/N-codoped TiO2 samples
containing 0.5% Se–0.5% N. The XRD diffractogram of the undoped TiO2 (Evonik P-25) shows the
presence of both anatase and rutile phases. XRD diffractograms of the Se/N-codoped TiO2 have typical
peaks of anatase and rutile without any detectable dopant-related peaks. This result reveals that neither
Se4+ ions nor N3− react with TiO2 to form new crystalline phases, the dopants may have moved into
the substitutional or interstitial sites of the TiO2 crystal structure. The peaks for Se/N-codoped TiO2

samples show peak broadening with the dopant-content, which indicates a reduction in the crystallite
size and a higher disorder or defectiveness of the crystallites, since doping can lead to formation of
new defects and disorder in the particles. The average crystallite sizes of the samples were estimated
using the Scherrer equation and presented in Table 1.

 

(a) (b) 

λ

Figure 1. (a) X-ray Diffraction (XRD) diffractograms for undoped and 0.5% Se–0.5% N-codoped TiO2;
(b) XRD peaks for (101) planes of undoped and 0.5% Se–0.5% N-codoped TiO2.

Table 1. Crystallite sizes, band gap energies Eg and absorption wavelengths λ for the undoped and
Se/N-codoped TiO2 samples.

Samples Calcination Temperature (K) 1 Crystallite Size (nm) λ (nm) Eg (eV)

TiO2 Evonik P-25 623 22.3 411 3.01
0.25% Se–0.1% N 623 19.0 453 2.73

723 19.3 442 2.80
823 19.2 437 2.83

0.1% Se–0.25% N 623 17.9 460 2.69
723 18.5 455 2.72
823 19.0 451 2.74

0.5% Se–0.5% N 623 16.8 473 2.62
723 17.4 467 2.65
823 17.9 458 2.70

0.25% Se–0.25% N 623 17.3 482 2.57
723 17.6 476 2.60
823 17.9 469 2.64

0.1% Se–0.1% N 623 19.6 495 2.50
723 20.1 488 2.54
823 20.4 480 2.56

1 All the values are for a calcination period of 3 h.
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A slight shift in the peak position corresponding to (101) plane of anatase to a higher angle
was observed as displayed in Figure 1b. This finding indicates that the crystal is distorted by the
incorporation of the dopants. Due to a smaller ionic radius (64.0 pm) of Se4+ ion than Ti4+ ion (74.5 pm)
and a higher ionic radius (14.6 pm) of N3− ion than O2− ion (14.0 pm), substitution of Se for Ti and N
for O in TiO2 crystal lattice resulted in a decrease in the interplanar distance. In addition, a smaller
shift in the peak position corresponding to (004) plane of anatase was observed. This shift suggests a
slight lattice variation in the vertical direction also. It can also be seen from Table 1 that crystallite size
increases with the calcination temperature. The reason may be attributed to the fact that calcination at
high temperatures or in long periods causes the doped ions to be desorbed.

Raman spectra of the undoped and Se/N codoped samples in Figure 2 support XRD results.
Three well-resolved Raman peaks at 398 (B1g), 516 (Eg) and 638 (Eg) cm−1 in the spectra of all the
samples were obtained indicating that anatase nanoparticles are the predominant species. The weak
peaks at 447, 612 and 826 cm−1 could be assigned to Eg, A1g and B2g modes in rutile phase respectively.
No Raman lines due to other crystalline phases can be observed in the Se/N-codoped sample. Three
anatase peaks shifted to lower values, confirming the presence of the dopant ions in the crystal lattice.
Generally shifting in Raman spectra is caused by defect structures within the material or changes
in grain size. For TiO2, defect structures, mostly oxygen vacancies not grain size strongly affect the
Raman spectrum by producing shifting [46]. Therefore, it may be concluded that Se/N-codoping
increases oxygen vacancies in TiO2 lattice.

 

Figure 2. Raman spectra for the undoped and 0.5% Se–0.5% N-codoped TiO2.

3.2. Morphological Structure

Figure 3a shows the SEM micrograph obtained for the Se/N-codoped TiO2 (0.5% Se–0.5% N).
As it can be seen, the sample consists of small, nearly spherical and some larger, elongated particles.
SEM micrograph in Figure 3b shows that the undoped TiO2 consists of uniform sized spherical particles
of around 20–25 μm in diameter. In contrast, the Se/N-codoped TiO2 consists of significantly larger
particles with an average size of approximately 30–40 μm due to the fact that doping of TiO2 causes
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agglomeration of the crystallites. The tendency of agglomeration may be attributed to the fact that
impurity doping leads to the formation of new defects and dislocations in the crystal lattice. The sizes
of these aggregates enlarge up to 50 μm.

 
(a) (b)

Figure 3. Scanning electron (SEM) micrographs for (a) 0.5% Se–0.5% N-codoped TiO2; (b) undoped TiO2.

3.3. Optical Absorption and Band Gap Energies

UV-visible diffuse reflectance spectra for the undoped and Se/N-codoped TiO2 are displayed in
Figure 4. The spectrum for the undoped TiO2 has a sharp absorption edge at around 380 nm, however
the absorption threshold of the Se/N codoped TiO2 shifted towards the visible region of the spectrum.
In contrast to the undoped TiO2, a high visible light absorption band from ca. 430 nm extending up to
ca. 580 nm was obtained, which is consistent with the color of the samples.

Figure 4. UV-diffuse reflectance (UV-DRS) spectra of the undoped and 0.5%Se-0.5% N-codoped TiO2

samples (Red, TiO2; blue, Se/N-codoped TiO2).

In the UV-DRS spectrum of the Se/N-codoped TiO2, two optical absorption thresholds were
observed, one in the UV-region at around 430 nm, the other in the visible region at 550 nm. The first one
is a rather sharp absorption edge indicating that the dopant ions are localized in the TiO2 lattice,
occupying Ti4+ and O2− positions. It can be seen that the codoped sample presents a significant
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absorption in the visible region between 430–550 nm. In between 550–580 nm, there is a tailing which
may be attributed to the presence of mid-gap levels in the band-gap of the codoped TiO2.

The band gap energies of the codoped photocatalyst samples were calculated through the use of
the Kubelka-Munk formula:

F(R) =
(1 − R)2

2R
(2)

where R is the reflectance read from the spectrum. Using the Tauc equation by plotting [F(R).hν]n vs.
hν, where hν is the photon energy and n = 1/2 [47], the band gap energies were deduced from the
intersection of the Tauc’s linear portion extrapolation with the photon energy axis as depicted in the
insert in Figure 4. The calculated band gap energies and the corresponding wavelengths are presented
in Table 1. The values indicate that the absorbance in the visible region of the Se/N-codoped samples
increases with the concentration of the dopants in TiO2. The presence of both ions caused an even
more decrease in the band gap and an increase in the absorption in the visible region as compared to
single Se-doped and N-doped TiO2 [39,40].

3.4. XPS Analyses

X-ray photoelectron spectroscopy (XPS) was used to examine the bonding and status of the
dopants in the Se/N-codoped TiO2. Five areas of the XPS spectra, displayed in Figure 5 were examined,
Ti 2p region near 460 eV, O 1s region near 530 eV, Se 3p region near 165 eV, Se 3d region near 55 eV and
N 1s near 400 eV. In Figure 5a, the two peaks at ca. 460 and 465 eV correspond to the photo-splitting
electrons Ti4+ 2p3/2 and Ti4+ 2p1/2 indicating that titanium in the sample is in the form of Ti4+. In the
XPS spectrum of the Se/N-codoped sample, Ti 2p3/2 peak appears at 461.1 eV higher than 459.9 eV
for the undoped TiO2 but lower than 461.3 eV for the Se-doped TiO2. The higher binding energy
confirms the presence of substitutional Se4+ cations in the crystal. Since the electronegativity of Se4+ is
more than titanium, the electron density around titanium cations decreases causing an increase in the
binding energy. On the other hand, the lower binding energy than that for Se-doped TiO2 indicates
the presence of substitutional and/or interstitial N anions in the same crystal. Since the tendency of
nitrogen to attract the bonding electrons toward itself is lower than that of oxygen, the electron density
around Ti atoms increases leading to a decrease in the binding energy. The broadness of Ti peaks for
the codoped sample may be attributed to the presence of titanium atoms bonded to two different
atoms, oxygen and nitrogen.

The O 1s binding energy of the codoped sample is located at 530.8 eV which is assigned to the
metallic oxide (O2−) in the TiO2 lattice. There is a second shoulder peak at 529.9 which corresponds to
surface hydroxyl groups. This implies that the oxygen environment is the same as in the undoped TiO2

indicating the presence of substitutional Se and N atoms (Ti–O–Se, Ti–N–Ti) rather than interstitial
ones (Ti–O–N) in the crystal lattice. The signals of the Se dopant were found to be weaker than Ti
and O peaks, due to the low doping level. The peak at 165.6 eV corresponds to Se 3p3/2 electrons
indicating that Se in the codoped sample is in the form of Se4+ [48]. The presence of the peak at 56.1
eV corresponding to Se 3d5/2 of Se4+ cation confirms this finding [49]. The characteristic 3d5/2 peaks
at 55.5 eV [50] and 53.0–54.0 eV [51] corresponding to elemental Se and Se2− were not observed. These
observations reveal that selenium in the as-prepared sample is in the form of Se4+ that can penetrate
into the TiO2 lattice and substitute Ti4+ cations.

The N 1s spectrum in Figure 5e has two peaks at 397.8 and 402.3 eV. The first peak at 397.8
corresponds to anionic N substitutionally incorporated in TiO2 in O–Ti–N linkages. The peak is 0.9 eV
higher than the characteristic binding energy of 396.9 eV in TiN [52]. Therefore, it may be attributed to
the 1s binding energy of the N atom in the environment O–Ti–N. This shift to a higher energy results
from the fact that when N substitutes for O in TiO2, O–Ti–N structures form, thus the electron density
around N is less than that in TiN (N–Ti–N). On the other hand, the second peak at 402.3 eV may be
assigned to oxidized N such as the ones in Ti–O–N species as in interstitial doped TiO2 or adsorbed
NO, NO2 species on the surface, since the binding energy is higher than the typical binding energy
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of 396.9 eV in TiN indicating that the formal charge on the doped N is more positive than the one in
TiN [26]. Even though the presence of interstitial N atoms in the prepared Se/N codoped TiO2 cannot
be ruled out, this peak is likely to result from the formation of nitrogen-containing species such as NO,
NO2, NO2

−, NO2
2− adsorbed on the surface.

 

Figure 5. X-ray photoelectron (XPS) spectra of the undoped and 0.5% Se–0.5% N-codoped TiO2 samples,
(a) Ti 2p; (b) O 1s; (c) Se 3p; (d) Se 3d; (e) N 1s.

3.5. Photocatalytic Activity

To explore the photocatalytic activity of the Se/N-codoped TiO2 samples, the degradation
reaction of 4-NP was investigated in aqueous suspensions under both UV-A and natural solar light
irradiation. Figure 6 shows the kinetics of disappearance of 4-NP from an initial concentration
of 1.0 × 10−4 mol·L−1 which was determined as the optimum concentration under four conditions.
In non-irradiated suspensions, there was a slight loss, ca. 4.3%, due to adsorption onto TiO2 particles.
As seen in Figure 6, there was no direct photolysis taking place. The degradation of 4-NP is due entirely
to photocatalysis. In the presence of TiO2, the concentration change amounts to 70% after irradiating
for 120 min. The semi-logarithmic plots of concentration data gave a straight line. This finding
indicates that the photocatalytic degradation of 4-NP in aqueous TiO2 suspensions can be described by
a pseudo-first order kinetic model, ln C = −kt + ln C0, where C0 is the initial concentration and C is
the concentration of 4-NP at time t.
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In the presence of Se/N-codoped TiO2, the degradation rate of 4-NP increased, as expected.
The concentration data gave a straight line, indicating that the kinetics of the degradation reaction
of 4-NP in the presence of the Se/N-codoped TiO2 also obeys the first-order kinetic model.
The Se/N-codoped TiO2 also exhibited substantial photocatalytic activity under direct sunlight
irradiation, with 90% of 4-NP removed in 60 min as compared to 73% removal with the undoped TiO2

and 88% removal with single Se-doped sample. The result is that the prepared codoped samples are
photocatalytically active under solar light.

Figure 6. Kinetics of the photocatalytic disappearance of 4-NP on the undoped and Se/N-codoped
TiO2 (0.5% Se–0.5% N) (a) with light; (b) with TiO2; (c) with TiO2 + light; (d) with Se/N-codoped TiO2

+ light; (e) with TiO2 + sunlight; (f) with 0.5% Se–0.5% N-codoped TiO2 + sunlight.

The enhanced photocatalytic activity of the Se/N-codoped TiO2 is due to several factors such
as; synergistic effect of the dopants, formation of the oxygen vacancies, improved structures and
the enhanced photo absorption. Due to their favorable energy levels (2.27 eV), Se4+ centers may act
either as electron or hole traps so that charge carriers are temporarily separated. On the other hand,
substitutional N−3 inhibits e−/h+ recombination due to charge compensation between N3− and Ti4+.
Thus, the lifetime of the charge carriers increases leading to an enhancement of the photocatalytic
activity. The role of the dopant nitrogen is not only to decrease e−/h+ recombination rate, but it also
induces a substantial reduction of the formation energy of oxygen vacancy on TiO2 [24]. This implies
that N-doping causes oxygen vacancy formation on the surface of the particles in agreement with
the Raman spectrum. The formation of the oxygen vacancies on the surface favors the adsorption
of water molecules and thus increases the amount of hydroxyl radicals which are responsible of the
degradation of 4-NP.

The high photocatalytic activity of the Se/N codoped TiO2 is also due to the fact that it has
smaller particle size thus higher adsorption area toward the organic pollutant. Moreover, the increase
in the light absorbance extending up to visible light range with Se/N-codoping indicates that more
electrons and holes are generated and participate in the surface redox reactions causing an increase in
the amount of hydroxyl radicals which are responsible of the degradation of the pollutant molecule.

The results presented in Table 2 show the effect of Se and N concentrations of the codoped
photocatalysts on the photocatalytic degradation of 4-NP. As it can be seen from the values, the
photocatalytic degradation rate of 4-NP first increased and then decreased passing through the
maximum degradation for the photocatalyst containing 0.5% Se and 0.5% N. There appears to
be an optimal dopant concentration, 0.5%, above which the observed photoreactivity decreases.
The reason may be attributed to the fact that at lower concentrations below the optimal value,
photoreactivity increases with an increasing dopant concentration because there are available trapping
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sites. The dopants provide more trap sites for electrons and holes in addition to the surface trap sites,
adsorbed O2 and OH−. However, at high dopant concentrations, the photocatalytic activity of the
codoped samples decreased. This is because the recombination rate of the charge carriers increases
exponentially with the dopant concentration. The average distance between trap sites decreases with
increasing the number of dopants confined within a particle. Thus, it may be concluded that the
number of trapped carriers is the highest in 0.5% Se–0.5% N codoped sample for which the highest
photoreactivity was obtained.

Table 2. Apparent first order rate constants k for the photocatalytic degradation of 4-NP in the presence
of the Se/N-codoped TiO2 samples.

Photocatalyst k (10−3·min−1) r % Degradation

TiO2Evonik P-25 9.21 ± 0.009 0.991 69.83
14.15 ± 0.008 1 0.996 73.15

0.25% Se–0.1% N 14.85 ± 0.005 0.991 77.19
17.21 ± 0.009 0.998 79.83

0.1% Se–0.25% N 17.52 ± 0.008 0.985 79.58
18.89 ± 0.002 0.982 81.93

0.5% Se–0.5% N 20.21 ± 0.007 0.994 87.71
23.37 ± 0.006 0.990 89.25

0.25% Se–0.25%N 18.99 ± 0.001 0.987 82.70
20.78 ± 0.002 0.983 85.82

0.1% Se–0.1% N 14.97 ± 0.003 0.986 73.67
16.88 ± 0.001 0.995 75.17

1 Values in italics are the results of sunlight experiments.

In addition, the experiments demonstrated that there is no direct correlation between the visible
light activity and the photocatalytic activity. The optimum dopant concentration was found to
be 0.5% Se–0.5% N. However, the UV-DRS spectrum of this sample revealed intermediate values of
the band-gap.

3.6. Electronic Structures

The structures obtained for the undoped and Se/N-codoped TiO2 cluster models are presented
in Figure 7. Electronic structure calculations of the models gave structures with deviations, which
are not as symmetrical as that of the undoped TiO2 model. The results indicate that the size and
electronegativity difference between the two codopants induce structural changes.

(a) (b)

Figure 7. Optimized structures of Se/N-codoped TiO2 clusters (a) substitutional Se/N-codoped model;
(b) interstitial Se/N-codoped model (Grey, Ti; red, O; orange, Se; white, H; blue, N).

(001) surface of the undoped TiO2 cluster contains the four- and five-fold-coordinated titanium
atoms representing Lewis acid sites and the two- and three-fold-coordinated oxygen atoms which act
as Lewis base sites. Site preferences of the dopants on (001) surface were determined by calculating
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the total energies of the codoped clusters. The results indicate that for Se4+ four-fold-coordinated
Ti site substitution is favored over five-fold-coordinated Ti site substitution by ~36 kcal·mole−1.
For substitutional nitrogen, two-fold-coordinated O site is favored over three-fold-coordinated O site,
and nitrogen prefers to be at the position closest to Se4+. In the interstitial model, the optimum position
for the vacancy was found to be the one near Se4+ dopant.

The visible light activity of a photocatalyst depends upon the magnitude of the band-gap and the
presence or absence of any intermediate electronic states within the band-gap. On the other hand, the
photocatalytic activity of TiO2 is governed by the positions of the band edges. A schematic diagram
of the electronic energy levels for the undoped and Se/N-codoped anatase models obtained from
electronic structure calculations are presented in Figure 8. For the clusters developed in this study,
the energies of the highest occupied HOMO and the lowest unoccupied molecular orbitals LUMO
were used to represent the VB and CB edges, while the occupied and unoccupied molecular orbitals
correspond to the electronic states in the VB and CB respectively. An examination of the calculated
band-gap energies of the undoped and codoped clusters in Figure 8 shows that the DFT/B3LYP method
underestimates the band-gap energy due to the well-known shortcoming of the exchange-correlation
potential used within the framework of DFT. The experimental band-gap energy of the undoped
TiO2 (3.2 eV) was adopted as the benchmark to correct the calculated values. The calculated band-gap
was corrected using a scissors operator that displaces the empty and occupied bands relative to each
other by a rigid shift of 0.40 eV to bring the minimum band-gap in line with experiment for the
band-gap of anatase.

(a) (b)

Figure 8. Energy level diagrams and the frontier orbitals of the (a) undoped TiO2; (b) substitutional
Se/N-codoped TiO2; (c) interstitial Se/N-codoped TiO2 clusters computed with DFT/B3LYP method.
(Grey, Ti; red, O; orange, Se; white, H; blue, N) (Values in italics are the DFT results).

The computational results show that codoping with Se4+ and substitutional nitrogen causes a
significant change in the position of the valence band edge. The reason is that N 2p states mix with
O 2p states and reduce the band gap. For the substitutional model, the calculations indicated the
presence of three empty mid-gap levels in the band-gap as shown in Figure 8. These intermediate
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electronic states were determined to be mainly originating from the Se3p states hybridized with the
O 2p states by examining the calculated coefficients of the orbital wave functions. These energy levels
are not populated by electrons. They are not donor states but allowed energy states. Thus, they induce
a decrease in the band gap as the dopant concentration increases as obtained by UV-DRS analysis.
The increase in the concentration of the dopant Se4+ introduces more electronic states into the band gap,
thus enhances the density of the electronic states in the gap. The presence of these intermediate levels
separates the band-gap of the Se/N-codoped TiO2 into two parts; a wider lower gap and a significantly
narrower upper gap. These intermediate energy levels offer additional steps for the absorption of low
energy photons through the excitation of VB electrons to these intermediate energy levels, from where
they can be excited again to the CB. The experimentally observed absorptions in the range 430–550 nm
and 550–580 nm and the rather diffused character of the UV-DRS spectrum of the Se/N-codoped TiO2

samples may be attributed to the excitation of electrons to or from these additional electronic levels.
The lower gap was calculated to be 2.71 eV corresponding to a 458 nm photon which is in agreement
with the experimental results obtained from the UV-DRS spectra of the codoped samples. Therefore, it
may be stated that the lower gap is responsible for the absorption in the first region of the spectrum
between 430–550 nm, while the second region between 550–580 nm corresponds to the excitation of
electrons from mid-gap levels to the CB.

On the other hand, in the interstitial model, N 2p states mix with Se 3p orbitals and thus form
a mid-gap level between the VB and CB of TiO2. The contribution of Se 3p orbitals to the lowest
unoccupied orbital was found to be less than the one in substitutional model. Although we may not
rule out the presence of interstitial nitrogens, the codopant N is in O–Ti–N structures while Se ion
substitutes for Ti in our samples. Moreover, comparison of the energies of the two models indicated
that substitutional model is more stable than interstitial model.

4. Conclusions

Codoping of TiO2 with Se4+ and N3− ions was performed through a simple wet-impregnation
method using SeCl4 and urea as the dopant sources. The characterization results reveal that Se4+ is in
O–Se–O while N3− is in O–Ti–N linkages in the crystal lattice. The Se/N codoped samples showed
photoabsorption in the visible light range from 430 nm extending up to 580 nm. The degradation
of 4-NP was highly increased for the Se/N codoped samples compared to the undoped and single
doped samples under both UV-A and sunlight irradiation. The enhanced photocatalytic activity of the
codoped samples may be attributed to the increase in the number of trap sites for electrons and holes,
increase in the photoabsorption, smaller particle size and the formation of oxygen vacancies on the
surface. The experiments demonstrated that there is no direct correlation between the visible light
activity and the photocatalytic activity. 623 K, 3 h and 0.5% Se–0.5% N were determined to be the most
suitable calcination temperature, calcination period and the codopant concentration to prepare the
photocatalyst with the highest photocatalytic activity. Eventually, on the basis of experimental results
combined with DFT calculations, it may be concluded that Se/N-codoping of TiO2 reduces the band
gap due to mixing of N 2p with O 2p orbitals in the VB and also introduces additional electronic states
originating from the Se 3p orbitals in the band gap.
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Abstract: V2O5-TiO2 mixed oxide nanotube (NT) layers were successfully prepared via the
one-step anodization of Ti-V alloys. The obtained samples were characterized by scanning electron
microscopy (SEM), UV-Vis absorption, photoluminescence spectroscopy, energy-dispersive X-ray
spectroscopy (EDX), X-ray diffraction (DRX), and micro-Raman spectroscopy. The effect of the
applied voltage (30–50 V), vanadium content (5–15 wt %) in the alloy, and water content (2–10 vol %)
in an ethylene glycol-based electrolyte was studied systematically to determine their influence on
the morphology, and for the first-time, on the photocatalytic properties of these nanomaterials. The
morphology of the samples varied from sponge-like to highly-organized nanotubular structures.
The vanadium content in the alloy was found to have the highest influence on the morphology
and the sample with the lowest vanadium content (5 wt %) exhibited the best auto-alignment
and self-organization (length = 1 μm, diameter = 86 nm and wall thickness = 11 nm). Additionally,
a probable growth mechanism of V2O5-TiO2 nanotubes (NTs) over the Ti-V alloys was presented.
Toluene, in the gas phase, was effectively removed through photodegradation under visible light
(LEDs, λmax = 465 nm) in the presence of the modified TiO2 nanostructures. The highest degradation
value was 35% after 60 min of irradiation. V2O5 species were ascribed as the main structures
responsible for the generation of photoactive e− and h+ under Vis light and a possible excitation
mechanism was proposed.

Keywords: V2O5-TiO2 nanotubes; visible-light-driven photocatalysis; alloys; toluene degradation;
air treatment

1. Introduction

Over the past few decades, photocatalytic processes on the surface of TiO2 have been intensively
studied due to a wide range of industrially oriented applications based on the conversion of
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sunlight into usable chemical energy [1–6]. Being non-toxic, abundant, chemically and physically
stable, and photostable [7,8], TiO2 is a semiconductor material of great interest for environmental
remediation [9,10], hydrogen evolution from water splitting [11,12], dye-sensitized solar cells [12,13],
CO2 reduction [12,14], and self-cleaning surfaces [15,16]. However, the usage of TiO2 is limited not
only by its wide bandgap (3.0–3.2 eV), which allows the absorption of only UV light corresponding
to 4% of the incident solar energy [17], but also by the fast recombination rate of charge carriers [18,19].
In order to harvest sunlight, many TiO2 modification approaches have been developed [20,21], such as
metal [22], nonmetal [23–25], or rare earth element doping [26], dye sensitization with organic and
inorganic dyes [27], and the formation of photocatalytic heterostructures (coupling) with other
semiconductors [28] or noble metals [29–31]. In particular, tuning TiO2 with V2O5 is an efficient
way of improving TiO2 performance [32]. V2O5 is a small-bandgap semiconductor (~2.3 eV) which
can extend the light absorption to the visible range [33]. Furthermore, photogenerated electrons and
holes can be efficiently separated, and the surface charge carrier transfer rate is enhanced [34,35].
V2O5 itself has been used as a photocatalyst under UV light [36–39], visible light [40], and sunlight [41].
Xie, et al. [42] obtained photoactive V2O5-TiO2 nanocomposites for the oxidation of As(III). They stated
that under visible light irradiation, h+ and O2

− are the main active species responsible for the
photoreaction. Choi, et al. [43] synthesized V2O5-TiO2 nanocomposite powder by DC arc plasma.
They found that, in the presence of the nanocomposite, Rhodamine B was decomposed under visible
light, while it was not decomposed in the presence of TiO2 nanopowder. They also reported visible
photoactivation and an enhanced charge separation in the case of toluene removal in a dielectric
barrier discharge reactor. These aspects make the V2O5-TiO2 system an attractive material for
visible-light-driven photocatalytic applications.

Moreover, TiO2 performance also critically depends on mass transfer, charge transfer,
and charge/ion transport on its surface and bulk [7,44]. These processes are mainly controlled by
morphology, which can be 0D (nanoparticles), 1D (nanowires, rods and tubes), 2D (layers and sheets),
or 3D (spheres) [7]. Among 1D structures, TiO2 nanotubes (NTs) have become an interesting material
because of their high electron mobility, excellent electron hole separation ability, long-distance transport
capability, high specific surface area, mechanical strength, and extremely high aspect ratio [45,46];
however, no major improvement was reported for photocatalytic air purification with respect to
nanoparticles under similar conditions [47].

Electrochemical anodization under specific conditions appears to be the simplest, least expensive,
and most straightforward technique to obtain self-organized, auto-aligned NT arrays [48,49] over
the surface of various metals, e.g., Ti [45,50,51], Zr [52], Hf [53], or alloys, e.g., TiNb, TiZr, TiTa [54],
TiV [55,56], TiW [57], TiMn [58], TiMoNi [59], Ti6Al4V [60], and TiAg [61]. Anatase TiO2 nanotube array
films with exposed {001} nanofacets, obtained by a low temperature hydrothermal method, exhibited
enhanced UV activity, which was attributed to the enhanced charge separation derived from the
synergy between {001} and {101} facets [62]. However, an electrochemical method is the most efficient
for preparing mixed oxide nanotubes from a Ti suitable alloy. V2O5-TiO2 NTs have been successfully
fabricated by electro-synthesis using Ti-V alloys as a substrate by the Schmuki research group [55]
and Yang, Kim, Yang and Schmuki [56]. These mixed oxide NTs showed, respectively, improved
electrochromic and capacitive properties compared with those of pure TiO2 NTs. Nevertheless, despite
the proven visible light absorption of V2O5-TiO2 nanotubes, there is still a lack of data regarding the
photoactivity of the V2O5-TiO2 NTs obtained from the anodization of Ti-V alloys. In our previous
work [63], self-organized TiO2-MnO2 NTs were successfully obtained by the one-step anodization of
Ti-Mn alloys in a fluoride-containing ethylene glycol (EG)-based electrolyte. The as-prepared layers
were highly organized and showed visible-light photoactivity towards the degradation of toluene in
the gas phase. It was demonstrated that a Vis-excited composite of wide and narrow bandgap oxides
could be obtained by the anodization of Ti/V alloys, and that the preparation parameters (e.g., applied
voltage, content of the MnO2 in nanocomposite) affected both the morphology and photoactivity of
the TiO2/MnO2 NTs.
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In view of this, this work focuses on the synthesis of visible-light photoactive V2O5-TiO2 NTs
through the one-step anodic oxidation of Ti-V alloys in an ethylene glycol-based electrolyte, and their
application in the photocatalytic degradation of toluene. The effect of the vanadium content in the alloy,
applied voltage, and electrolyte composition (water content) was systematically studied to determine
the influence of these parameters on the morphology and gas phase photoactivity, evaluated for the
first time, of the obtained nanomaterials. The as-prepared NTs were characterized by using scanning
electron microscopy (SEM), X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy (EDX),
micro-Raman spectroscopy, UV-Vis absorption, and photoluminescence spectroscopy. A possible
mechanism of toluene degradation at the surface of V2O5-TiO2 NTs under the influence of visible light
was also proposed.

2. Results and Discussion

2.1. Morphology and Growth Mechanism

Ti foils and Ti-V alloys of technical grade were anodically oxidized for 60 min, under the specific
parameters summarized in Table 1. The effect of the applied potential (30, 40, and 50 V), vanadium
content in the alloy (5, 10, and 15 wt %), and water content in the electrolyte (2, 5, and 10 vol %)
on the morphology of the as-prepared samples were studied by scanning electron microscopy.
The top-view and cross-sectional scanning electron microscopy (SEM) images are presented in Figure 1.
The anodization of Ti sheets led to the formation of uniform and self-organized NTs with an open
tube top and smooth walls, and the tube diameter and length ranged from 81 to 120 nm and from 1.5
to 16.2 μm, respectively (Ti_30V, Ti_50V, respectively). The samples anodized from the Ti-V alloys
presented a different morphology, depending on the preparation parameters. The series of samples
synthesized from alloys with a 10 wt % vanadium content generally exhibited a sponge-like structure
integrated by overlapped layers with a tubular appearance. The registered diameters of these structures
varied from 61 to 101 nm and the average thickness of the mixed oxide layers was 0.3–0.8 μm.
The samples prepared from alloys with 15 wt % of vanadium and using electrolytes with different
water contents showed different morphologies. The Ti85V15_40V_2% and Ti85V15_40V_10% samples
presented a sponge-like structure made up of interconnected disordered bundles. Conversely, the
Ti85V15_40V_5% sample had a tubular structure with ripples on the tube wall, although the nanotubular
layer was not highly organized. NTs presented a diameter (103 nm) similar to that of pristine TiO2

NTs (100 nm) obtained at the same voltage (40 V), while the length (0.9 μm) was smaller than that of
the analogous pristine sample (5 μm). The highest level of self-organization was achieved with the
sample obtained from the anodization of the alloy with a 5 wt % of vanadium content (Ti95V5_40V),
for which the synthesized NTs appeared to be composed of interconnected rings with a diameter
of 86 nm and a length of 1 μm. As can be seen, the vanadium content in the alloy has a strong
influence on the morphology of the samples. According to Yang, Kim, and Schmuki [55], the absence
of a self-organized nanotube layer can be attributed to the low stability of the vanadium oxide, and
therefore, the sample (Ti95V5_40V) synthesized from the alloy with the lowest vanadium content
exhibited the best auto-alignment and self-organization. The influence of the other parameters, applied
potential and water content, on the morphology of the samples was not clear due to the strong influence
of the vanadium content in the alloy.
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Figure 1. Top-view and cross-sectional scanning electron microscopy (SEM) images of pristine TiO2

nanotubes (NTs) and Ti-V anodized alloys.

Considering these results, the SEM images of the Ti90V10_40V sample anodized during 4, 15,
and 60 min (Figure 2d–f), together with literature data, a probable growth mechanism of V2O5-TiO2

NTs has been described. As can be seen in Figure 2a–c, the shape of the current density-time curves
recorded for the V2O5-TiO2 samples were very similar to those of pristine TiO2 NTs. During the first
stage, the formation of the V2O5-TiO2 oxide layer induced an exponential decrease in the current
density, because of the reaction of Ti and V with the O2

− and OH− ions from the water. The presence
of this mixed oxide layer can be observed in Figure 2d, corresponding to the Ti90V10_40V sample
after 4 min of anodization. Then, the current density progressively increased throughout the second
stage due to the dissolution of the oxide layer, which led to an increase in the surface area of the
electrode with the initiation of pore growth [64]. These soluble species correspond to the fluoride
complexes, [TiF6]2− and [VF6]− [65,66]. Figure 2e shows the initial pores in the sample after 15 min of
anodic oxidation. Finally, a regular and self-ordered NT layer, which can be appreciated in Figure 2f, is
formed under a quasi-steady state, which is stablished due to the equilibrium between the formation
and dissolution of the oxide layer. During this stage, pores equally share the available current [45].
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Figure 2. Current density-time curves recorded for the anodization of technical grade Ti foil and Ti-V
alloys for the study of (a) applied voltage; (b) vanadium content in the alloy; and (c) water content
in the electrolyte. SEM images of Ti90V10_40V sample anodized during (d) 4 min; (e) 15 min; and (f)
60 min.

The elemental composition of the obtained samples was analyzed through energy-dispersive
X-ray spectroscopy (EDX) and the results presented in Table 1 show that the mass ratios between Ti
and V in the V2O5-TiO2 mixed oxides nanostructures (NS) agree well with the nominal content of the
alloy. In addition, no trace of elements other than Ti, V, C, and O, was observed. These findings confirm
the chemical homogeneity of the nanotube layer. Furthermore, from the EDX mapping presented in
Figure 3, it can be concluded that the aggregation of Ti and V was not observed.

 

Figure 3. Energy-dispersive X-ray spectroscopy (EDX) mapping of the Ti85V15_40V_5% sample.

2.2. Optical Properties

The UV-Vis spectra of the obtained samples were compared with those of pristine TiO2 NTs.
Figure 4a clearly shows that the samples prepared from Ti90V10 alloys exhibited a stronger absorbance
in the broad visible range of 400–750 nm than TiO2 NTs. The spectra of the series with different
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vanadium contents, displayed in Figure 4b, indicated that an increase in the vanadium content in
the alloy led to an increase in the absorbance intensity in the visible range, together with a red-shift.
In particular, the spectrum of the sample Ti85V15_40V presented a peak of maximum absorbance
near 500 nm, which, according to literature data, corresponds to V2O5 [42,67]. The spectra of the
series of samples prepared in an electrolyte with different water contents and plotted in Figure 4c
are consistent with the previous statements and no clear effect of the water content on the UV-Vis
properties was found. All of the spectra for this series of samples showed a peak of absorption in
the Vis range near 500 nm, and the spectrum of the Ti85V15_40V_5% sample showed the highest
absorbance intensity peak. It can be concluded that the presence of the V2O5 in V2O5-TiO2 matrix
enhanced the light absorption in the range of 400–750 nm.

Figure 4. UV-Vis spectra of pristine TiO2 NTs and V2O5-TiO2 nanostructures (NS). Effect of (a)
anodization potential; (b) vanadium content in the alloy; and (c) water content in the electrolyte.

It is known that photoluminescence (PL) spectroscopy is a powerful tool for determining the
presence of surface defects, trap states, and sub-band states in the mid-gap level of photocatalysts [68].
The PL spectra of the obtained photocatalysts are presented in Figure 5. It should be noted that the
same emission and position peaks were observed among all series. Notably, the emission peak at
approximately at 420 nm can be ascribed to the existence of self-trapped excitons from the TiO6

8−

octahedron, while the two emission peaks at 450 and 485 nm could be assigned to the presence of
surface defects, in the form of oxygen vacancies, which can create intermediate energy states located
below the conduction band and which are able to trap electrons. The last peak at approximately 525 nm
can be associated with the radiative recombination of the charge carriers [69,70].

Figure 5. Photoluminescence spectra of pristine TiO2 NTs and V2O5-TiO2 NS. Effect of (a) anodization
potential; (b) vanadium content in the alloy; and (c) water content in the electrolyte.

The results mentioned above confirm the presence of surface/structural defects, which can play
a role in the photocatalytic degradation of pollutants.
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2.3. Structural Properties

XRD patters of the obtained photocatalysts are presented in Figure 6. The calculated average
crystallite size for pristine and modified TiO2 NTs are gathered in Table 1. The average crystallite size
was calculated using the Scherrer equation, based on the (101) diffraction peak. In the registered region,
peaks at 2θ values of 25.67◦, 37.97◦, 48.31◦, 54.16◦, and 55.30◦ can be ascribed to (101), (004), (200), (105),
and (211) planes, respectively, which are characteristic of the anatase phase (JCPDS card). The other
peaks at 2θ = 35.4◦, 38.70◦, 40.77◦, and 53.31◦ can be ascribed to planes of metallic Ti substrate. As was
mentioned above, the diffraction peaks corresponding to the pure anatase TiO2 phase were found,
but other phases assigned to V2O5 were not observed. There are three possible explanations for this.
Firstly, it could be because V2O5 diffraction peaks exist; however, the intensity of peaks is too low for
this to be true. The absence of peaks corresponding to V2O5 in the XRD patters may be due to the low
content and amorphous character of V2O5 or the short-range crystalline. Eventually, the vanadium
species are incorporated into the TiO2 lattice. On the other hand, in modified samples, the bands
assigned to the anatase phase had a smaller and wider intensity. In particular, the intensity of the
pick ascribed to the characteristic (101) plane of anatase decreased with the increase in the vanadium
content in the alloy. This is related to the smaller crystallite size of V2O5-TiO2 NS than that of pristine
TiO2 NTs [71].

Furthermore, it can be seen that the intensity of the anatase reflexes increased, while those of
the substrate decreased, with the increase of the anodizing voltage. This is caused by the increasing
thickness of the nanotube layer.

The average crystallite size varied from 30 to 36 nm among Ti-V series, and from 33 to 38 nm
for pristine TiO2 NTs. The smallest crystallite size was found for the Ti90V10_50V sample, which
reached 30 nm. A clear correlation between the crystallite size and (i) anodization potential; (ii)
vanadium content in the alloy; and (iii) water content in the electrolyte, was not observed.

Figure 6. X-ray diffraction (XRD) spectra of pristine TiO2 NTs and V2O5-TiO2 NS. Effect of (a)
anodization potential; (b) vanadium content in the alloy; and (c) water content in the electrolyte.

Micro-Raman spectroscopy was performed to determine the microstructure of the prepared
samples. A 532 nm laser was used for the excitation. Figure 7 shows the Raman spectra of pristine TiO2

and V2O5-TiO2 NTs. The observed peaks at approximately 150, 396, 515, and 636 cm−1 are ascribed to
the Eg, B1g, A1g + B1g, and Eg modes of the anatase phase, respectively, in agreement with previous
reports [42,72–74]. The Eg modes are assigned to TiO2 symmetry, B1g to O-Ti-O bending, and A1g + B1g

to Ti-O stretching [75]. All of the spectra also registered a weak combination band at ca. 800 cm−1,
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which is characteristic of the Raman signature of anatase [76]. No distinguishable crystalline V2O5

Raman bands were present at 703 and 997 cm−1 in any spectra, probably due to the low content of
vanadium in the alloy precursors or to the highly dispersed state of V2O5 in V2O5-TiO2 NS. This was
also reported by former publications for composites with the V2O5-TiO2 system [32,75,77].

Figure 7. Raman spectra of pristine TiO2 NTs and V2O5-TiO2 NS. Effect of (a) anodization potential;
(b) vanadium content in the alloy; and (c) water content in the electrolyte.

2.4. Photocatalytic Performance

The effect of the anodization voltage, vanadium content in the alloy, and water content in the
electrolyte on the photocatalytic activity was evaluated through the degradation of toluene from an air
mixture (200 ppmv of toluene) under Vis irradiation (LEDs array, λmax = 465 nm). Figure 8 presents
the degradation curves for the above-mentioned series and their comparison with the photoactivity of
reference pristine TiO2 NTs. These plots show that V2O5-TiO2 samples from all series were active in
the photodegradation reaction, in contrast with pristine TiO2 NTs which exhibited negligible toluene
removal (ca. 5%). The highest degradation of toluene in the presence of samples prepared from
the Ti90V10 alloys (see Figure 8a), after 60 min of irradiation, was observed for the sample anodized
under 40 V (34%). The toluene removal reached by samples anodized under 30 V and 50 V were not
that different from the best one (27% and 33%, respectively). In view of this, 40 V was selected as the
potential for further synthesis, to determine the vanadium content in the alloy and the composition
of the electrolyte solution, which are favorable for the photodegradation reaction. Figure 8b presents
similar results, for the samples obtained from alloys with different vanadium contents. It can be
observed that the vanadium content in the alloy slightly affected the photoactivity of the samples.
The maximum toluene removal was found to be achieved for the sample with 10 wt % of vanadium in
the alloy (Ti90V10_40V, 34% of degradation). The analysis of the effect of water content in the electrolyte
was carried out with NS obtained from Ti85V15 alloys. As can be seen in Figure 8c, there is a slight
difference in the photocatalytic performance between these samples, among this series. The highest
degradation of toluene was exhibited by the sample anodized in the electrolyte containing 5% of water
and it corresponded to 35% of toluene removal (Ti85V15_40V_5%). For a more detailed comparison of
the obtained results, the initial reaction rate and reaction rate constants were calculated and presented
in Table 1. The highest value for the initial reaction rate, among all series, was achieved in the presence
of the Ti85V15_40V_5% sample (7.08 × 10−2 μmol·dm−3·min−1), which also exhibited the highest
absorbance intensity peak near 500 nm and consisted of a NT layer which was not highly organized.
This suggests that this NT composite effectively enhanced visible light harvesting and the consequent
photocatalytic reaction, owing to the presence of V2O5 [35,43]. Furthermore, no correlation between
the morphology and the photocatalytic performance of the samples was observed.
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Figure 8. Photoactivity of pristine TiO2 NTs and V2O5-TiO2 NS in gas phase degradation of toluene
under Vis-light irradiation (λmax = 465 nm). Effect of (a) applied voltage; (b) vanadium content in the
alloy; and (c) water content in the electrolyte.

In conclusion, the highest photoactivity under visible light (465 nm) was observed in the presence
of the Ti85V15_40V_5% sample. This sample not only exhibited the highest absorbance intensity at
a wavelength of about 500 nm, but also reported the highest diameter (103 nm), the second longest
NTs (0.9 μm), and the largest crystallite size (36 nm), from the modified samples. Its vanadium
content, based on EDX analysis, was 9.08 wt %. On the other hand, the Ti85V15_40V_10% sample
showed the lowest photoactivity. It had a sponge-like morphology with a vanadium content of 8.91%,
based on EDX analysis, which is lower than the content of the sample with the highest photoactivity,
considering that both were prepared from Ti85V15 alloys. Its crystallite size was 32 nm, smaller
than that of the Ti85V15_40V_5% sample. The initial reaction rate achieved in the presence of this
sample was 4.50 × 10−2 μmol·dm−3·min−1, which is 1.6 times lower than that reported for the most
photoactive one (7.08 × 10−2 μmol·dm−3·min−1).

To further analyze the photocatalytic properties of the synthesized composites, the effect of
different irradiation wavelengths was studied using the most photoactive sample (Ti85V15_40V_5%).
The gas phase degradation of toluene was tested under 375, 415, and 465 nm and the obtained results
are displayed in Figure 9. It can be observed that the highest degradation (52%) after 60 min of
irradiation was achieved under UV light (375 nm). This can be explained by the presence of TiO2 in the
NT matrix, which is the main active species under UV light irradiation. On the other hand, under the
influence of visible light irradiation, 415 and 465 nm, the photocatalytic degradation reached almost
the same level, in both cases, with values of 34% and 35%, respectively. This indicates that under Vis
light irradiation, V2O5 are the main species responsible for the generation of e− and h+ (as presented
in Figure 10, excitation mechanism) over the surface of NTs, which led to the photodegradation of
toluene, and this is supported by the negligible degradation reported for pristine TiO2 NTs under
Vis light.

Figure 9. Photoactivity of Ti85V15_40V_5% sample in gas phase degradation of toluene under different
wavelengths of irradiation (λmax = 375, 415, 465 nm).
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Figure 10. Excitation mechanism of V2O5-TiO2 samples under visible light irradiation.

3. Materials and Methods

3.1. Materials

Acetone, isopropanol, and methanol were purchased from P.P.H. “STANLAB” Sp. J. (Lublin, Poland),
ethylene glycol (EG) was acquired from CHEMPUR (Piekary Śląskie, Poland), and ammonium fluoride
was bought from ACROS ORGANICS (Geel, Belgium). Technical grade Ti foils and Ti-V alloys
with 5, 10, and 15 wt % of vanadium content were provided by HMW-Hauner Metallische Werkstoffe
(Röttenbach, Germany). Deionized (DI) water with a conductivity of 0.05 μS was used to prepare all of
the aqueous solutions.

3.2. Synthesis of Pristine TiO2 and V2O5-TiO2 Nanotubes

Ti foils and Ti-V alloys were ultrasonically cleaned in acetone, isopropanol, methanol,
and deionized water for 10 min. Then, the foils were dried in an air stream. The anodization processes
were carried out at room temperature, in an electrochemical cell consisting of a platinum mesh as the
counter electrode, and the Ti-V alloy (2.5 cm × 2.5 cm) as the working electrode. A reference electrode of
Ag/AgCl connected to a digital multimeter (BRYMEN BM857a, New Taipei City, Taiwan) was used to
control and record information about the actual potential and current on the alloy. The anodization was
conducted in an electrolyte composed of EG, water, and NH4F 0.09 M, during 60 min, with a voltage in
the range of 30–50 V which was applied with a programmable DC power supply (MANSON SDP 2603,
Hong Kong, China). Three electrolyte solutions with different water contents were used (volume ratios
of EG:water of 98:2, 95:5, and 90:10). The obtained samples were rinsed with deionized water, sonicated
in deionized water (1 min), dried in air (80 ◦C for 24 h), and calcined (450 ◦C, heating rate 2 ◦C/min)
for 1 h.

3.3. Characterization of Pristine TiO2 and V2O5-TiO2 Nanotubes

The morphology of the synthesized pristine TiO2 and V2O5-TiO2 nanotubes was determined by
using scanning electron microscopy (SEM, FEI QUANTA 3D FEG, FEI Company, Brno, Czech Republic).
Energy-dispersive X-ray spectroscopy (EDX) analysis was performed with a scanning electron
microscope (SEM, Zeiss, Leo 1430 VP, Carl Zeiss, Oberkochen, Germany). The crystal structure
of the samples was determined from X-ray diffraction patterns recorded in the range of 2θ = 20◦–90◦,
using an X-ray diffractometer (X’Pert Pro, Panalytical, Almelo, The Netherlands) with Cu Kα radiation.
The crystallite size was calculated based on the Scherrer formula. Raman spectra were measured
with a micro-Raman spectrometer (Senterra, Bruker Optik, Billerica, MA, USA) with a 532 nm
excitation laser.
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The UV-Vis absorbance spectra were registered on a SHIMADZU (UV-2600) UV-VIS
Spectrophotometer (SHIMADZU, Kioto, Japan) equipped with an integrating sphere. The measurements
were carried out in the wavelength range of 300–800 nm, the baseline was determined with barium sulfate
as the reference, and the scanning speed was 250 nm/min at room temperature. The photoluminescence
(PL) spectra were recorded at room temperature with a LS-50B Luminescence Spectrometer equipped with
a Xenon discharge lamp as an excitation source and a R928 photomultiplier (HAMAMATSU, Hamamatsu,
Japan) as detector. The excitation radiation (300 nm) was directed onto the surface of the samples at
an angle of 90◦.

3.4. Measurement of Photocatalytic Activity

The photocatalytic activity of the as-prepared NTs was analyzed, for the first time, in the
purification of air from toluene, which was used as a model pollutant. The photodegradation
experiments were carried out in a stainless-steel reactor with a volume of ca. 35 cm3. The reactor
included a quartz window, two valves, and a septum. The light source consisting of an array of 25 LEDs
(λmax = 375, 415 and 465 nm, Optel, Opole, Poland) was located above the sample. The anodized
foil was placed at the bottom side of the reactor and it was closed with the quartz window. A gas
mixture (200 ppmv) was passed through the reactor during 1 min, the valves were then closed, and the
reactor was kept in the dark for 30 min in order to achieve the equilibrium. Before starting the
irradiation, a reference toluene sample was taken. The concentration was determined by using a gas
chromatograph (TRACE 1300, Thermo Scientific, Waltham, MA, USA), equipped with an ionization
flame detector (FID) and an Elite-5 capillary column. The samples (200 μL) were dosed with a gas-tight
syringe for 10 min.

4. Conclusions

In summary, V2O5-TiO2 mixed oxide layers were successfully synthesized through the one-step
anodization of Ti-V alloys in a fluoride-containing EG-based electrolyte. The obtained layers exhibited
a sponge-like and nanotubular structure with highly enhanced optical and visible-light-photocatalytic
properties, in contrast with pristine TiO2 NTs. The photoactivity of these anodically-obtained
composites was evaluated for the first time in the degradation of toluene (200 ppmv) in the gas
phase under visible light, with a twenty-five-LED array as the irradiation source (λmax = 465 nm).
All of the V2O5-TiO2 samples were reported as photoactive and the initial degradation reaction rate
was in the range of 4.50–7.08 × 10−2 μmol·dm−3·min−1. The visible light harvesting was attributed
to the presence of the narrow-bandgap V2O5 species in the matrix of the V2O5-TiO2 composites.
A morphological study was also reported and the vanadium content in the alloy was found as the key
factor limiting the self-ordering of the electrochemically prepared thin layers. The highest photoactivity
under visible light (465 nm) was observed in the presence of the Ti85V15_40V_5% sample. This sample
not only exhibited the highest absorbance intensity at about 500 nm, but also reported the highest
diameter (103 nm), the optimum length (0.9 μm), and the largest crystallite size (36 nm) among
all of the modified samples. EDX analysis revealed that the vanadium content in this sample was
equal to 9.08 wt %. In sum, the photocatalytic properties of these highly efficient nanocomposites,
obtained through the most suitable method (electrochemical technique), permit new insights into
the exploitation of industrially oriented applications, for instance, photocatalytic devices for air
purification. The presented materials are photoactive under a low powered light source, and thus,
the use of low cost light-emitting diodes (LEDs) as an irradiation source can significantly reduce the
cost of photocatalytic air treatment processes, which is consistent with the principles of green chemistry.
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Abstract: Vertically oriented, self-organized TiO2–MnO2 nanotube arrays were successfully obtained
by one-step anodic oxidation of Ti–Mn alloys in an ethylene glycol-based electrolyte. The as-prepared
samples were characterized by scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), UV-Vis absorption, photoluminescence spectroscopy, X-ray diffraction (XRD),
and micro-Raman spectroscopy. The effect of the applied potential (30–50 V), manganese content
in the alloy (5–15 wt. %) and water content in the electrolyte (2–10 vol. %) on the morphology and
photocatalytic properties was investigated for the first time. The photoactivity was assessed in
the toluene removal reaction under visible light, using low-powered LEDs as an irradiation source
(λmax = 465 nm). Morphology analysis showed that samples consisted of auto-aligned nanotubes
over the surface of the alloy, their dimensions were: diameter = 76–118 nm, length = 1.0–3.4 μm and
wall thickness = 8–11 nm. It was found that the increase in the applied potential led to increase the
dimensions while the increase in the content of manganese in the alloy brought to shorter nanotubes.
Notably, all samples were photoactive under the influence of visible light and the highest degradation
achieved after 60 min of irradiation was 43%. The excitation mechanism of TiO2–MnO2 NTs under
visible light was presented, pointing out the importance of MnO2 species for the generation of e− and h+.

Keywords: TiO2–MnO2 nanotubes; visible light induced photocatalysis; alloys; toluene degradation;
anodization

1. Introduction

TiO2-based photocatalysis is an effective technique for pollutant removal from both gas and
liquid phase [1–7]. In fact, applications of TiO2 are not limited only to photodegradation reactions,
but it offers the facility to drive many others such as organic synthesis [8], water splitting [9,10],
disinfection [11], CO2 reduction [10,12], self-cleaning or antimicrobial surfaces [13,14], and dye-sensitized
solar cells [10,15,16]. Due to the environmentally-friendly nature of TiO2, its chemical and biological
inertness, low cost, availability, and excellent photoactivity, this semiconductor material has become
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of great interest [17]. Nevertheless, some drawbacks as the rapid charge recombination of the
photogenerated electrons and holes, and the wide bandgap (3.0 eV for rutile and 3.2 eV for anatase),
which restricts photoabsorption to only ultraviolet region (ca. 5% of solar spectrum), need to be
overcome in order to extend the practical application of TiO2 photocatalysts for solar or interior light
driven photoreactions at large scale [18].

Bandgap engineering in addition to tuning strategies have been studied over last decades with
a common aim: shifting the absorption wavelength range of TiO2 to the visible region. Since 1980s,
TiO2 has been modified by platinization [19–21]. So far, numerous approaches as ion (either cation or anion)
doping [22–25], coupling with a narrower-bandgap semiconductor [26], with noble metals [27,28],
with either organic or inorganic dyes [29] have been presented by a large number of research groups.
Synthesizing composites with oxide semiconductors has become a promising way to enhance the
photoactivity of TiO2 by promoting the absorption of visible light and inhibiting the fast recombination
of charge carriers [18,30]. Recent studies have focused on TiO2–MnO2 system due to the MnO2

features as non-toxicity and earth abundance. These composites have been used mainly for capacitance
applications [31,32], and despite the narrow bandgap of MnO2 (0.26–2.7 eV), which could allow
the absorption of visible and theoretically even infrared light [33–38], there exist just few reports
in literature about the application of this system in photocatalysis. Xue, et al. [39] synthesized
mesoporous MnO2/TiO2 nanocomposite, photoactive for the visible light-driven degradation of MB.
They attributed the improved photocatalytic efficiency to the effective separation of photogenerated
electrons and holes.

However, the industrial usage of photocatalysts is still in need of improvements to maximize the
overall efficiency which also depends on mass and charge transfer processes. Therefore, TiO2 nanostructures
like zero-dimensional (nanoparticles), one-dimensional (nanowires, rods, and tubes), two dimensional
(layers and sheets), and three dimensional (hierarchical spheres) have been widely synthesized,
and used [40]. Since the discovery of carbon nanotubes in 1991 by Iijima [41], 1D morphologies
as nanotubes (NTs) have become attractive materials due to the efficient separation of charge
carriers, shape selectivity in chemical processes, high surface area to volume ratio, high electron
mobility, mechanical strength [40,42], and high photoactivity in air purification [43]. Many approaches
as sol-gel, template assisted, hydro/solvothermal and electrochemical have achieved to prepare
TiO2 NTs. Among these techniques, the electrochemical anodization of a suitable metal or alloy is the
simplest, cheapest, and the most direct to grow self-highly-organized-nanotube arrays under specific
electrochemical conditions which permit to control the properties of the fabricated NTs [44]. It was
reported previously that MnO2-TiO2 NTs composite could be successfully formed by one-step anodic
oxidation of Ti–Mn alloy [22,37]. Mohapatra, et al. [45] synthesized ordered arrays of mixed oxide NTs
by anodization of Ti/Mn alloys, under ultrasonication in the presence of a fluoride-containing ethylene
glycol solution. They pointed out that before calcination, the as-formed NTs showed a stoichiometry of
(Ti,Mn)O2, while annealing at 500 ◦C resulted in formation of nanotubes composed of anatase and
rutile phases of TiO2 and Mn2O3. Ning, Wang, Yu, Li, and Zhao [32] electrochemically prepared mixed
oxide NTs from Ti–Mn alloys which showed enhanced capacitive properties compared with those of
pristine TiO2 NTs.

Herein, this work aims to anodically grow TiO2–MnO2 NTs in a fluoride-containing ethylene
glycol-based electrolyte, and their application in the photodegradation of a model gaseous pollutant.
According to our best knowledge, photocatalytic properties of nanotubes made of titania and
manganese oxide mixtures have been investigated in this work for the first time. Moreover,
parameters as the applied voltage (30–50 V), manganese content in the alloy (5–15 wt. %), and water
content (2–10 vol. %) in the electrolyte have been also studied for the first time to analyze their effect
on the morphology and photoactivity of the obtained NT arrays. Photodegradation tests in the gas
phase were conducted with toluene as the model pollutant, and a possible mechanism of visible-light
driven decomposition over the TiO2–MnO2 NTs was proposed as well.
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2. Results and Discussion

2.1. Morphology and Growth Mechanism

One-step anodization processes were conducted for 60 min to synthesize pristine TiO2 and
TiO2–MnO2 nanotube layers from technical grade Ti sheets and Ti–Mn alloys under specific conditions,
which are summarized in Table 1. SEM technique was used to analyze the effect of the applied
voltage (30, 40 and 50 V), manganese content in the alloy (5, 10 and 15 wt. %) and water content in the
electrolyte (2, 5 and 10 vol. %) on the morphology of the as-prepared samples. Figure 1 shows the
top and cross-sectional SEM images which indicate that all synthesized nanotubes were uniform and
vertically oriented. Pristine TiO2 NTs presented smooth and uniform walls while TiO2–MnO2 NTs had
ripples on their walls, which was also observed by Mohapatra, et al. [45] in samples anodized from
Ti-8Mn alloys. It is well known that the dimensions of the nanotubes can be easily tuned by changing
the preparation parameters [25]. Length and diameter increased with increasing the applied voltage,
starting from d = 81 ± 9 nm and l = 1.5 ± 0.1 μm (Ti_30V); and reaching values of d = 120 ± 12 nm
and l = 16.2 ± 0.2 μm (Ti_50V) for pristine TiO2 NTs. The influence of anodization voltage was
studied keeping constant the manganese content in the alloy (10 wt. %) and the water content in the
electrolyte solution (2 vol. %). This way, dimensions of samples synthesized from Ti90Mn10 alloy also
were bigger as the applied potential was higher, starting from d = 76 ± 9 nm and l = 1.0 ± 0.1 μm
(Ti90Mn10_30V) and rising to d = 118 ± 4 nm and l = 2.8 ± 0.1 μm (Ti90Mn10_50V). Similar behavior
of morphological results were reported by Macak, et al. [46]. They performed a systematic study
of the factors influencing the two-step anodization of Ti foils in ammonium fluoride-containing
glycerol/water mixtures. They prepared NT layers with diameters in the range of 20–300 nm for the
potentials 2–40 V, while the thickness of the NT layers, tube length, was in the range of 150 nm up
to 3 μm. This dependence of the dimensions, diameter, and length, with the applied potential is in well
agreement with the present work. However, herein, the electrolyte media (EG-based) favored longer
tubes in the case of pristine TiO2 NTs. Furthermore, a complementary discussion about the anodization
voltage effect on the diameter of NT arrays has been reported by Macak, et al. [47]. They stated that,
particularly for TiO2 NTs, the diameter strongly depends on the applied potential and electrolyte
media, and consequently a wide variety of nanotube diameters can be obtained.

 

Figure 1. Top-view and cross-sectional SEM images of pristine TiO2 and TiO2–MnO2 NTs (the effect of
applied voltage, manganese content in the Mn/Ti alloy, and water content in the electrolyte on the
morphology of formed nanotubes) and EDX mapping of the Ti90Mn10_30V sample.
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The samples fabricated at 40 V from Ti85Mn15 alloy in electrolytes with different water
content (2–10 vol. %) reported smaller length (1.1–1.3 μm) than that of the analogous non-modified
(Ti_40V, 5.0 ± 0.4 μm). As it was mentioned in previous works [44,46], the increase of water in the
electrolyte, provoked the increase in the formation of ripples in the tube walls. The sample prepared
from the alloy with 5 wt. % of Mn showed the longest modified nanotubes (3.4 ± 0.3 μm), presumably
due to the low content of Mn in the alloy which allowed a better stabilization of the nanotube matrix by
TiO2 species. Detailed information is displayed in Table 1. As it can be seen, all TiO2–MnO2 NTs were
shorter, with smaller wall thickness than their pristine analog. Their length decreased with increasing
the manganese content in the alloy. This could be attributed to the increase in the dissolution rate in
phases with higher manganese content [32,45].

Table 1 also presents the results from EDX analysis which is in accordance with the composition
of the alloys and no elements different from Ti, Mn, C, and O were found. Figure 1 presents also the
EDX mapping of a selected sample where all elements are well dispersed and thus, there was not
aggregation of Ti and Mn which guaranteed chemically homogeneous nanotube arrays.

A possible growth mechanism was proposed in Figure 2, based on the obtained results from
SEM images of the sample Ti95Mn5_40V anodized during 4, 15 and 60 min and information provided
in literature. It is possible to observe that the current density-time curves recorded for TiO2–MnO2

NTs resemble those corresponding to pristine TiO2 NTs. The characteristic exponential decay of
current density during the first stage indicates the formation of the oxide layer composed of TiO2 and
MnO2 [45], Progressively, the chemical etching induces the apparition of initial random pits in the
mixed oxide layer due to its dissolution through the formation of the fluoride complexes [TiF6]2− and
[MnF6]2− [48,49]. Consequently, the resistive field decreases, allowing the current density to increase
along the second stage. Finally, throughout the third stage, an equilibrium is established between
oxidation and chemical dissolution, leading to the self-organized nanotube growth under steady state
conditions [47] allowing the auto-alignment of the nanotubes.

Figure 2. Proposed growth mechanism of TiO2–MnO2 NTs.

2.2. Structural Properties

The XRD patterns of the as-obtained NTs are presented in Figure 3. As it can be seen, obtained
pristine and TiO2–MnO2 NTs consisted mainly of pure anatase TiO2, while the peaks of Ti came
from Ti substrate. Five common planes of anatase were found, namely (101), (004), (200), (105) and
(211). The intensity of anatase diffraction peaks increased with increasing the anodization potential as
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a result of thicker NT layer. It was possible to observe just one characteristic peak ascribed to MnO2

at about 58◦ [50,51]. The absence of any other band corresponding to the signature of MnO2 can be
related to the small content and good dispersion of manganese oxide in the TiO2 NT layer, as it was
mentioned in previous reports [32,39,52]. However, the constant diffraction peak positions indicate
that the structure of TiO2 was not changed through the anodization of Ti–Mn alloy.

Figure 3. XRD spectra of pristine TiO2 and TiO2–MnO2 NTs. Effect of (a) anodization potential;
(b) manganese content in the alloy; and (c) water content in the electrolyte.

The calculated average crystallite size for pristine and modified TiO2 NTs is summarized in Table 1.
The average crystallite size was calculated using the Scherrer equation, based on (101) diffraction peak.
The largest crystallite size was observed for pristine TiO2 NTs and varied from 33 (30 V) to 38 nm (50 V).
Among Ti–Mn series, crystallite sizes tended to be smaller than those of pristine TiO2 NTs. This can be
correlated to the wall thickness, as mentioned above, wall thickness of TiO2–MnO2 NTs was smaller
than that of pristine TiO2 NTs, thus there is less space to allow the growth of grain.

To further analyze the structure of the synthesized photocatalysts, micro-Raman spectroscopy was
performed using a 532 nm laser as excitation light. Figure 4 displays the recorded spectra of pristine TiO2

and TiO2–MnO2 NTs. As it can be seen, the spectra of the samples obtained from alloys with 5 and 10%
of Mn mainly presented the signature peaks of anatase phase which are sharper in the spectra of pristine
TiO2 NTs. These peaks at approximately 150, 396, 515, and 636 cm−1 can be attributed to the Eg (TiO2

symmetry), B1g (O–Ti–O bending), A1g + B1g (T–O stretching), and Eg modes of anatase as it was exposed
in previous reports [53]. The presence of MnO2 in these samples decreased the intensity and broadened
the anatase bands. On the other hand, the characteristic peaks of MnO2 at around 521 and 644 cm−1,
assigned to the stretching mode of octahedral MnO6 [54], overlapped the anatase peak at 636 cm−1 in the
spectra of the samples prepared from Ti85Mn15 alloys, making it broaden to a range of 575–650 cm−1 [52].
These spectra also showed week bands at about 260 and 420 cm−1 originated from the bending modes of
the metal–oxygen chain of Mn–O–Mn in the MnO2 octahedral lattice [55–57].

2.3. Optical Properties

Figure 5 shows the absorption spectra of pristine TiO2 and TiO2–MnO2 NTs. All the samples
synthesized from the Ti–Mn alloy exhibited absorption in the full visible range due to the presence
of MnO2 as it was previously reported for TiO2 NTs coated by MnO2 [58]. The absorption band
edge of pure TiO2 NTs at about 400 nm registered a red-shift at about 500 nm which is easier to
appreciate in samples prepared from alloys with 15% of Mn. This was also observed in the case
of mesoporous structured MnO2/TiO2 nanocomposites [39]. As it was stated by Ding, et al. [59],
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TiO2–MnO2 NTs could be used for solar-light driven photocatalysis owing to their absorption in the
UV and visible region.

 
Figure 4. Raman spectra of pristine TiO2 and TiO2–MnO2 NTs. Effect of (a) anodization potential;
(b) manganese content in the alloy; and (c) water content in the electrolyte.

Figure 5. UV-Vis spectra of pristine TiO2 and TiO2–MnO2 NTs. Effect of (a) anodization potential;
(b) manganese content in the alloy; and (c) water content in the electrolyte.

Figure 6 shows photoluminescence (PL) spectra of both: pristine TiO2 and TiO2–MnO2 NTs.
Four emission peaks were detected among all series of photocatalysts. First one, at approximately 420 nm
can be ascribed to the existence of self-trapped excitons from TiO6

8−octahedron, while the second and
third peaks at 450 and 485 nm are associated with the presence of surface defects and oxygen vacancies.
The last peak at approximately 525 nm is associated with radiative recombination of charge carriers [60,61].

Figure 6. Photoluminescence spectra of pristine TiO2 and TiO2–MnO2 NTs. Effect of (a) anodization
potential; (b) manganese content in the alloy; and (c) water content in the electrolyte.
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2.4. Photocatalytic Performance

The photoactivity of the prepared samples was tested in the visible-light-driven photodegradation
of toluene (200 ppmv) from an air mixture. The irradiation source consisted of a LED array with
λmax = 465 nm. The effect of anodization voltage, manganese content in the alloy and water content in
the electrolyte was systematically studied. Figure 7 presents the degradation curves in the presence of
obtained NT photocatalysts and a reference curve in the absence of any photocatalyst, to test photolysis.
It is clearly showed that in the reference curve, degradation was not achieved. Pristine TiO2 NTs
exhibited insignificant toluene removal (about 5%) while all of the samples were photoactive towards
the degradation of the model pollutant. Figure 7a shows that the highest degradation after 60 min of
irradiation was achieved in the presence of the Ti90Mn10_30V sample (43%). The samples anodized
from Ti90Mn10 alloys at 40 V and 50 V reported similar toluene removal, 28% and 33% respectively. The
results displayed in Figure 7b indicate that the manganese content in the alloy inversely affected
the photoactivity, the higher the manganese content in the alloy was, the less degradation was
achieved. This way, samples prepared from alloys with 5, 10 and 15 wt. % of manganese reached
a degradation of 29%, 28%, and 24%, respectively. This was also observed by Xue, Huang, Wang,
Wang, Gao, Zhu, and Zou [39] in the dye-mediated photodegradation of MB under visible light in the
presence of mesoporous MnO2/TiO2 nanocomposites. They attributed the lower degradation to the
accumulation of MnO2 on the surface of TiO2 which increased the transfer rate of photogenerated
electrons within MnO2, overall weakening the effect of improving the photoactivity. The photoactivity
of the samples from the series with different water content in the electrolyte was similar between
each other (Figure 7c), the highest toluene removal (28%) was accomplished by the sample with 10%
of water in the electrolyte. The other two samples exhibited 24% of toluene removal. The kinetic
parameters of each photocatalyst are included in Table 2.

 

Figure 7. Photoactivity of pristine TiO2 and TiO2–MnO2 NTs in gas phase degradation of toluene
under Vis light irradiation (λmax = 465 nm). Effect of (a) applied voltage; (b) manganese content in the
alloy, and (c) water content in the electrolyte.

Table 2. Initial reaction rate and reaction rate constant for the gas phase degradation of toluene (200 ppmv)
under Vis light irradiation (25-LED array, λmax = 465 nm, irradiation intensity = 14.5 mW·cm−2) in the
presence of pristine TiO2 and TiO2–MnO2 NTs.

Sample Label

Photocatalytic Toluene Degradation

Initial Reaction Rate × 102

(μmol·dm−3·min−1)
Reaction Rate Constant × 103

(min−1)

Ti_30V 0.37 ± 0.09 0.42 ± 0.10
Ti_40V 0.43 ± 0.09 0.49 ± 0.10
Ti_50V 0.64 ± 0.04 0.72 ± 0.04

Ti90Mn10_30V 8.54 ± 0.53 9.57 ± 0.59
Ti90Mn10_40V 4.97 ± 0.30 5.57 ± 0.33
Ti90Mn10_50V 6.04 ± 0.08 6.77 ± 0.09

Ti85Mn15_40V_2% 4.18 ± 0.77 4.69 ± 0.87
Ti85Mn15_40V_5% 3.79 ± 0.43 4.24 ± 0.48
Ti85Mn15_40V_10% 5.84 ± 1.61 6.54 ± 1.81

Ti95Mn5_40V 5.76 ± 0.12 6.45 ± 0.14
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The highest initial reaction rate (8.54 ± 0.53 × 10−2 μmol·dm−3·min−1) and reaction rate
constant (9.57 ± 0.59 × 10−3 min−1) were observed for the toluene degradation over the Ti90Mn10_30V
sample and they were more than 23 times higher compared with those of pristine TiO2 NTs obtained
by anodization at 30 V (0.37 ± 0.09 × 10−2 μmol·dm−3·min−1 and 0.42 ± 0.10 × 10−3 min−1).

As shown in Table 2, the most photoactive sample, Ti90Mn10_30V, was used to analyze the effect of
the irradiation wavelength (λmax = 375, 415 and 465 nm) in the same degradation reaction. As evident
from Figure 8a, the maximum toluene removal (43%) was reached under 465 nm while under 375 nm
(UV light) and 415 nm (25% and 20% of degradation, respectively) the sample was less active. This can
be explained by a synergistic effect of MnO2 and TiO2 in the NT matrix. As it was formerly reported [58],
MnO2 has lower photoactivity than TiO2 under UV light irradiation, and thereby, this narrow-bandgap
semiconductor reduced the overall photoactivity of the composite in this wavelength range because of
a synergistic effect in the composite. This behavior under UV light was also exposed by Xue, et al. [39]
who indicated that the transferring of photoexcited electrons (generated in TiO2) within MnO2 can
correspond to an internal dissipation able to suppress the photocatalytic activity. On the other hand,
Xu, et al. [58] reported improved visible light-photoactivity for NTs electrodeposited with MnO2.
Therefore, we can conclude that the presence of MnO2 in TiO2 NTs favored the conditions for the
degradation of toluene in gas phase under visible light (longer wavelength of irradiation) owing to the
ability of MnO2 species to absorb visible light irradiation and promote the enhancement of the charge
transfer rate.

 

Figure 8. (a) Photoactivity of Ti90Mn10_30V sample in gas phase degradation of toluene under
different wavelengths of irradiation (λmax = 375, 415, 465 nm) and (b) possible excitation mechanism of
TiO2–MnO2 NTs under Vis light irradiation.

Additionally, a possible excitation mechanism of TiO2–MnO2 NTs under Vis light was proposed
and diagrammed in Figure 8b. The conduction band and valence band edge values of MnO2 were
calculated to be 0.57 and 2.34 eV, respectively [34]. Thus, it is likely that photogenerated holes
from the valence band (VB) of MnO2 could be involved in the formation of hydroxyl radicals
(•OH), while electrons from the CB of MnO2 can participate indirectly in the degradation of toluene,
considering that the potential of photogenerated electrons is not high enough to generate other reactive
oxygen species, such as O2

•−, H2O2, and HO2
• radicals.
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3. Materials and Methods

3.1. Materials

Acetone, isopropanol, and methanol were purchased from P.P.H. “STANLAB” Sp. J. (Lublin, Poland),
while ethylene glycol (EG) from CHEMPUR and ammonium fluoride from ACROS ORGANICS.
Technical grade Ti foils and Ti–Mn alloys with 5, 10 and 15 wt. % of manganese content were
provided by HMW-Hauner Metallische Werkstoffe (Röttenbach, Germany). Deionized (DI) water with
conductivity of 0.05 μS was used to prepare all aqueous solutions.

3.2. Synthesis of Pristine TiO2 and TiO2–MnO2 Nanotubes

Ti foils as well as Ti–Mn alloys were ultrasonically cleaned in acetone, isopropanol, methanol,
and deionized water for 10 min, respectively. Then, foils were dried in an air stream. The anodization
processes were carried out at room temperature, in an electrochemical cell consisting of a platinum
mesh as counter electrode, and the Ti foils or the Ti–Mn alloy (2.5 cm × 2.5 cm) as working electrode.
A reference electrode of Ag/AgCl connected to a digital multimeter (BRYMEN BM857a) was used to
control and record information about the actual potential and current on the alloy. The anodization
was conducted in an electrolyte composed of EG, water and NH4F 0.09 M, during 60 min with
a voltage in the range of 30–50 V applied with a programmable DC power supply (MANSON
SDP 2603). Three electrolyte solutions with different water content were used (volume ratios of
EG:water of 98:2, 95:5 and 90:10) The obtained samples were rinsed with deionized water, sonicated
in deionized water (1 min), dried in air (80 ◦C for 24 h), and calcined (450 ◦C, heating rate 2 ◦C/min)
for 1 h.

3.3. Characterization of Pristine TiO2 and TiO2–MnO2 Nanotubes

The morphology of synthesized pristine TiO2 and TiO2–MnO2 nanotubes was determined
by using scanning electron microscopy (SEM, FEI QUANTA 3D FEG, FEI Company, Brno,
Czech Republic). Energy-dispersive X-ray spectroscopy (EDX) analysis were performed with
a scanning electron microscope (SEM, Zeiss, Leo 1430 VP, Carl Zeiss, Oberkochen, Germany) coupled
to an energy-dispersive X-ray fluorescence spectrometer (EDX) Quantax 200 with the XFlash 4010
(Bruker AXS, Karlsruhe, Germany) detector. The crystal structure of the samples was determined
from X-ray diffraction patterns recorded in the range of 2θ = 20◦–90◦, using an X-ray diffractometer
(X’Pert Pro, Panalytical, Almelo, The Netherlands) with Cu Kα radiation. The crystallite size was
calculated based on the Scherrer formula. Raman spectra were measured with a micro-Raman
spectrometer (Senterra, Bruker Optik, Billerica, MA, USA) with a 532 nm excitation laser. The UV-Vis
absorbance spectra were registered with the UV-VIS Spectrophotometer, SHIMADZU UV-2600,
in the wavelength range of 300–800 nm equipped with an integrating sphere. The baseline was
determined with barium sulfate as reference, the scanning speed was 250 nm/min at room
temperature. The photoluminescence (PL) spectra were recorded at room temperature with a LS-50B
Luminescence Spectrometer equipped with a Xenon discharge lamp, as an excitation source, and a R928
photomultiplier as detector. The excitation radiation (300 nm) was directed on the surface of the
samples at an angle of 90◦.

3.4. Measurement of Photocatalytic Activity

Photocatalytic activity of the as-prepared NTs was analyzed, for the first time, in the purification of
air from toluene which was used as a model pollutant. The photodegradation experiments were carried
out in a stainless steel reactor of a volume of ca. 35 cm3. The reactor included a quartz window, two
valves and a septum. The light source consisting of an array of 25 LEDs (λmax = 375, 415 and 465 nm,
Optel, Opole, Poland) was located above the sample. The anodized foil was placed at the bottom
side of the reactor and it was closed with the quartz window. A gas mixture (toluene, 200 ppmv) was
passed through the reactor for 1 min, then the valves were closed and the reactor was kept in dark
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for 30 min in order to achieve the equilibrium. Before starting the irradiation, a reference toluene
sample was taken. The concentration was determined by using a gas chromatograph (TRACE 1300,
Thermo Scientific, Waltham, MA, USA), equipped with an ionization flame detector (FID) and an
Elite-5 capillary column. The samples (200 μL) were dosed with a gas-tight syringe each 10 min.
Irradiation intensity was measured by an optical power meter (HAMAMATSU, C9536-01, Hamamatsu,
Japan) and reached 14.7, 14.1 and 14.5 mW/cm2 for LEDs with λmax = 375, 415 and 465 nm, respectively.

4. Conclusions

The analysis of the effect of applied potential, manganese content in the alloy and water
content in the electrolyte on the morphology and visible-light photocatalytic activity of TiO2–MnO2

NTs obtained from one-step anodic oxidation of Ti–Mn alloys in a fluoride-containing EG-based
electrolyte was reported here for the first time. All fabricated samples were described as
vertically-oriented, self-organized nanotube arrays with a diameter of 76–115 nm and length
of 1–3.4 μm. Diameter and length were directly influenced by the applied voltage while the
manganese content led to obtain shorter tubes than those prepared from Ti sheets. The as-prepared
TiO2–MnO2 arrays exhibited improved optical and photocatalytic properties in comparison with
those of pristine TiO2 NTs. The photoactivity assessment was carried out towards the degradation
of toluene (200 ppmv) in gas phase under Vis light irradiation (LEDs, λmax = 465 nm). The
highest degradation after 60 min of irradiation corresponded to 43% and the initial reaction rate
reached values of 3.79–8.54 × 10−2 μmol·dm−3·min−1. A wavelength dependence exploration was
performed as well, MnO2 modified NTs showed the highest activity under visible light irradiation and
therefore, a possible mechanism of excitation was presented. These findings suggest that TiO2–MnO2

mixed oxide nanotube arrays, activated by low-powered LEDs, could be a promising material
for air purification systems. Moreover, the electrochemical approach is a successful way to obtain
these highly-organized nanostructures from Ti–Mn alloys. Consequently, the industrially-oriented
application of photocatalysis for air treatment using LEDs, as a low-cost and suitable irradiation source,
follows the trends of green chemistry and environmentally friendly performance.
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Abstract: In the present review, we would like to draw the reader’s attention to the polymer-based
hybrid materials used in photocatalytic processes for efficient degradation of organic pollutants
in water. These inorganic–organic materials exhibit unique physicochemical properties due to the
synergistic effect originating from the combination of individual elements, i.e., photosensitive metal
oxides and polymeric supports. The possibility of merging the structural elements of hybrid materials
allows for improving photocatalytic performance through (1) an increase in the light-harvesting
ability; (2) a reduction in charge carrier recombination; and (3) prolongation of the photoelectron
lifetime. Additionally, the great majority of polymer materials exhibit a high level of resistance against
ultraviolet irradiation and improved corrosion resistance. Taking into account that the chemical and
environmental stability of the hybrid catalyst depends, to a great extent, on the functional support,
we highlight benefits and drawbacks of natural and synthetic polymer-based photocatalytic materials
and pay special attention to the fact that the accessibility of synthetic polymeric materials derived
from petroleum may be impeded due to decreasing amounts of crude oil. Thus, it is necessary to
look for cheap and easily available raw materials like natural polymers that come from, for instance,
lignocellulosic wastes or crustacean residues to meet the demand of the “plastic” market.

Keywords: photoactive hybrid materials; photocatalyst; biopolymers; synthetic polymers; water/air
detoxification; metal oxides

1. Introduction

In recent years, the interest in photocatalysis as a green and eco-friendly method for pollution
remediation [1,2], energy conversion [3,4] or chemical synthesis [5] has been increasing. However,
the proficient application of photocatalysis is restricted to the fabrication of advanced nanostructured
materials consisting of various types of semiconductors [6–11]. Current research in this field mainly
concentrates on the development of hybrid materials containing photoactive metal oxides [9–13],
quantum dots, or perovskites [14,15] to enhance the efficiency of photocatalytic systems [16]. In order
to understand the main restrictions of photocatalytic performance, we have to know the main
photochemical and photophysical mechanisms leading that process (Figure 1) [16–20]. It is worth
mentioning that correlation between semiconductors and light plays a crucial role in the case of
photocatalysis [12,16]. The absorption of photons with a specific energy allows for excitation of
electrons from the valence band to the conduction band, producing hole–electron pairs responsible
for redox processes. However, oxidation and reduction processes can be inhibited due to charges
and radical recombination or back electron transfer processes [21,22]. Consequently, the employed
photonic power is much higher than desirable rate of the desired chemical transformation, which is
the main limitation of photocatalytic performance [23].
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Significant features which can extensively improve photocatalytic efficiency and light absorption
capability, are strongly correlated to size and structure of photocatalytic materials, their specific surface
area, or crystalline phase [7,24]. Taking into consideration the fact that the required physicochemical
characteristics are a consequence of various features of the main components and interaction
between them [25,26], the enhancement of photocatalytic performances could be obtained through
an organic–inorganic hybrid complex made of a semiconductor and suitable support [25]. Multiple
material combinations provide synergistic effects that are able to create and improve properties of
nanomaterials [27–29] which are beneficial for enhancing the efficiency of photocatalytic reactions.
The synergistic effect originating from the combination of individual elements is clearly evident in the
case of polymer-based hybrid photocatalysts. A great majority of polymer materials exhibits a high level
of resistance against ultraviolet irradiation and improved corrosion resistance as well as environmental
stability [30,31]. Compared with semiconductor oxides, the great majority of polymeric supports are
chemically inert, mechanically stable, inexpensive and easily available. Additionally, the hydrophobic
nature of polymer gives an advantage to congregate the organic pollutants on the surface and raise
the efficiency of adsorption and subsequent degradation reaction rates [32]. Therefore, in recent years
polymer-based hybrid materials have been emerging as promising device in the photocatalytic field.

 

Figure 1. Photochemical and photophysical processes over photon-activated semiconductors, where:
(p) is photogeneration of electron/hole pair, (q) is surface recombination, (r) is recombination in the
bulk, (s) is diffusion of acceptor and reduction on the surface of semiconductor and (t) is oxidation
is oxidation of donor on the surface of semiconductor particle. Reprinted from [31] with permission
from Elsevier.

Nowadays, plastic production is based mainly on feedstock derived from petroleum refineries.
A wide range of synthetic or semisynthetic polymerization products are obtained from oil and gas,
which undergo chemical processing [33]. As inputs for plastic manufacturing, refinery olefins (mainly
propylene and less quantities of ethylene or butylenes) are produced from alkane transformations [34].
Unfortunately, there are difficulties with the discovery of new oil deposits, and some sedimentary
basins that contain crude oil have already been explored. The oilfields which still have not been
explored are located in inaccessible regions of the world [35]. Taking into consideration the fact that
the plastic production is based mainly on feedstock derived from oil refinery, it is necessary to look
for cheap and easily available raw materials like highly abundant biopolymers in nature. In this
state-of-the-art review, we focus on synthetic and natural polymers, and highlight the main benefits
and limitations coming from polymer materials which could be used as support for the fabrication of
photocatalytic hybrid materials.
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2. Synthetic and Natural Polymers

According to IUPAC (International Union of Pure and Applied Chemistry) nomenclature,
the word “polymer” refers to substances composed of macromolecules with high relative molecular
mass. However, this term could be also be applied to polymer substances, polymer blends or
polymer molecules [36]. Additionally, polymers include a wide class of materials which can be
grouped according to source, functionalities, structure, thermal behavior, polymerization mechanism
or preparation techniques (Figure 2) [37,38]. In this mini-review, we mainly focus on synthetic and
natural polymers, which can find applications in photocatalysis, taking into consideration factors
related to the photocatalytic properties, including stability, biodegradability, and biocompatibility with
inorganic materials as well as following recent progress on the synthesis of hybrid materials.

 

Figure 2. Classification of polymers according to [37].

Synthetic and semisynthetic polymers originating from crude oil have had a huge impact on
modern science and technology due to their physicochemical properties. In many cases, chemical,
physical and biological resistance play crucial roles in the selection of a desirable polymer for
determined function. However, with respect to most synthetic materials, the affected time-resistant
properties of polymeric wastes can lead to the release of toxic degradation products during
decomposition which is not acceptable from an eco-friendly point of view [38]. Owing to concerns
about the natural environment and shortages of non-renewable sources, the interest in polymers
derived from natural sources like starch, lignocellulose or proteins is still increasing [34]. Biodegradable
polymers that can be obtained from renewable resources (Figure 3) have emerged as environmentally
friendly substitutes for non-biodegradable materials. It is worth mentioning that some of them exhibit
similar or superior mechanical properties to petroleum-based polymers [39]. However, in many
cases they possess inferior physical feature in terms of stability and strength and lots of them require
high-cost production [33]. Additionally, in comparison with synthetic polymers, several natural
polymers cannot be processed into a wide range of shapes, due to the fact that the high processing
temperature destroys their structure [40]. Consequently, the design of new eco-friendly and highly
efficient and stable photocatalytic biopolymer hybrid materials is challenging.
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Figure 3. Life cycle of polylactide (PLA), an example of biodegradable synthetic polymers. Reprinted
from [41] with permission from Elsevier.

2.1. Photocatalytic Hybrid Materials Based on Synthetic Polymers

Various types of synthetic polymer shave been reported as photocatalytic supports in the
literature, namely: polyethylene (PE) [42], polypropylene (PP) [43], polystyrene (PS) [44], polyethylene
terephthalate (PET) [45], polyvinyl chloride (PVC) [46], polyvinyl alcohol (PVA) [47], polycarbonate
(PC) [48] and so on. To our best knowledge, the first attempt to produce polymer hybrid materials
was made in 1995 by Tennakone [49]. Titanium oxide with polyethylene films as support was used
for the photocatalytic decomposition of phenol with a high degradation ratio (50% after 2.5 h of
illumination). Further, experimental studies on polypropylene non-woven with zinc oxide nanorods
indicate that this kind of photocatalytic materials exhibited not only excellent catalytic activity but
also high stability [50,51]. Hence, these hybrid materials can be successfully used for water treatment
processes by acting as photocatalysts and filters at the same time [52]. Additionally, the synergetic
effect of the combination of metal oxide and polymers allows for protection of the polypropylene fiber
against surface cracks and limits the well-known photocorrosion process of zinc oxide [52,53]. Similar
photoactive hybrid materials based on polybutylene terephthalate (PBT) polymer fiber mats were
used for photocatalytic dye degradation. These studies confirmed that the catalyst supported on the
polymer mat could be reused without a particular recovery step [54]. They also pointed out the fact that
the combination of proper fabrication methods allows for better photocatalytic performance (Table 1,
Entry 1) [55]. Another example of synthetic polymer hybrid materials, which have applications in
water treatment processes, are polyethersulfone or polyvinylidene fluoride membranes with various
types of metal oxides (e.g., titanium, zinc or chromium) displaying good antifouling performance,
including photo-catalysis, self-cleaning, and filterability properties [55,56]. Our special attention
gives merit to hybrid materials based on conjugated organic polymers (COPs) like polyaniline
(PANI) [57] (Table 1, Entry 2), poly(pyrrole) (PPy) [58], polythiophene (PT) [59], polyacetylene
(PA) [60], poly(methyl methacrylate) (PMMA) [61], polythiopene (PT) [62], polyparaphenylene
(PPP) [63], polyparaphenylenevenylene (PPV), poly(3,4-ethylenedioxythiophene) (PEDOT) [63] or
poly(O-phenylenediamine) (POPD)) [64]. The conjugated organic polymers are mostly p-type
semiconductors, due to their electrical and optical properties. Specifically, their high electron
mobility or high photon absorption coefficient under visible spectra has attracted increasing interest

195

Bo
ok
s

M
DP
I



Molecules 2017, 22, 790

for photocatalytic applications, e.g., degradation of pollutants or hydrogen generation by water
splitting [65]. In terms of water treatment processes, another interesting perspective solution offered
by polymeric support is the possibility of fabricating a floatable photocatalyst, the concept of which
is shown in Figure 4. These kinds of materials are able to maximize illumination utilization and
oxygenation processes of the photocatalyst by approaching the air/water interface, which in the end
can result in higher rates of radical formation and oxidation efficiencies [66].

Polymeric supports possess different morphologies and can exist in the form of sheets [67],
nanospheres [68], or nanoparticles [69]. Of course in all these cases, polymer materials contribute to an
increase the photocatalytic activity of inorganic–organic materials. However, contact surface area of
the hybrid photocatalyst, which has a significant influence on their activity, is lower for fiber polymeric
supports. Selected examples of catalysts based on polymeric fibers with high photocatalytic activity
are shown in Table 1.

Figure 4. Schematic representation of a floating photocatalyst (CB: conduction band; VB: valence band).
Reproduced from reference [70] by permission of the Royal Society of Chemistry.

It is worth mentioning that in the open literature a new class of hybrid materials, represented by
coordination polymers (CPs) and composed of metal clusters with organic ligands (Figure 5), can be
used in photocatalysis. These crystalline materials possess high dispersion of active sites, tuneable
adsorption properties, appropriate pore size and topology [71]. Additionally, the effective solar light
absorption properties can be obtained through modifying the composition of the metal cations and
organic linkers. The possibility to connect the light-harvesting and catalytic components allows for
conversion of solar energy to chemical energy by artificial photosynthesis [72]. Materials based on
coordination polymers provide crucial information about synergistic effects derived from multiple
elements of hybrid materials and allow for understanding the fundamental principles about light
harvesting and energy transfer phenomena, schematically explained in Figure 6. In spite of some
examples of CP-based heterogeneous photocatalytic systems [73], until now the CP-based soluble
complexes have mainly been used in homogenous catalytic processes which is a serious limitation for
broad industrial application due mostly to the problem of photocatalyst filtration after the process.
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Figure 5. The coordination polymers which consist of the branch of metal organic framework and
metal organic complex. Adapted and modified with permission from [72] Copyright (2012) American
Chemical Society.

Figure 6. (a) the components of the MOF structure; (b) conceptual schematic for photo-catalyzed
water oxidation or reduction using a MOF in the presence of an acceptor or donor; (c) light harvesting
accomplished by an organic linker; (d) generation of a charge separated state and quenching of h+ by a
donor; (e) electron transfer to the metal oxide node and subsequent proton reduction (SBU: secondary
building units). Reproduced from reference [73] with permission of The Royal Society of Chemistry.

197

Bo
ok
s

M
DP
I



Molecules 2017, 22, 790

T
a

b
le

1
.

Se
le

ct
ed

ph
ot

oc
at

al
yt

ic
hy

br
id

m
at

er
ia

ls
ba

se
d

on
sy

nt
he

ti
c

po
ly

m
er

s
us

ed
fo

r
de

gr
ad

at
io

n
of

or
ga

ni
c

co
nt

am
in

an
ts

.

E
n

tr
y

P
o

ly
m

e
r

H
y

b
ri

d
M

a
te

ri
a
ls

T
a
rg

e
t

C
o

n
ta

m
in

a
n

t
L

ig
h

t
S

o
u

rc
e

F
a
b

ri
ca

ti
o

n
M

e
th

o
d

P
h

o
to

ca
ta

ly
ti

c
B

e
h

a
v

io
r

R
e
f.

1
Z

nO
na

no
ro

ds
on

po
ly

bu
ty

le
ne

te
re

ph
th

al
at

e
(P

BT
)p

ol
ym

er
fib

er
m

at
s

A
zo

or
ga

ni
c

dy
e

(a
ci

d
re

d
40

)

U
lt

ra
vi

ol
et

(U
V

)r
ad

ia
ti

on
in

th
e

ra
ng

e
of

32
0–

39
0

nm
pr

ov
id

in
g

79
m

W
/c

m
2

of
en

er
gy

flu
x.

Th
in

fil
m

s
fo

rm
ed

by
lo

w
te

m
pe

ra
tu

re
va

po
r

ph
as

e
at

om
ic

la
ye

r
de

po
si

ti
on

(A
LD

)a
nd

hy
dr

ot
he

rm
al

gr
ow

th
of

Z
nO

na
no

ro
d

cr
ys

ta
ls

on
a

se
ed

la
ye

r.

D
eg

ra
da

tio
n

ra
tio

~9
0%

of
th

e
dy

e
w

ith
in

2
h.

Th
e

co
m

bi
na

ti
on

of
A

LD
an

d
hy

dr
ot

he
rm

al
m

et
ho

d
al

lo
w

to
ob

ta
in

th
e

be
st

pe
rf

or
m

an
ce

of
th

e
ph

ot
oc

at
al

ys
ta

nd
m

ay
be

al
so

us
ed

fo
r

ot
he

r
cr

ys
ta

lg
ro

w
th

sy
st

em
s,

su
ch

as
Ti

O
2,

Fe
2O

3,
Sn

O
2

an
d

V
2O

5,
w

he
re

hi
gh

ar
ea

an
d

re
ad

y
so

lu
ti

on
ac

ce
ss

ar
e

de
si

re
d.

[5
5]

2
Z

nO
na

no
pa

rt
ic

le
s

on
w

oo
la

nd
po

ly
ac

ry
lo

ni
tr

ile
(P

A
N

I)
fib

er
s

M
et

hy
le

ne
bl

ue
(M

B)
an

d
eo

si
n

ye
llo

w
is

h
(E

Y
)d

ye

H
ig

h-
pr

es
su

re
m

er
cu

ry
la

m
p

co
ve

rs
ill

um
in

at
io

n
sp

ec
tr

um
ra

ng
in

g
fr

om
ul

tr
av

io
le

tt
o

vi
si

bl
e

(2
00

–8
00

nm
).

Im
pr

eg
na

ti
on

of
po

ly
m

er
ic

fib
er

s
us

in
g

so
l-

ge
l

pr
oc

es
s

at
am

bi
en

tt
em

pe
ra

tu
re

.Z
nO

-s
ol

is
ba

se
d

on
th

e
m

et
ho

d
de

sc
ri

be
d

in
th

e
lit

er
at

ur
e

w
it

h
m

in
or

ch
an

ge
s

in
de

ta
ils

.

Th
er

e
is

77
%

M
B

dy
e

de
gr

ad
at

io
n

af
te

r
6

h
up

on
Z

nO
/P

A
N

Ia
nd

80
%

up
on

Z
nO

/w
oo

lfi
be

rs
,

w
hi

ch
is

4-
fo

ld
m

or
e

in
co

m
pa

ri
so

n
to

ba
re

fib
er

s.
Si

m
ila

r
re

su
lt

s
of

de
gr

ad
at

io
n

w
er

e
ob

ta
in

ed
fo

r
EY

dy
e,

w
he

re
th

e
de

gr
ad

at
io

n
ra

ti
os

eq
ua

l6
4%

an
d

50
%

,r
es

pe
ct

iv
el

y.

[5
7]

3
C

eO
2-

Z
nO

-p
ol

yv
in

yl
py

rr
ol

id
on

e
(P

V
P)

R
ho

da
m

in
e

B
(R

hB
)

U
V

la
m

p
(8

W
)w

it
h

em
is

si
on

w
av

el
en

gt
hs

at
25

4
nm

.

Th
e

el
ec

tr
os

pi
nn

in
g

te
ch

ni
qu

e
w

as
fo

llo
w

ed
by

th
er

m
al

tr
ea

tm
en

tt
o

ob
ta

in
C

eO
2–

Z
nO

na
no

fib
er

s.
Th

e
no

nw
ov

en
m

at
w

as
pr

ep
ar

ed
fr

om
th

e
pr

ec
ur

so
r

so
lu

ti
on

of
PV

P/
C

e(
N

O
3)

3/
Z

n(
C

H
3C

O
O

) 2
.

A
ft

er
3

h
of

ir
ra

di
at

io
n,

on
ly

17
.4

%
an

d
82

.3
%

of
R

ho
da

m
in

e
B

w
as

de
co

m
po

se
d

ca
ta

ly
ze

d
by

pu
re

C
eO

2
an

d
Z

nO
fib

er
s,

re
sp

ec
ti

ve
ly

,w
he

re
as

al
m

os
t9

8%
w

as
de

co
m

po
se

d
ap

pl
yi

ng
th

e
C

eO
2–

Z
nO

-c
om

po
si

te
fib

er
s.

[7
4]

4
Z

nO
na

no
w

ir
es

on
po

ly
et

hy
le

ne
(P

P)
M

et
hy

le
ne

bl
ue

(M
B)

U
V

lig
ht

so
ur

ce
(6

W
)

Z
nO

na
no

w
ir

es
w

er
e

gr
ow

n
fr

om
se

ed
Z

nO
na

no
pa

rt
ic

le
s

af
fix

ed
on

to
th

e
co

m
m

er
ci

al
ly

av
ai

la
bl

e
fib

er
s

by
hy

dr
ot

he
rm

al
m

et
ho

d.

A
ft

er
2.

5
h

of
ir

ra
di

at
io

n,
Z

nO
/p

ol
ye

th
yl

en
e

fib
er

s
de

gr
ad

ed
83

%
of

th
e

M
B,

w
he

re
as

th
e

fib
er

s
w

ith
ou

tZ
nO

de
gr

ad
at

e
on

ly
32

%
.2

4%
of

M
B

w
as

fo
un

d
un

de
rg

o
se

lf
-d

eg
ra

da
ti

on
un

de
r

th
e

sa
m

e
U

V
lig

ht
w

it
ho

ut
us

in
g

po
ly

et
hy

le
ne

fib
er

s.

[7
5]

5
Z

nO
/S

nO
2-

po
ly

vi
ny

lp
yr

ro
lid

on
e

(P
V

P)
R

ho
da

m
in

e
B

H
ig

h-
pr

es
su

re
m

er
cu

ry
la

m
p

(5
0

W
)w

it
h

m
ai

n
em

is
si

on
w

av
el

en
gt

h
at

31
3

nm
.

A
si

m
pl

e
co

m
bi

na
ti

on
m

et
ho

d
of

so
l-

ge
lp

ro
ce

ss
an

d
el

ec
tr

os
pi

nn
in

g
te

ch
ni

qu
e.

Th
e

el
ec

tr
os

pu
n

co
m

po
si

te
na

no
fib

er
s

w
as

ob
ta

in
ed

by
th

e
pr

ec
ur

so
r

so
lu

ti
on

of
PV

P/
Z

nC
l 2

/S
nC

l 2
.

A
ft

er
50

m
in

,t
he

de
gr

ad
at

io
n

ef
fic

ie
nc

y
of

R
hB

w
as

eq
ua

lt
o

75
,3

5,
an

d
85

%
fo

r
Z

nO
,S

nO
2,

an
d

Ti
O

2
fib

er
s,

re
sp

ec
ti

ve
ly

.H
ow

ev
er

,t
he

ti
m

e
fo

r
co

m
pl

et
e

de
co

lo
ri

za
ti

on
of

dy
e

so
lu

ti
on

ov
er

th
e

Z
nO

/S
nO

2-
na

no
fib

er
s

w
as

30
m

in
.

[7
6]

6

R
ed

uc
ed

gr
ap

he
ne

ox
id

e/
ti

ta
ni

um
di

ox
id

e
fil

te
r

(R
G

O
/T

iO
2)

an
d

re
du

ce
d

gr
ap

he
ne

ox
id

e/
zi

nc
ox

id
e

fil
te

r
(R

G
O

/Z
nO

)o
n

po
ly

pr
op

yl
en

e(
PP

)
po

ro
us

fil
te

r

M
et

hy
le

ne
bl

ue
(M

B)
H

al
og

en
la

m
p

(1
50

W
)

Th
e

po
ly

pr
op

yl
en

e
(P

P)
po

ro
us

fil
te

r
w

as
in

co
rp

or
at

ed
w

ith
re

du
ce

d
gr

ap
he

ne
ox

id
e

(R
G

O
)

an
d

m
et

al
ox

id
es

vi
a

a
si

m
pl

e
hy

dr
ot

he
rm

al
ap

pr
oa

ch
.

Th
e

co
m

bi
na

ti
on

of
R

G
O

an
d

th
e

m
et

al
ox

id
e

co
m

po
un

ds
on

th
e

fil
te

rs
sh

ow
s

m
or

e
th

an
70

%
of

M
B

ad
so

rp
ti

on
in

20
m

in
co

m
pa

re
d

w
it

h
th

os
e

co
ns

is
ti

ng
of

in
di

vi
du

al
m

at
er

ia
ls

,d
eg

ra
da

ti
on

af
te

r
12

0
m

in
99

%
.

[5
0]

198

Bo
ok
s

M
DP
I



Molecules 2017, 22, 790

2.2. Photocatalytic Hybrid Materials Based on Natural Polymers

Natural polymers derived from renewable resources or waste products can also serve as
a desirable organic support for inorganic semiconductor metal oxides [77–79]. Polysaccharides,
lignin, cellulose, hemicellulose, chitin, chitosan, starch or xylan, possess excellent sustainability,
biodegradability and can be used as abundant industrial raw feed stock to synthesize photocatalytic
hybrid materials [80–82]. Natural polymers (see structures in Figure 7) are mainly obtained by
extractions from wood, plants or even residues of living organisms [83], that make them more
attractive in comparison with synthetic polymers. Natural fibers are frequently used as a reinforcing
composite for producing hybrid materials because they exhibit advantages, like recyclability and
eco-friendliness, over their synthetic counterparts [84]. Additionally, natural fibers possess a higher
volume fraction, and thus a larger loading capacity [85]. For these reasons they are widely used to
produce composite materials, especially in the field of photocatalysis. For instance, depositing titanium
dioxide on cellulose fiber surface allows for obtaining hybrid materials with a high degradation ratio
of organic compounds like organic dye or phenolic contaminants [86] (Table 2, Entry 1). Yu et al.
obtained cellulose-templated TiO2/Ag nanosponge composites with enhanced photocatalytic activities
for the degradation of RhB; the synthetic procedures for this material are shown in Figure 8 [86].
The polymeric nanocomposite membranes with cellulose fibers can be also used for gas separation
processes (e.g., hydrogen recovering, nitrogen generation or carbon dioxide separation) [87,88].
However, due to the fact that cellulose consists of monosaccharide units (Figure 7a), it is hydrophilic
and exhibits a rather poor interaction with most of the non-polar compound. Many efforts have been
done to obtain uniform dispersion of the fibers within the matrices. Furthermore, it is worth noting
that plant fibers like cellulose possess relatively low processing temperatures (<200 ◦C), and for this
reason, researchers have used low-temperature techniques (e.g., sol-gel method, hydrothermal method,
dip coating method, etc.) to coat natural fibers [89]. Despite this, in the open literature we can find
successfully completed examples of many attempts to modify surface properties of natural fibers
(see Table 2).

 

Figure 7. Structure of most common natural polymers: cellulose (a), lignin (b) and chitin (c). Reprinted
from references [83] with permission from Elsevier.
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Figure 8. Schematic illustration of the synthetic approach for TiO2/Ag nanosponge materials (TTIP:
titanium iso-propoxide). Reprinted with permission from [86]. Copyright (2012) American Chemical.

In contrast to hemicellulose and cellulose, lignin possesses rather a complex structure due to
the different types of linkages connecting the phenylpropanoid-based units [90] (Figure 7b) and
is seen as a product with little intrinsic value but potentially, for instance, can serve as a stable
biopolymeric support for hybrid materials [91]. It should be noted that lignin can be used for the
synthesis of functional hybrid materials with antimicrobial properties [92] as well as adsorptive
properties for the removal of inorganic compounds from aqueous solutions [93]. However, the stability
of biopolymers based on lignin under photocatalytic conditions is not high. Some critical review
reports pointed out that photocatalytic methods can be used also to degradate lignin and lignin-based
phenolic compounds [94]. From this point of view, it is interesting to study if lignin, which consists
of phenylpropanoid-based structures, can be used as a support for the fabrication of stable hybrid
photocatalysts with the aim of being applied for mineralization of organic contaminants in water.

Chitin (Figure 7c) represents the next most plentiful natural polysaccharide and is source of
chitosan which is obtained by partial deacetylation of chitin. Due to the presence of various functional
groups, chitosan can be applied as an adsorbent for the removal of different kinds of pollutants [95,96].
Additionally, this polymer can be used in the wide range of form, e.g., hydrogels [97], nanofiber
mats [98], and nano-beads as well as powders [99]. Chitosan may have a high specific surface area as a
bead or fiber, and thus exhibits strong adsorption capacities. However, all of these forms depend on
the fabrication method. The formation of a highly specific surface area requires mainly specialized
methods like electrospinning [100]. In the open literature, one can find the description of many other
facile methods to obtain hybrid catalysts like those based on titanium dioxide [100], zinc oxide [101]
(Table 2), and niobium oxide [102] among others, combined with chitosan, which can be used for
water treatment processes. However, chitosan, as well as other polysaccharides have some limitations
associated with wastewater treatment application, namely: they possess high swelling capacities and
low resistance, especially in extreme wastewater conditions (e.g., acid medium), which may result in
significant leaching. Consequently, the catalyst based on these natural polymers cannot be stable and
may promote the expansion of organic matter in wastewater [103].
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3. Summary and Future Perspectives

The selected studies in this short overview serve as clear examples that both natural and synthetic
polymers can be successfully used in the field of hybrid innovative materials for heterogeneous
photocatalysis in the context of pollutant degradation. The organic–inorganic hybrid materials exhibit
significantly better photocatalytic properties than the separate components, due to the synergistic
effect coming from the intrinsic properties of a photoactive semiconductor and polymers. Several key
advantages can be expected from polymeric support, such as: (a) an increase of the specific surface
area which consequently allows for adsorption of higher amounts of target pollutants [109–111],
and (b) an improvement of the photocatalytic performance by promoting reduction of the charge
carriers recombination and prolongation of the photoelectron lifetime [112]. In this mini-review, the
highlighted benefits and drawbacks of natural and synthetic polymer-based photocatalytic materials
will exponentially increase in importance due to the fact that accessibility of synthetic polymeric
materials derived from oil, gas and carbon (non-renewable sources) will be impeded because of the
decreasing amount of fossil resources. Thus, this fact turns on the alarm to look for cheap and easily
available raw materials like bio-polymers that come from sources such as lignocellulosic wastes or
crustacean residues to cover the increasing demand of the market for plastics. Currently, the scientific
world indicates that polymer materials are the key promising components of the next generation of
photocatalytic hybrid materials for water and air treatment processes [113,114]. However, there are
still some limitations on this topic (Table 3) that should be studied extensively.

Table 3. The main pros/cons of using synthetic polymers and biopolymers for photocatalytic
hybrid materials.

Synthetic Polymers Biopolymers

Availability Decreasing High
Physicochemical resistance High Low

Thermal stability High Low
Large-scale applications Possible Difficult
Environmental-friendly No Yes

Cost of production Low High
Sustainability Low High
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Abstract: This review addresses the preparation of antibacterial 2D textile and thin polymer films
and 3D surfaces like catheters for applications in hospital and health care facilities. The sputtering
of films applying different levels of energy led to the deposition of metal/oxide/composite/films
showing differentiated antibacterial kinetics and surface microstructure. The optimization of the
film composition in regards to the antibacterial active component was carried out in each case to
attain the fastest antibacterial kinetics, since this is essential when designing films avoiding biofilm
formation (under light and in the dark). The antimicrobial performance of these sputtered films
on Staphylococcus aureus (MRSA) and Escherichia coli (E. coli) were tested. A protecting effect of
TiO2 was found for the release of Cu by the TiO2-Cu films compared to films sputtered by Cu only.
The Cu-released during bacterial inactivation by TiO2-Cu was observed to be much lower compared
to the films sputtered only by Cu. The FeOx-TiO2-PE films induced E. coli inactivation under solar
or under visible light with a similar inactivation kinetics, confirming the predominant role of FeOx
in these composite films. By up-to-date surface science techniques were used to characterize the
surface properties of the sputtered films. A mechanism of bacteria inactivation is suggested for each
particular film consistent with the experimental results found and compared with the literature.

Keywords: antibacterial surfaces; light; metal oxides; coatings; magnetron sputtering

1. Introduction

Hospital acquired infections (HAIs) are on the rise in Europe, infecting 5–7% of hospital patients
staying beyond 10 days with the consequent high cost related to the long and costly hospital residence
time [1]. Thirty years ago, Domek et al. [2] reported the inactivation of coliform bacteria by Cu, later
Keevil’s group reported the Cu inactivation of MRSA [3] and E. coli [4]. The Cu-ions released from
coated surfaces were reported to induce a strong biocidal effect below the cytotoxic levels accepted
for mammalian cells. This consideration validates the use of Cu-immobilized devices in bloodstream
infections [5]. The disinfection in some cases seems to proceed via an oligodynamic effect due to the
low amounts (in the ppb/ppm range) of Cu or Ag released by these surfaces [6]. Cu-ions have been
shown to complex proteins and break hydrogen bonds within the DNA opening the double helix [7].

Antimicrobial coatings are being investigated to prepare implants and medical devices [8–11].
Recently, research groups reported Chemical Vapor Deposition (CVD) of Cu-titania films being applied
in single or multilayered coatings [8–13]. Innovative films against MRSA infections have been recently
reported for packaging materials [14], plastics [15] and stethoscopes [16]. Boyce et al. [17] found
MRSA contamination up to 65% in the hospital staff gloves and uniforms due to the contact in
hospital-infected rooms/surfaces. Later, Bhalla et al. [18] showed that hospital workers frequently had
infected gloves/uniforms in variable concentrations with the bacteria/fungi available in the hospital
facilities. Bacteria invade, adhere and form biofilms that tightly glue to the surface (catheters or other
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medical devices) [19]. For this reason, biofilm formation has to be precluded. Catheters impregnated
with antibiotics/antiseptics or both showed a short-term effect lasting only a few days. This is due
to the rapid release of the antibacterial agent. This complicated in hospital settings by the increased
bacterial resistance to many antibiotics affecting patients during long-hospital residence times [20,21].

Studies have shown rapid killing of bacterial cells when exposed to Cu-surfaces but the mechanism
of the Cu-MRSA killing is still controversial [6–13]. The Cu-antimicrobial action seems to comprise
the cellular metabolism damaging the cell DNA [22]. A recent study has shown that the uptake of
Cu-ions by MRSA was fast and damaged the cell DNA, but the mechanism of this uptake remains
controversial and more work is needed in this direction [1,22].

Recently, Heidenau et al. [10,11] demonstrated that in Ag-Cu amalgams, Cu in extremely low
amounts inactivate more effectively bacteria compared to other metals. The Ag-Cu films were found
to present surfaces with a high in vitro compatibility. Recent work in our laboratory with Cu-sputtered
surfaces induced a faster kinetic bacterial inactivation [23,24] compared to Ag-sputtered surfaces [25,26].
TiO2 surfaces in the dark are ineffective against bacterial infection, but Cu-TiO2 surfaces introduce
antibacterial action in the dark on medical implants [27,28]. TiO2 has been reported to increase
the adhesion of Cu on glass and other surfaces avoiding leaching during disinfection and therefore
assumes the role of a protective additive hindering the Cu-release.

In the past few years, the continuous exposure to antibiotics over long times has led to increased
antibiotic resistance of bacteria. However, only a few pathogens display resistance to Ag and Cu and
combinations thereof [1,6,29,30]. Cu-Ag films show long-operational lifetime, which is not the case for
antibiotics/antiseptics rapidly detaching from the film surface. This is important when antibacterial
films are used in connection to bloodstream. In this review, we focus on the preparation of innovative
antibacterial coatings on 2D surfaces (polyethylene or polyurethane films) and on 3D complex shape
medical devices (intravascular catheters). The sputtering of uniform, adhesive coatings with Cu and
Ag on low thermal resistant fabrics like hospital textiles and thin polymer films are reviewed as well
as material related to TiO2, TiO2-Cu (both on polyester), FeOx and FeOx-TiO2 (both on polyethylene
films) [30–35].

2. Antibacterial Coatings: From Conventional to up to Date Methods

Conventional deposition techniques e.g., sol-gel or films prepared via the colloidal route enable
the synthesis of materials with a high thermal resistance since a temperature of a few hundred degrees
has to be applied to anneal the active antibacterial component to the particular substrate. Commercial
sol-gel methods have reported TiO2 and other thin films on heat resistant substrates [35].

Photo-induced reactions by finely dispersed Ag-nanoparticles (Ag-NPs) of ~2 nm in size have been
reported to inactivate E. coli and Staphylococcus aureus. This dispersion also showed photo-switchable
behavior involving a transition from an initial hydrophobic surface towards a super-hydrophilic
surface within the bacterial inactivation time under light irradiation. The contact angle (and surface
energies) was followed under light and in the dark. The reversible process to reestablish the initial
hydrophobicity (dark storage of the sample after bacterial inactivation under light) was seen to happen
within long times (>24 h) [35].

Estimates for the effective bacteria reduction by Ag-coated surfaces suggest that these may be
able to reduce the contamination in hospitals and public places [36–39]. The level found for these
bacteria in many hospitals is higher than the allowed level for the healthcare rooms. For example, the
contamination of 105 CFU/cm2 was observed in a diabetic wound dressing. Nevertheless, near the
patient, a microbial density of about 102 CFU/cm2 was found. The use of catalytic/photocatalytic
textiles (for beddings, curtains, lab-coats . . . ) can drastically decrease the bacterial propagation [38–42].

The major limitations towards the use of sol-gel photoactive surfaces are related to (i) the lack
of uniformity of these sol-gel films; (ii) the non-reproducible preparation observed from different
batches with the same composition and (iii) the lack of mechanical stability and adhesion to the
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substrate [24–26,40]. The sputtering methods described in this review have been applied to obtain
robust antibacterial films on cotton, polyester, polyethylene and polyurethane thin films [34,35,40].

During the last four decades, the sputtering of surfaces for industries in the aviation, car and
machine tool sectors was used to protect the surfaces against corrosion by sputtering micrometer thick
coatings of Cr-Fe to avoid the corrosion of the Fe/Fe2O3 layers. Nowadays, thin coatings are used for
many purposes such as to avoid surface corrosion, to serve as anti-reflective and to acquire self-cleaning
and self-sterilizing properties. Recently sputtering in the presence of O2 have been carried out to
deposit thin metal oxides on non-heat resistant substrates like textiles at temperatures <130 ◦C by
DCMS, DCPMS [41] and HIPIMS [42]. During the last decade, Kelly et al. has addressed the preparation
of antibacterial thin films by magnetron sputtering (DCMS, DCMP and HIPIMS). They characterized
the film surface properties and corrosion and correlated with the antibacterial activities [43–46]. Several
recent studies report that the antibacterial activity of metal/oxide films is a function of the dispersion,
size and thickness of the metal/oxide coatings [5,8,12,13,30,44,46–50]. Diverse thicknesses in the TiO2

coatings led to a complete different Cu-dispersion, Cu nanoparticulate size and bacterial inactivation
kinetics as recently reported [12,29,40,49,51,58]. During the last years, we investigated the bactericidal
activity on Ag, Cu, and other metal oxides sputtered on polymers and textile fabrics. The antibacterial
kinetics, microstructure and surface properties have been reported in details [40–42,50–53].

3. Photocatalytic Coated Polyester Showing Duality in the E. coli and MRSA Inactivation under
Actinic Indoor Light

Recently, some laboratories have reported the preparation of antibacterial Ag, Cu and TiO2

coatings on glass and polymer films by depositing the metal/oxides by CVD and sputtering
techniques [8,29,30,32,44–46]. The direct current magnetron sputtering (DCMS) co-deposition of
TiO2 and Cu films leading to uniform, adhesive and robust layers on polyester (PES) at temperatures
not exceeding 120–130 ◦C has been reported recently [29,30]. There is a need for innovative active
coatings showing a fast bacterial inactivation kinetics and a high adhesion to the substrate. In this
way, the formation of toxic biofilms spreading bacteria/virus/fungi in hospital facilities leading to
increased HAIs may be precluded.

Recent studies report the preparation of TiO2, Cu and TiO2/Cu films by sol-gel methods
inducing significant photo-induced bacterial inactivation of films deposited on glass surfaces from
Ti-chloride/ethyl acetate annealed at 500 ◦C [40,47–50]. Our laboratory has reported Escherichia coli
(E. coli) inactivation on TiO2/Cu sequentially sputtered (deposited one after the other starting with
an under layer of TiO2 then an upper layer of Cu/CuOx). Moreover, the co-sputtering of TiO2-Cu
(simultaneous deposition) on textiles leading to E. coli and methicillin-resistant Staphylococcus aureus
(MRSA) reduction was reported [43]. The later reports the differential effect of actinic and visible
light (400–700 nm) on the bacterial reduction kinetics on E. coli as a MRSA.

The TiO2-Cu-PES microstructure is shown by TEM in Figure 1. The denser Cu-clusters presented
diameters between 16 and 20 nm while the TiO2 clusters presented smaller sizes from 5 and up to 10 nm.
The TiO2-Cu coatings were 120 to 160 nm thick. This is equivalent to 500 to 800 atomic layers (being
each layer 0.2 nm thick) each containing 1015 atoms/cm2 [51]. It showed close contact between the
TiO2 and Cu-nanoparticles and was uniform in its microstructure [32,35,50].

The bacterial inactivation by TiO2-Cu-PES under actinic light irradiation and in the dark was
evaluated as a function of the amount of TiO2 and Cu sputtered on the substrate [41]. The deposition
time of TiO2-Cu (co-sputtering) was optimized to determine the most suitable amount of TiO2 and
Cu on the inactivating E. coli. In the dark, E. coli bacterial inactivation proceeds within 120 min on
TiO2-Cu-PES. The mechanism of TiO2-Cu(CuO) mediated E. coli inactivation under light irradiation
has been reported to involve interfacial charge transfer (IFCT) [29,40]. Bacterial reduction in the dark
as shown in Figure 2, trace 6) and seems to proceed through a mechanism where O2 (air) reacts
with the Cu0/Cu-ions. Figure 2, trace 1) shows the complete bacterial reduction under visible light
within 30 min for TiO2-Cu samples co-sputtered for 3 min. Within 3 min, a sufficient amount of TiO2
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and Cu was sputtered on the PES leading to the most suitable number of exposed catalytic sites leading
to the fastest E. coli inactivation.

 

Figure 1. Transmission electron microscopy (TEM) of TiO2-Cu co-sputtered for 3 min on PES. “E”
stands for the epoxide required to embed the sample during the sample preparation/cutting for the
TEM image [32].

 
Figure 2. E. coli inactivation on TiO2-Cu co-sputtered for different times on PES as indicated in the
traces: (1) 3 min, (2) 2 min, (3) 5 min, (4) 10 min, (5) 1 min (6) 3 min in the dark and (7) PES-alone.
The bacterial reduction under light irradiation used a lamp Philips Master-18W/865 (4.65 mW/cm2),
Error bars: standard deviation (n = 5%).

Co-sputtering for short times (1–2 min) did not deposit the necessary amount of TiO2 and Cu to
induce a fast bacterial inactivation. Co-sputtering TiO2-Cu for 5 and 10 min (Figure 2) led to longer
bacterial inactivation kinetics compared to TiO2-Cu (3 min). This is due to the inward charge diffusion
of the generated charges in the TiO2 under band–gap irradiation [29,51]. In addition, longer sputtering
times facilitate the TiO2 inter-particle growth decreasing the TiO2 contact surface with bacteria [52].
Figure 2, trace 6) shows complete bacterial reduction in the dark. Bacterial inactivation takes place in
the dark possibly through an oligodynamic effect as recently reported by S. Rtimi [41,52,53]. The effect
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of Cu on bacteria has been associated to reactions blocking the of proteins/enzymes regulating the
respiratory chain [32,41,52].

The electronic transfer between the TiO2/Cu and E. coli depends on the length of the charge
diffusion in the TiO2/Cu layers. The diffusion of the charges induced by band-gap irradiation is
a function of the TiO2 and Cu particle size and shape [54,55]. The interfacial distances between
TiO2 and Cu/CuO on the polyester surface ranges from 5 nm and up. The IFCT, as shown in
Figure 2, proceeds with a quantum efficiency depending on the light intensity and the nanoparticulate
size [56–58]. Quantum size effects occur in particles with sizes ~10 nm and about 104 atoms or
smaller [59]. The surface composition and properties of the TiO2-CuO play a role in the charge transfer.
The bacterial inactivation kinetics depends on the film (i) surface defects; (ii) surface imperfections; and
(iii) dangling bonds on the edge of this composite. In TiO2-Cu composite, the charge recombination
in nanoparticles is short due to their small particle size. The small particle size decreases the space
for charge separation. In addition, the semiconductor space charge layer in both the TiO2 and CuO
further decreases the potential depth available for the charge injection at the TiO2-Cu hetero-junction.
This in turn, decreases the energy difference between TiO2 and Cu, which is not favorable for the
charge injection [29,52]. The conduction band of CuO at −0.30 V vs. SCE (pH 7) is at a more negative
potential than the potential required for one electron oxygen reduction [52]. Furthermore, the Cu2+

can also react with O2
−:

O2 + H+ + e− → HO2
• −0.22 V (1)

Cu2+ + O2
− → Cu+ + O2 (2)

The irradiation with solar simulated light induces the transfer of the e− and h+ from TiO2 to CuO
as shown in Figure 3 below. Charge transfer from ad-atoms to TiO2 under light has been investigated
during the last few decades [40]. The potential energy levels of the TiO2 conduction band (cb) and TiO2

valence band (vb) lie above the CuO(cb) and CuO(vb) as shown in Figure 3. The partial recombination
of e−/h+ in TiO2 is hindered by the charge injection into CuO. The interfacial charge transfer (IFCT)
between the TiO2 and the CuO(vb) of +1.4 eV to the TiO2(vb) at 2.5 eV vs. SCE, pH 0, and proceeds
with a considerable driving force due to the large potential energy difference between these two
valence band levels.

 

Figure 3. Diagram suggested for of bacterial inactivation under solar simulated light photocatalyzed
by TiO2/Cu films sputtered on polyester (PES) [52].
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A model for the charge transfer between TiO2 and CuO under solar light (UV-Vis) has been
suggested [40,52] with respect to previous reports [56–58] and presented in Figure 3. The E. coli
inactivation proceeded within a few minutes [29,52]. These TiO2(vb) holes react with the surface-OH
groups of the TiO2 releasing OH-radicals. The CuO nanoparticles on the TiO2 can be reduced to Cu2O
by the charges generated in the TiO2 under light and can later re-oxidize to CuO as investigated by
X-ray photoelectron spectroscopy (XPS) in recent report [52]. The TiO2/Cu co-sputtered samples
showed that TiO2 plays a stabilizing effect on the Cu-release from the co-sputtered surfaces during
bacterial inactivation compared to Cu deposed individually [29,52]. A low amount of Cu-released
in the ppb range inactivated both Gram-positive and Gram-negative bacteria, possibly through an
oligodynamic effect as observed in dark runs but needing longer times [53,59].

4. Nanostructured Fe-Oxides for Self-Sterilizing through an Oligodynamic Effect:
Surface Properties

Iron oxide nanoparticles (NP’s) are of considerable interest due to their wide applications
in fields such as magnetic storage, medicine, chemical industries, catalytic materials and water
purification [60]. The synthesis of Fe2O3, FeO and Fe3O4 involve routes including precipitation, sol-gel,
hydrothermal, dry vapor deposition, has been carried out by way of micro-emulsion, electro-deposition
and sonochemistry [61,62].

To avoid the time, work and reagents needed to separate the products from reactions catalyzed by
suspensions at the end of water detoxification processes involving nanoparticles, metal/metal oxide
coatings were prepared. Polymer-based films have been applied in protective coatings of medical
devices [63,64], thin-films and bactericide/self-cleaning surfaces [64–66]. Films grafted by colloids
weakly adhered to the substrate, have shown to be not entirely reproducible and can be wiped out of
the polymer surface [49,66,67].

Polyethylene (PE) thin film is a flexible low cost polymer resistant to corrosion and withstands up
to 120 ◦C for short times were coated/sputtered with FeOx [49,68]. Due to its low surface energy, the
PE limits the adhesion of particles on its surface. In order to bind a higher amount of catalytic
species on the PE surface suitable anchor groups have been used to attain acceptable catalysts
loadings leading to the degradation of pollutants/bacteria occurring with a satisfactory kinetics.
Surface pretreatment was necessary to increase the number of oxidative sites, hydrophilicity, and
surface-roughness necessary for better FeOx bonding [69]. The polyethylene fabrics were pretreated
in the cavity of an RF-plasma unit (13.56 MHz, 100 W, Harrick Corp., Ithaca, NY, USA) at a pressure
of 1 torr. The topmost PE-layers of 2 nm (~10 atomic layers) were RF-plasma pretreated for 15 min.
Oxygen RF-produced plasma reacts with the PE surface to induce groups like C-O, C=O, O-C=O,
C-O-O- on the PE surface. This pretreatment introduces hydrophilic groups on the PE-surface and
breaks the intermolecular PE- and the H-H bonds segmenting the PE-fibers [35,70]. The slightly
positive FeOx binds the negatively charged pretreated PE (containing the overall negative carboxylic
groups) through electrostatic interaction and chelation/complexation [68]. FeOx was sputtered from
a target 5 cm diameter (Kurt Lesker, East Sussex, UK) positioned at 10 cm from the target by direct
current magnetron sputtering (DCMS) on PE. The PE consists of highly branched low crystalline
semi-transparent film with the formula H(CH2-CH2)nH (ET3112019, Goodfellow, Huntingdon, UK).
The PE-FeOx mediated bacterial reduction was determined on Escherichia coli (E. coli K12 ATCC23716)
on 2 cm by 2 cm PE-FeOx samples under solar simulated light (52 mW/cm2, ~0.8 × 1016 photons/s)
for utilization in environmental cleaning [68,71].

Bacterial inactivation under low intensity solar simulated light on PE-FeOx sputtered films in
Ar + O2 atmosphere proceeded with an acceptable kinetics [68]. The PE-FeOx films avoid the use of
heavy metals whose discharge into the environment is not desired or admissible by pertinent sanitary
regulations. The bacterial inactivation kinetics was attributed to the redox processes occurring on
the surface. The regeneration of the surface initial catalytic states was reported to happen by simply
washing the surface with NaOH. The PE-FeOx properties like surface polarity, roughness and stability
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were described in details [68,71]. Figure 4 presents the E. coli inactivation under solar simulated light
irradiation for PE-samples pretreated with Rf-plasma and Fe-sputtered between 30 s and 150 s. It is
readily seen that Fe-sputtering for 60 s (trace 1) led to the faster bacterial reduction time. The FeOx film
thickness (42 nm equivalent to 210 atomic layers) led to the shortest bacterial reduction time [68]. If one
atomic layer is ~0.2 nm thick and including 1015 atoms/cm2, the Fe deposition rate can be estimated
as 3.5 × 1015 atoms/cm2 × s. Sputtering for 30 s (Figure 4, trace 4) did not deposit enough FeOx on
the PE (0.040 wt % Fe2O3/weight PE). The longer bacterial reduction time shown in Figure 4, traces 4
and 5) for samples sputtered for 120 and 150s showing higher loadings > 0.084 wt % Fe2O3/weight PE.
This was probably due to: (i) the increase in layer thickness leading to the bulk inward diffusion of the
charge carriers [59,68], (ii) the increased size of the FeOx at longer sputtering times leading to cluster
agglomeration [68,71] and (iii) the increase of the Fe-metal content with respect to FeOx. The bacterial
reduction on PE-FeOx films does not proceed like on PE-alone under simulated solar irradiation.

 
Figure 4. E. coli reduction on PE-FeOx pre-treated surfaces and sputtered for (1) 60 s; (2) 120 s; (3) 150 s;
(4) 30 s and illuminated with solar simulated light of 52 mW/cm2; (5) PE-FeOx sputtered for 60 s in the
dark and (6) Un-sputtered PE under solar simulated light; Error bars: standard deviation (n = 5%) [68].

PE-FeOx mediated bacterial reduction was investigated and remained stable up to five cycles
(one cycle = one bacterial inactivation run + one water washing run) [68]. The Fe-leached out in ppb
amounts during E. coli bacterial reduction was determined by inductively coupled mass spectrometry
(ICP-MS) and showed a small release of Fe-ions to the environment at below toxicity levels. PE-FeOx
induced stable re-cycling during bacterial inactivation trials [68]. Evidence of ppb amounts of Fe was
observed in the PE-FeOx mediated bacterial inactivation suggesting an oligodynamic effect. Until now,
only heavy meals as Ag, Pt and Pd have been reported to induce bacterial inactivation through the
oligodynamic effect, but, this introduces undesirable/detrimental metals into the environment [53].
Fe2O3 colloids have been reported to leach consistent amounts of Fe during the degradation of
pollutants in aqueous suspensions. Fe2O3 is a stable n-type semiconductor responding to visible light
up to 500 nm with a band-gap of 2.2 eV able to separate the electrons at a potential ~0.1 eV and holes
at ~2.3 eV as a function of the applied light (pH 6–7) [68].

By XPS analysis, the PE-FeOx surface atomic concentration and the changes in the Fe-oxidation
states during the bacterial inactivation period were followed. The initial Fe(III) in Fe2O3 at 712.2 eV
decreases from 80.0% (time zero) to 53.0% after the disinfection period. Fe in the form of Fe3O4

at 713.6 eV and Fe(II) with peaks at 709.7 eV was detected before the bacterial disinfection [68].
After disinfection, Fe(III), FeO(II/III) and Fe(II) peaks were: 711.4, 708.6 and 713.8 eV, respectively.
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These changes point out to the shift in the oxidation states in the Fe-oxides during bacterial reduction.
The catalysis deriving the bacterial reduction contains three different FeOx oxide species each one
offering a different potential couple and its own surface potential (eigenvalue). The high turnover of
the biological material on the photocatalyst surface avoids the accumulation of residual intermediates
during bacterial inactivation as observed for the lack of C1s and N2p peaks after the bacterial
inactivation on the PE-FeOx surface [68,70].

The electrostatic attraction between the bacteria and PE-FeOx is a dominant effect at distances
below four Angstroms, polarizing strongly the interaction between the PE-FeOx within this short
distance. A mechanism of reaction was recently suggested taking into consideration the bacterial
inactivation dynamics and Equations (3)–(6) below. The generation of highly oxidative radicals
(ROS) by the O2 (air) reduction under the solar simulated light was observed concomitantly to the
Fe(III)/Fe(II) reduction during bacterial oxidation leading to CO2 and a small amount of mineral
trace residues:

Fe2O3

(
Fe2+

)
+ O2 (air) + H+ → Fe2O3

(
Fe3+

)
+ HO2

• (3)

The HO2
• radical would convert to O2

− at the biocompatible pH 6–7 through Equation (4):

HO2
• ⇔ H+ + O2

− pKa = 4.8 (4)

In the presence of Fe-ions, the HO2
• decomposes at much slower kinetics compared to the fast

reaction between O2
− + Fe3+, it is suggested to follow reactions (5) and (6) below:

HO2
• + Fe3+ → Fe2+ + H+ + O2 3.3 × 105 M−1s−1 (5)

O2− + Fe3+ → O2 + Fe2+ 1.0 × 109 M−1s−1 (6)

The reaction between PE-FeOx and the bacteria cell wall involves diffusion of the metal-ions and
absorption/translocation of the metal-ions on the bacterial cell bilayer. Electrostatic and Van der Waals
interactions and controlled diffusion of FeOx at the interface with E. coli cells drive the interaction
between the bacteria and the catalyst/photocatalyst surfaces [68].

5. Coupling of TiO2 and Fe-Oxide: Innovative Preparation for Self-Sterilizing Surfaces

Binary-oxides semiconductors due to their optical absorption and semiconductor behavior have
been widely used for environmental decontamination purposes like FeOx-TiO2. These binary oxides
play an important role in pollutants and bacterial abatement involving redox processes [72,73].
Supported photocatalyst films, for self-cleaning and self-sterilizing purposes have recently been
developed. This works involves the grafting of narrow band-gap semiconductors increase the light
absorption in the visible region [68,72–76]. Work of this kind involves the selection of the meta/oxide
components taking into consideration factors like (i) the surface spectral properties; (ii) the transients
generated under femto-second laser pulses induced in the visible light region (545 nm /25 fs); (iii) the
bacterial inactivation kinetics of E. coli under low intensity solar/visible light and effect of different
irradiation intensities and (iv) the mechanism of electron transfer from the FeOx used as photosensitizer
to the low lying TiO2 trapping states as recently reported [73].

Femto-second ultra-fast kinetics is a powerful tool to detect and register the initial charge
separation within very short times when PE-FeOx-TiO2 is irradiated under visible light [8].
Femto-second kinetics pulses in the visible range (545 nm/25 fs) to photo-induce and identify the
short-lived transients. These transients are shown in Figure 5 at different pulse delay times as a
function of wavelength [73,75]. FeOx absorbs laser pulses in the visible leading to the separation of the
cb (e−) and vb(h+) or excited d-d states. Figure 5 also shows that the spectral features are about the
same for different delays. An increase in the pulse delay up to 500 ps, leads to a decrease in absorption
bands. Additional experiments showed that the main part of the absorption amplitude at 600 nm
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decays within 25 ps (t 1
2
~25 ps). Mid-gap Fe d-d states have been suggested as the main trapping sites

with lifetimes of a few hundred picoseconds. The d-d states are ascribed to local excitons in the FeOx
matrix [73]. In Figure 5, the electron trapping process was initiated at times of 150 fs and compete
with electron-hole recombination. The absorption band with a maximum at 600 nm was assigned to
the cb(e−) spectrum of the FeOx-TiO2 i.e., an IFCT process occurring at the heterojunction [75,76].
These ultra short-lived transients in the visible region lead later to longer-lived intermediates in the
minute range able to inactivate bacteria under band-gap continuous irradiation [73–75].

 
Figure 5. Transient spectra of the FeOx-TiO2-PE as a function of wavelength after femtosecond laser
pulse 25 fs (544 nm). Time delays: (1) 150 fs; (2) 500 fs; (3) 1 ps; (4) 3 ps; (5) 10 ps; (6) 500 ps [73].

6. Conclusions

The preparation of TiO2, TiO2-TiO2, FeOx and FeOx-TiO2 thin films and their dynamics have
been reviewed. The bacterial interactions with the film surface in the dark and under light conditions
were discussed. The reactivity of TiO2-Cu towards bacteria seems to proceed through mechanisms
that are still controversial. TiO2-Cu films obtained by sputtering were described as well as their
surface properties. The mechanism of bacterial inactivation by Cu, TiO2 and FeOx possibly involve an
oligodynamic effect. Innovative PE-FeOx composites/coatings may have a potential application in
disinfection for biomedical devices favored by the low Fe-cytotoxicity and high Fe-biocompatibility
compared to heavy metals like Ag, Pt, and Au. The co-sputtered FeOx-TiO2-PE films show also a
potential to improve the removal of pathogens and prevent biofilm formation under sun/visible light.
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Abstract: Particles of sub-micron size possess significant capacity to adsorb organic molecules from
aqueous media. Semiconductor photocatalysts in particle form could potentially be utilized for dye
removal through either physical adsorption or photo-induced chemical process. The photocatalytic
and adsorption capabilities of Cu2O particles with various exposed crystal facets have been studied
through separate adsorption capacity test and photocatalytic degradation test. These crystals
display unique cubic, octahedral, rhombic dodecahedral, and truncated polyhedral shapes due
to specifically exposed crystal facet(s). For comparison, Cu2O particles with no clear exposed facets
were also prepared. The current work confirms that the surface charge critically affects the adsorption
performance of the synthesized Cu2O particles. The octahedral shaped Cu2O particles, with exposed
{111} facets, possess the best adsorption capability of methyl orange (MO) dye due to the strongest
positive surface charge among the different types of particles. In addition, we also found that
the adsorption of MO follows the Langmuir monolayer mechanism. The octahedral particles also
performed the best in photocatalytic dye degradation of MO under visible light irradiation because
of the assistance from dye absorption. On top of the photocatalytic study, the stability of these Cu2O
particles during the photocatalytic processes was also investigated. Cu(OH)2 and CuO are the likely
corrosion products found on the particle surface after the photocorrosion in MO solution. By adding
hole scavengers in the solution, the photocorrosion of Cu2O was greatly reduced. This observation
confirms that the photocatalytically generated holes were responsible for the photocorrosion of Cu2O.

Keywords: cuprous oxide (Cu2O); adsorption; photocatalytic performance; methyl orange (MO);
dye degradation; photocorrosion

1. Introduction

One of the main issues that human society faces in the 21st century is pollution of water and air
caused by the increasing industrial activities and human consumption of natural resources including
minerals, coal, petroleum and their derivatives. Pollution poses serious threat to not only human
health, but also marine life, which in turns affects livelihood of human being through the food chains.
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Membrane technology provides an effective way to extract clean water from polluted water, however
the equipment and processing cost is high, as the technology requires a large amount of electricity
and space. Alternative cost-effective approaches are needed to not only remove, but also, ideally,
chemically decompose the organic pollutants in wastewater. Semiconductor photocatalysts offer such
a possibility.

Since the discovery of hydrogen production through photocatalytic reactions by Fujishima and
Honda [1] in 1972, enormous efforts have been devoted to its development [2,3]. Besides hydrogen
evolution, photocatalysts are also capable of purifying wastewater, simply by breaking down the
organic molecules using chemical reactions energized by the renewable solar light [4–6]. Devising
suitable semiconductor photocatalysts for the decomposition of organic compounds using solar energy
has been a major topic in the research community in recent decades. Substantial progress has been
made, and some of the recent development has been summarized in [7–12].

Nanoparticulated photocatalysts offer clear advantages in this regard, as they possess a larger
specific surface area for photo absorption and more active sites for the catalytic reactions [13]. If the
surface of these particles is properly engineered, these particles can also physically adsorb the pollutant
molecules from wastewater [14]. Therefore, semiconductors in particle form can be potentially applied
to remove organic pollutants from aqueous solution through either chemical (photocatalytic) reactions,
or physical adsorption, or both. It has been demonstrated that photocatalysis and adsorption can be
applied synergistically to speed up the removal of pollutants from aqueous media [4,6,14]. This also
implies that, when assessing the photocatalytic activity based on pollutant removal from the aqueous
solution (typically by measuring the waste molecule concentration in water), care has to be taken to
evaluate the effectiveness from photocatalytic action and adsorption separately.

Cuprous oxide (Cu2O), due to its relatively narrow band gap among semiconductor metal
oxides, has received lots of attention in recent years as visible light photocatalyst [15–18]. Particularly,
faceted single crystal Cu2O particles have been synthesized from Cu salts using different type of
reducing agents. Their surface, electrical and catalytic properties have been studied. It has been
acknowledged that particles with different exposed facets possess different physical and chemical
properties, thus the simple solution process for crystal facet-control provides an attractive means to
improve the material’s properties. However, thus far the reported photocatalytic activity among
different Cu2O facets differs depending on the type of organic pollutants used as well as the
experimental conditions. Huang et al. [15] prepared cubic, cuboctahedra, truncated octahedral,
octahedral, and multipod structured Cu2O nanocrystals and compared their photocatalytic activities.
They found that octahedra and hexapods with the {111} exposed facets are catalytically most active
in photocatalytically decomposing negatively charged molecules such as methyl orange (MO), while
cubes with only the {100} faces are not photocatalytically active. In one of the following papers from
the same group [16], rhombic dodecahedra exposing only the {110} facets were reported to exhibit the
best photocatalytic activity among cubic, face-raised cubic, edge- and corner-truncated octahedral,
all-corner-truncated rhombic dodecahedral, {100}-truncated rhombic dodecahedral, and rhombic
dodecahedral Cu2O particles. In both cases, the authors attributed the activity to the high number of
surface copper atoms on the exposed facets [15,16].

When nano or sub-micron sized particles are used, it is important to study both adsorption
and photocatalytic performances in order to reach a comprehensive conclusion. In the current work,
we also chose the commonly used organic dye, MO, as the model pollutant. Cu2O particles with
different types of exposed facets were synthesized and compared for their adsorption and visible light
photocatalytic activities. Since Cu2O is well known for its instability under photocatalytic testing
condition [19], comparison was also made on the photo stability of these particles. The mechanism for
the photocorrosion was investigated based on corrosion product analysis.
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2. Results and Discussion

2.1. Morphology and Crystal Structure of the Synthesized Cu2O and Surface Area

The average size of the Cu2O particles with standard deviation is summarized in Table 1.
When 0.01 M of NaOH was used, porous Cu2O particles of about 0.8 μm in size were obtained
(Figure 1a). The particles consisted of agglomerated (non-separable) smaller nanoparticles with mean
size around 40 nm. The small nanoparticles have no specific exposed facets, and the agglomerated
cluster has an equal axial shape. For convenience, this morphology is denoted as spherical Cu2O
particles. When NaOH concentration increased from 0.01 to 0.03 M, the particle was transformed into
cubic shape with six {100} facets exposed (Figure 1b). To form the cubic shape, the growth rate in
the <100> direction must be the slowest among all other growth directions. This was achieved by an
increased NaOH concentration together with the addition of ascorbic acid. The obtained cubic Cu2O
particles show uniform size and sharp edges.

Table 1. Size and specific surface area of the synthesized Cu2O particles.

Spherical Cubic Octahedral
Rhombic

Dodecahedral
Truncated

Size (μm) 0.80 ± 0.15 0.75 ± 0.37 0.65 ± 0.08 0.80 ± 0.157 5.0 ± 0.37
Surface area (m2/g) 3.95 1.13 1.13 0.34 Not available

 

Figure 1. Field Emission Scanning Electron Microscopy (FESEM) images of Cu2O particles: (a) Cu2O of
agglomerated spherical shape with no clear exposed facets; and (b) Cu2O of cubic shape with exposed
{100} facets.

Figure 2 shows the Field Emission Scanning Electron Microscopy (FESEM) image of well-defined,
smooth and uniform octahedral shaped Cu2O particles. Each particle has eight exposed {111} facets.
The synthesis method was similar to the formation of the cubic shape, except that ascorbic acid was
replaced by a stronger reducing agent, hydrazine hydrate.

 

 

Figure 2. FESEM images of octahedral shaped Cu2O particles exposing the {111} facets.
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Figure 3 shows flat and smooth surfaces of rhombic dodecahedral Cu2O with 12 {110} facets. Both
oleic acid and glucose were used in the synthesis. Apparently, they are able to reduce the growth along
the <110> direction, resulting the exposed facets.

 
Figure 3. FESEM images of particles in rhombic dodecahedral shape with exposed {110} facets.

Figure 4 shows the truncated polyhedral Cu2O particles with 26 facets. Among them, eight are
the {111} facets (indicated in red) and six are the {100} facets (indicated in black). The remaining 12
are the {110} facets (indicated in pink). Due to the high concentration of the precursors used and
longer cooling time (1.5 h), the size of the smooth and uniform truncated polyhedral Cu2O particle
was seen to be relatively large (5 μm) compared to the other particles. It was observed that by
lowering the concentration of the precursors and shortening the cooling time, some irregular cubic
shaped Cu2O particles were obtained with an average size of 2 μm (not shown here). Therefore, both
factors, the concentration and the cooling rate, are important to synthesize the truncated polyhedral
Cu2O particles.

 

Figure 4. FESEM images of the truncated polyhedral Cu2O particles, exposing eight {111} facets,
six {100} facets and 12 {110} facets.

Figure 5 shows the nitrogen adsorption curves for the Cu2O samples. The Brunauer–Emmett–
Teller (BET) surface area is summarized in Table 1. Not surprisingly, the spherical shaped Cu2O yields
the highest surface area. The one for the truncated polyhedral Cu2O could not be measured, due to the
large size of the particles exceeding the detection limit of the equipment (~2 μm).

The crystal structure of various shaped Cu2O synthesized by the wet chemical method is
confirmed by the X-ray diffraction (XRD) pattern shown in Figure 6. The diffraction peaks labeled with
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“�” matches well with the standard data of Cu2O (JCPDS No. 05-0667), confirming the formation of a
single cubic phase structure. All the peaks were perfectly indexed to crystalline Cu2O not only in their
peak positions (2θ values of 29.60◦, 36.52◦, 42.44◦, 61.40◦ and 73.55◦), but also in their relative intensity.
It was observed that the XRD peaks for all the faceted samples were relatively sharp, due to the good
crystallinity of the crystals. However, the crystallinity for the spherical shaped Cu2O particles was
poor, as indicated by the weak and broad peaks.

Figure 5. Isotherm N2 adsorption of Cu2O particles. STP: Standard Temperature and Pressure.

Figure 6. The X-ray diffraction (XRD) patterns of Cu2O particles: (a) spherical; (b) cubic; (c) octahedral;
(d) rhombic dodecahedral; and (e) truncated polyhedral.

2.2. FTIR and Zeta Potential Analyses

The Fourier Transform Infrared (FTIR) spectra for all the five samples synthesized are shown
in Figure 7. Though the spectrum was run from 400 to 4000 cm−1, the bands from metal oxide are
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generally below 1000 cm−1 [20]. For Cu2O, the bands that lie at 1130, 798 and 621 cm−1 were attributed
to the stretching vibration of Cu–O in Cu2O. Thus, the results obtained have proven the existence of
Cu2O. No bands related to CuO, which would appear at 588, 534 and 480 cm−1 [21], were detected.
The use of oleic acid may lead to carboxylate (C=O stretch) on the surface of the particles which would
show in the FTIR spectra at 1710 cm−1. Based on Figure 7, the peak for the carboxylate could not be
detected across all the synthesized Cu2O particles. This clearly proves that the surfaces of the Cu2O
particles are ligand free.

The zeta potentials for all the Cu2O samples were measured and the results are tabulated in
Table 2. The surface charge of the spherical, cubic and octahedral shaped Cu2O was positively charged
(indicated by the “+” sign) while the surfaces of the rhombic dodecahedral and truncated polyhedral
Cu2O were negatively charged (indicated by the “−” sign). The surface charge is related to the surface
bonding state on the exposed facets. Our observation that the octahedral particles with exposed {111}
planes possess the most positive surface charge indicates that there are probably more un-coordinated
Cu bonds on the particle surfaces. On the other hand, the surface charge of the rhombic dodecahedral
Cu2O particles consisting of 12 {110} planes was found to be negative, suggesting the O ions are
likely to be dominant on the exposed surface. This result is contrary to some previous reports [16,18]
that claim the rhombic dodecahedral particles are positively charged based on visualizing the atomic
models of Cu2O. Strictly speaking, this approach (cutting and visualizing a particular crystal model)
cannot deduce the information on particle surface charge.

 

Figure 7. The Fourier Transform Infrared (FTIR) spectra of the faceted Cu2O particles.

Table 2. Zeta potentials of the faceted Cu2O.

Zeta Potential (mV) Spherical (+) Cubic (+) Octahedral (+) Rhombic Dodecahedral (−) Truncated (−)

Test 1 5.93 6.70 19.7 −15.3 −4.59
Test 2 5.76 7.63 20.9 −15.1 −2.99
Test 3 5.83 6.25 23.1 −15.3 −3.41
Test 4 4.92 4.51 31.8 −17.6 −2.68
Test 5 3.33 5.96 30.6 −18.9 −1.45
Test 6 5.79 5.63 31.5 −18.1 −1.75
Test 7 5.79 5.88 33.0 −18.3 −5.41
Test 8 5.53 5.27 31.9 −7.84 −3.93
Test 9 4.51 6.31 31.3 −7.84 −1.66
Test 10 3.33 5.16 32.9 −7.78 −3.24
Range 3.33 to 5.93 4.51 to 7.63 19.7 to 33.0 −7.68 to −18.9 −1.45 to −4.59

2.3. The Adsorption Performance of Cu2O Particles

The adsorption performance of the Cu2O particles was evaluated using solution of MO,
a negatively charged dye (Figure 8). It was observed that Cu2O particles with positive surface
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charges (spherical, cubic and octahedral) were able to adsorb MO due to the electrostatic force. The
adsorption was almost complete after 300 min for the octahedral Cu2O. Both the rhombic dodecahedral
and truncated Cu2O particles possess negative charges, and there was nearly no adsorption due to
electrostatic repulsion. Based on the zeta potential results shown earlier (Table 2), it was observed
that the octahedral sample was more positively charged, followed by the cubic and then the spherical
structures. The sequence agrees well with the adsorption performance despite the difference in the
specific area: although the spherical sample possessed a higher surface area, the adsorption was
observed to be slower and no further adsorption could be seen after 360 min. Hence, it is proven that
the surface charge critically affects the adsorption performance of the synthesized Cu2O particles.

As the adsorption performance of octahedral sample was evidently the best, it is of interest to
further understand the adsorption mechanism and capacity of this material. Figure 9 presents the
adsorption isotherm of the Cu2O octahedral shaped sample.

Figure 8. Adsorption performance of the Cu2O (spherical, cubic, octahedral, rhombic dodecahedral
and truncated polyhedral) particles in 20 ppm methyl orange (MO) solution.

 

Figure 9. The adsorption isotherms of the octahedral shaped Cu2O.

The curve is fitted into the well-known Freundlich (Equation (1)) and Langmuir
(Equation (2)) models:

Freundlich : q = KfC
1
n (1)
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Langmuir : q =
qmKC

1 + KC
(2)

where q (mg/g) is the amount of adsorbed MO, C the concentration of MO at equilibrium, qm (mg/g)
the maximum adsorption capacity, Kf and n are Freundlich constants and K is the Langmuir constant.
The amount of MO adsorbed onto the photocatalyst, q, is given by:

q =
(C o − Cf)V

M
(3)

where Co and Cf represent the initial and final concentration of MO in the solution, V is the volume of
MO solution (L) and M is the mass of photocatalyst added (g). The Freundlich and Langmuir models
can be linearized as:

Freundlich : In qe = In KF +

(
1
n

)
In Ce (4)

Langmuir :
1
qe

=
1

qmaxKLCe
+

1
qmax

(5)

If the adsorption isotherm exhibits Langmuir behavior, it indicates monolayer adsorption.
In contrast, a good fit into the Freundlich model indicates a heterogeneous surface binding. The results
of fitting the isotherm curves to Freundlich and Langmuir models are summarized in Table 3. The fitting
is clearly better for the Langmuir model. On the other hand, the R2 value is less than 0.8 when the
data is fitted with the Freundlich model. This illustrates that the adsorption of MO by the octahedral
Cu2O is governed by the monolayer adsorption. The MO adsorbed (qm) by the octahedral shaped
Cu2O sample was found to be 96.42 mg/g (experimentally) and 66.0 mg/g (theoretically). The values
are comparable with some reported adsorbents such as rice husk (40.58 mg/g) [22] and raw date
pits (80.29 mg/g) [23].

Table 3. Adsorption isotherm parameters fitted to Langmuir and Freundlich models.

Langmuir Freundlich

Adsorbent
qm (exp)
(mg/g)

KL
(L/mg)

qm1
(mg/g) R2 KF

(mg1−nL−ng−1) n R2

Octahedral 96.42 0.40 66 0.86 17.3 1.79 0.76

2.4. The Photocatalytic Performance of Cu2O Particles

The photocatalytic activity of the as-prepared Cu2O samples was evaluated by degradation of
MO under visible light irradiation. Photolysis test was also carried out as a reference. Water loss due
to evaporation was calibrated when reporting the dye concentration.

Figure 10 shows the photocatalytic performance. When assessing the photocatalytic activity,
reference has to be made with the adsorption experiment as shown in Figure 8. Through comparison, it
is evident that the octahedral and cubic shaped Cu2O particles demonstrated substantial photocatalytic
degradation of MO under visible light irradiation. The demonstrated good activity is attributed to the
adsorption of the dye to the surface before the photo degradation occurs.

The rhombic dodecahedral and truncated Cu2O showed limited activity despite the fact that
their negative surface charge repels the dye molecules. Huang et al. [24] have attributed the poor
photocatalytic activity of the rhombic dodecahedral shaped Cu2O to the surface residues from the
oleic acid used during the synthesis. However, as discussed earlier, in the current study, no FTIR
peaks related to oleic acid could be found. Therefore, our current work confirms that the rhombic
dodecahedral Cu2O indeed possesses some degree of photocatalytic activity.
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Figure 10. The photocatalytic performance of the faceted Cu2O (spherical, cubic, octahedral, rhombic
dodecahedral and truncated polyhedral) particles under visible light irradiation.

No obvious dye degradation was observed for spherical particles once the adsorption curve is
plotted together with the photocatalytic one, as shown in Figure 11. The poor crystallinity could be the
main reason, which has resulted in the fast recombination of the photo-generated electron–hole pairs.

Figure 11. Comparison of adsorption (red line) and dye degradation (black line) performances of the
spherical Cu2O particles.

2.5. Band Gap, Band Edge Positions and Proposed Photodegradation Mechanism

To determine the flatband potential, Mott–Schottky graph was obtained by measuring
the apparent capacitance as a function of potential under depletion condition at the
semiconductor–electrolyte junction based on:

1
Csc

2 =
2

eεε0N

(
E − Efb − kT

e

)
(6)
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where Csc is the capacitance of the space charged region, e the electron charge (1.602 × 10−19 C), ε the
diaelectric constant of the semiconductor, ε0 the permittivity of free space (8.85 × 10−14 F cm−1),
N the donor density, E the applied potential, Efb the flatband potential, k the Boltzmann
constant (1.38 × 10−23 J K−1), and T the absolute temperature. Extrapolation of the linear plot to
the applied potential axis leads to the value for Efb. Table 4 summaries the valence band potential
position, the type of semiconductor, and the optical bandgap values that were determined by the
optical absorption measurement.

Table 4. The tabulated valence band position and optical bandgap for the Cu2O particles.

Particle Valence Band Position vs. NHE (eV) Type Optical Bandgap (eV)

Spherical +0.547 p-type 1.88
Cubic +0.597 p-type 2.00

Octahedral +0.727 p-type 1.93
Rhombic Dodecahedral +0.547 p-type 1.96
Truncated Polyhedral +0.537 p-type 1.90

Figure 12 shows the band edge positions (with reference to NHE at pH ~7) and band gap energy
of different Cu2O samples. The measured bandgap value only slightly varies from 1.9 to 2.0 eV, and the
largest difference in the valence band position is about 0.19 eV. The difference in the band gap energy
and band potential positions could be due to the size and the specific exposed facet(s) [25]. It was
reported that the main oxidation species for MO degradation are •OH radicals under our experimental
pH condition [26]. In general, there are two routes that the •OH radicals are generated, viz., through
the photo-generated holes in the valence band or the photo-generated electrons in the conduction band.
However, none of the particles are able to produce •OH radicals directly from the photo-generated holes
as the required semiconductor valence band potential is +1.58 eV for pH = 7 (+1.99 eV vs. NHE [27]),
far more anodic than valence band potentials of all these Cu2O particles. Therefore, the mechanism of
•OH radical generation should be through the photogenerated electrons from the conduction band.
The electrons first react with adsorbed oxygen to generate O2

−• and H2O2, which then react to form
•OH radicals [25].

In addition to the photocatalytic action discussed above, there is another possible dye degradation
mechanism through the so-called photo-assisted degradation. Under such mechanism, the electrons
generated by the dyes after light adsorption are injected to the conduction band of the photocatalyst.
The electrons generated by the dye itself, rather than by the photocatalyst in a typical photocatalytic
reaction, will cause chemical destruction of the dye molecules [28]. The LUMO (lowest unoccupied
molecular orbital) energy of MO is around −1.636 eV with reference to NHE at ~pH 7 [29], so it is
possible for the electrons to be injected from MO to the conduction band of Cu2O, leading to the
photo-assisted degradation of MO itself. Because the energy gap between the LUMO and HOMO
(highest occupied molecular orbital) of MO is about 2.35 eV [29], which is larger than the band gap of
the Cu2O samples (1.9–2.0 eV), it becomes impossible to choose a light illumination that only excites
the dye but not the photocatalyst—such experiment would be able to differentiate the photocatalytic
action vs. the photo-assisted degradation. However, based on the fact that the spherical samples
did not degrade MO, it is reasonable to deduce that the photo-assisted degradation is not likely to
be a main contributing mechanism since it would not be affected by the charge recombination in the
photocatalyst. In other words, if the photo-assisted degradation does exist, it should be manifested
through the spherical particles.

230

Bo
ok
s

M
DP
I



Molecules 2017, 22, 677

Figure 12. The band edge potential positions of the faceted Cu2O particles.

2.6. Stability of the Synthesized Cu2O Particles

The stability of Cu2O is determined via the solar light illumination of intensity 100 mW/cm2

for 12 h when the particles were dispersed in MO solution. The samples were collected and
analyzed using scanning electron microcopy (SEM), X-ray photoelectron microcopy (XPS) and FTIR.
Comparison was made with 25% methanol (v/v) added to the solution to understand the source of
the photocorrosion.

Figure 13 compares the morphology of the faceted Cu2O particles at the as-synthesized state
(column 1), after light illumination in the (MO + methanol) solution (column 2), and after light
illumination in the MO solution (column 3). Comparing the first and the third columns, it is
observed that the spherical shaped (Figure 14a) Cu2O particles do not seem to have suffered much
photocorrosion. In relation to nearly zero photocatalytic activity as reported earlier, it strongly suggests
that corrosion of the Cu2O is related to photo-generated species.

In the case of the cubic and octahedral shaped Cu2O particles (Figure 13b,c), small amount
of precipitates could be observed on the surface. For the rhombic dodecahedral Cu2O particles
(Figure 13d), the precipitates could be seen on the surface of the particles. On the other hand, the
truncated polyhedral Cu2O (Figure 13e) particles suffered from minimum photocorrosion as only a
very small amount of precipitates could be found on the surface.

The addition of methanol, a hole scavenger, in the MO solution has clearly alleviated the severity
of photocorrosion (comparing columns 2 and 3). This suggests that the photocatalytically generated
holes are responsible for the photocorrosion of Cu2O.

To determine the corrosion mechanism, we took the octahedral sample as a representative and
exposed it under the solar light irradiation for an extended period of 120 h. After that, XPS and FTIR
were employed in the analysis of the corrosion products on the particle surface. XRD was also explored
but the intensity of the corrosion products was not strong enough for a firm identification.

Possible photocorrosion products of Cu2O include Cu, Cu(OH)2 and CuO. As the binding energies
for Cu0 and Cu1+ are 932.67 eV and 932.6 eV, respectively [30], it is difficult to determine the phase
of the photocorrosion products through Cu 2p3/2 scan. As such, XPS scan for the Auger peak of
Cu LMM is needed to differentiate between Cu0 and Cu1+. The Auger LMM energy for Cu0 and
Cu1+ lie in 334.95 eV and 336.80 eV respectively [31]. Figure 14 shows the Auger LMM spectra of
octahedral shaped Cu2O particles which have Auger LMM energy of 341 eV. This Auger energy
generated corresponds to the Auger energy of Cu1+. Figure 15 shows the Cu 2p3/2 XPS spectra of the
Cu2O particles. The main peaks at 932.7 and 935.4 eV correspond to the binding energies of Cu2O
and Cu(OH)2 respectively [31,32]. Lastly, the satellite peaks on the higher binding energy, 943.6 eV,
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indicates the presence of an unfilled Cu 3d shell and thus confirms the existence of Cu2+ on the
sample surface.

 

 

 

 

 

Figure 13. Column 1—FESEM images of as-synthesized Cu2O: (a1) spherical; (b1) cubic; (c1) octahedral;
(d1) rhombic dodecahedral; and (e1) truncated polyhedral. Column 2—FESEM images of Cu2O in
mixture of MO and methanol solution under solar light illumination for 12 h: (a2) spherical; (b2) cubic;
(c2) octahedral; (d2) rhombic dodecahedral; and (e2) truncated polyhedral. Column 3—FESEM images
of Cu2O in pure MO solution under solar light illumination for 12 h: (a3) spherical; (b3) cubic;
(c3) octahedral; (d3) rhombic dodecahedral; and (e3) truncated polyhedral.
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Figure 14. The kinetic energy (Auger LMM) of the photocorroded Cu2O particles.

Figure 15. The binding energy of the photocorroded Cu2O particles.

The XPS confirms that the top surface (4–8 nm) of the Cu2O particles contain Cu(OH)2 precipitates.
To explore possible photocorrosion products beneath the top layer, FTIR measurement was used.
As shown in Figure 16a, the broad bands centered at 3436 and 1638 cm−1 are attributed to the O–H
stretching and bending modes of water [16,33]. The peaks located at 631, 809 and 1156 cm−1 are
attributed to the stretching vibration of Cu–O in Cu2O.

When zooming into the details in the range of 400 to 800 cm−1, the adsorption band at 530 cm−1

associated with CuO is revealed (Figure 16b). The low intensity suggests that the amount of CuO is
relatively small.

Based on the above analyses, the photocorrosion precipitates formed on the surface of Cu2O
particles are mainly Cu(OH)2 and a small amount of CuO. This finding agrees with our early analysis
that the photo-generated electrons are responsible for the MO degradation, while the holes are left to
oxidize Cu+ to Cu2+ state. The presence of the photocorrosion products will hinder the photocatalytic
activity of Cu2O as they block the light from reaching the Cu2O surface. Adding hole scavenger has
alleviated the photocorrosion, and this observation also confirms that the holes are responsible for the
photocorrosion of Cu2O.
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(a)

 
(b)

Figure 16. (a) FTIR spectrum of the photocorroded Cu2O particles; and (b) zoom-in FTIR showing the
existence of CuO.

3. Materials and Methods

3.1. Synthesis of Cu2O Particles

Copper(II) acetate monohydrate (C4H6CuO4·H2O, 99.0%) was purchased from Fluka (Singapore).
Copper(II) sulfate pentahydrate (CuSO4·5H2O, 98.0%), L-ascorbic acid (C6H8O6, reagent grade),
hydrazine hydrate (H4N2·xH2O, reagent grade 50-60%), oleic acid (C18H34O2, technical grade 90.0%),
and D-(+)-Glucose (C6H12O6, 99.5%) were obtained from Sigma Aldrich (Singapore). Sodium
hydroxide pellets (NaOH, 99.0%) were acquired from Schedelco (Singapore). Absolute ethanol
(C2H5OH, 99.0%) was purchased from Merck (Singapore). Absolute methanol (CH3OH, analytical
reagent grade) was purchased from Fisher Scientific (Singapore). Hexane (C6H14, reagent grade) was
obtained from Riverbank Chemical Pte Ltd (Singapore). All chemicals were used as received without
further purification.

3.1.1. Spherical Cu2O Particles

Copper(II) acetate (Cu(OAc)2) (0.01 mol) was dissolved into 20 mL of deionized water under
constant stirring at 500 rpm. Forty milliliters of 0.01 M NaOH was then added to the solution followed
by 0.01 M of ascorbic acid (20 mL). After stirring for 30 min, the solution was centrifuged at 6000 rpm
for 3 min and then washed with deionized water and ethanol solution. The powder collected was then
dried in a vacuum oven at 60 ◦C for 6 h.
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3.1.2. Cubic Cu2O Particles

Copper(II) acetate (Cu(OAc)2) (0.01 mol) was dissolved in 20 mL of deionized water under
constant stirring at 500 rpm. Forty milliliters NaOH solution (0.03 M) was then added, followed
by 20 mL of 0.01 M ascorbic acid. After stirring for 30 min, the solution was centrifuged at 6000 rpm
for 3 min followed by washing with deionized water and ethanol solution. The powder collected was
then dried in a vacuum oven at 60 ◦C for 6 h.

3.1.3. Octahedral Cu2O Particles

Copper(II) acetate (Cu(OAc)2) (0.01 mol) was dissolved in 20 mL of deionized water under
constant stirring at 500 rpm. Forty milliliters NaOH solution (0.03 M) was then added to the solution
followed by addition of 40 mL hydrazine hydrate solution (0.05 M). After 45 min of stirring, the solution
was centrifuged at 6000 rpm for 3 min and washed with deionized water and ethanol solution.
The powder collected was dried in a vacuum oven at 60 ◦C for 6 h.

3.1.4. Rhombic Dodecahedral Cu2O Particles

Copper(II) sulfate (CuSO4·5H2O) (0.25 g) was dissolved in 40 mL deionized water. When the
powder was fully dissolved, 5 mL oleic acid and 20 mL absolute ethanol were added to the solution.
The solution was vigorously stirred at 700 rpm for 30 min before being heated at 90 ◦C. Twenty
milliliters NaOH solution (0.08 M) was then added to the CuSO4 solution under constant stirring
for 5 min at 90 ◦C. Afterwards, 3.42 g of glucose, which was dissolved in 30 mL of heated deionized
water, was added to the solution. The final solution was left to stir at 90 ◦C for 45 min. After that,
the solution was centrifuged and washed with hexane (10 times) and ethanol (3 times). The powder
collected was then dried in a vacuum oven at 60 ◦C for 6 h.

3.1.5. Truncated Polyhedral Cu2O Particles

Copper(II) acetate (Cu(OAc)2) (0.015 mol) was dissolved in 40 mL deionized water at 70 ◦C.
After continuous stirring at 500 rpm for 5 min, 10 mL of 9.0 M NaOH and 0.6 g glucose were added
into the solution. The solution continued to be stirred at 70 ◦C for about 60 min before being cooled
down to room temperature. The powder was washed and centrifuged with ethanol (6 times) and
deionized water (3 times). Finally, the powder was dried in a vacuum oven at 60 ◦C for 6 h.

3.2. Materials Characterization

Crystal structure was identified by X-ray diffraction (XRD) using a Shimadzu LabX-6000
diffractometer (Shimadzu Corporation, Tokyo, Japan) with Cu Kα radiation (λ = 1.54178 Å). A step
size of 0.02◦ over 2θ ranging from 10◦ to 80◦ was used with a scanning rate at 2.33◦ per minute.
The accelerating voltage and emission current were 40 kV and 30 mA, respectively.

The morphology of the samples was examined by field emission scanning electron microscopy
(FESEM, JEOL JSM-7600F, JEOL Ltd., Tokyo, Japan) and transmission electron microscopy (TEM, JEOL
JEM-2010, JEOL Ltd., Tokyo, Japan). The specific surface areas were evaluated using a Micromeritics
ASAP 2020 (Micromeritics Instrument Corporation, Norcross, GA, USA) surface analyzer based on the
BET theory. The samples were outgassed under vacuum and heated to 100 ◦C before the test.

The surface chemical analysis was carried out by X-ray photoelectron spectroscopy (XPS) using a
VG ESCALab 220i-XL system (Thermo Scientific, Waltham, MA, USA). Mg Kα X-ray (hν = 1253.6 eV)
from twin anode X-ray gun was employed using a large area lens mode for analysis with photoelectron
takeoff angle of 90◦ with respect to surface plane. The maximum analysis depth is in the range
of 4–8 nm. Survey spectra were acquired for elemental identification while high-resolution spectra
were acquired for chemical state identification and surface composition calculation. For chemical state
analysis, a spectral deconvolution was performed by a curve-fitting procedure based on Lorentzians
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broadened by Gaussian using the manufacturer’s standard software. The error of binding energy is
estimated to be within 0.2 eV.

FTIR was carried out in a Perkin Elmer Instruments Spectrum GX FTIR spectrometer (PerkinElmer,
Waltham, MA, USA). Synthesized particles were mixed with standard KBr particles and pressed into
thin pellets. The spectral range was 400–4000 cm−1 and a total of 40 scans were recorded at a resolution
of 4 cm−1 averaging each spectrum.

Zeta potential was measured by a Mavern Nanosizer system (Malvern Instruments Ltd, Malvern,
UK). Particles (5–10 mg) were dispersed in deionized water (~pH 7) and sonicated for 5 min.
The equilibrium time was set at 120 s and each sample was run for 10 times to obtain the average value
of the surface charge.

Optical absorption of bulk powders was measured on a Perkin Elmer Lambda 900 UV-Visible
spectrometer (PerkinElmer, Waltham, MA, USA) in the diffuse reflectance spectroscopy mode over the
spectra ranging from 250 to 800 nm. The optical diffuse reflectance spectrum of Cu2O was measured
on a Shimadzu 2550 UV-vis-NIR spectrometer (Shimadzu Corporation, Tokyo, Japan) using BaSO4 as
a reference standard. The bandgap of Cu2O was calculated using the Kubelka–Munk function.

The flat band potentials were measured by impedance spectroscopy based on the Mott–Schottky
plots. To prepare for the test samples, 15 mg of the as-synthesized Cu2O powder was sonicated
in 1 mL of ethanol to obtain a homogeneous mixture. The Cu2O suspension was then drop-casted on
a conductive fluorine-tin oxide (FTO) glass substrate with adhesive tapes acting as spacers attached
on the four edges. The substrate was then dried at 80 ◦C, and the adhesive tape attached on the
top side of the substrate was removed. Electrical contact was formed by first applying silver paint
on the top uncoated area of FTO, and then sticking a conductive copper tape onto the dried silver
paint. Three electrodes were used for the impedance measurements which include the working
electrode (the Cu2O film), a Pt counter electrode, and a reference electrode (Ag/AgCl, saturated
in KCl). A 0.1 M Na2SO4 solution was used as the electrolyte. The measurements were carried
out by a Gamry electrochemical impedance spectrometer, and the potential was systemically varied
between +0 V and +2.0 V with frequency of 50 Hz.

3.3. Photocatalytic and Adsorption Experiments

Methyl orange (MO) was chosen as a representative dye to test the photocatalytic degradation
activity and the adsorption capacity of the prepared Cu2O samples. Solution of the dye was prepared
by dissolving the dye in deionized water at 20 ppm concentration, and the solution pH was around 6.7.
One hundred mg of the powder samples were dispersed in 50 mL MO solution for the dye degradation
test under visible light irradiation. A 100 mL glass beaker, wrapped with aluminum foil on its side
wall, was used as the reactor with light shone from the top. The irradiation source comes from a solar
simulator equipped with a 300 W Xe-lamp (HAL-320, Asahi Spectra Co., Ltd., Kita-ku, Japan). Super
cold filter (YSC0750) was used to provide visible light ranging from 420 to 700 nm. The light intensity
was around 50 mW/cm2. The amount of photocatalyst used was chosen through a few trial runs based
on their degradation speed.

An adsorption isotherm test was carried out in the dark to prevent the potential photocatalytic
degradation of MO under light. The equilibrium adsorption isotherm was determined using various
concentrations of MO (10, 20, 30, 50 and 80 ppm). For each test, 100 mg of adsorbent was added
to 50 mL MO solution. After 48 h, the equilibrium concentration was measured.

To determine the adsorption capacity, 100 mg of synthesized powder was added to 50 mL MO
solution of various concentrations (10, 20, 30, 50 and 80 ppm). Stirring was applied throughout the
duration of the test (1440 min) at a speed of 400 rpm in dark. At different intervals, the sample
was collected, centrifuged and measured using the UV-visible spectrometer to determine the
dye concentration.
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3.4. Photocatalytic Stability Study

Two separate tests were carried out to measure the photocatalytic stability of Cu2O particles and
to determine the possible root cause of the instability. In the first experiment, 50 mg powder was
dispersed in 50 mL MO solution with 10 ppm concentration. For the second experiment, 50 mg of the
powder was dispersed in 40 mL of MO solution (10 ppm) mixed with 10 mL of absolute methanol
(purity > 99%). Both were constantly stirred under a solar simulator equipped with a 300 W Xe-lamp
(HAL-320, Asahi Spectra Co., Ltd., Kita-ku, Japan) for 12 h under the intensity of 100 mW/cm2.
An AM 1.5 G filter (400 to 1100 nm) was used.

4. Conclusions

In this paper, we have studied the adsorption and photocatalytic performances of the various
faceted Cu2O samples for MO removal from its solution. The adsorption capability of Cu2O particles
was found to be mainly determined by the surface charge. The octahedral shaped Cu2O particles with
exposed {111} facets performed the best due to its most positive surface charges. The adsorption of the
octahedral shaped Cu2O was found to follow the Langmuir monolayer mechanism.

The spherical shaped Cu2O without clearly defined facets did not display photocatalytic activity.
All the faceted samples showed different degree of photocatalytic activities. The octahedral shaped
Cu2O particles with exposed {111} facets performed the best in photocatalytic degradation of MO
under visible light. The photo-generated electrons are responsible for the degradation of MO solution,
while the photo-generated holes attack Cu2O, causing photocorrosion. It was observed that the
corrosion precipitates are mainly Cu(OH)2, together with a small amount of CuO. These photocorrosion
products hinder the photocatalytic activity of Cu2O and thus shorten the service life of Cu2O particles.
The addition of hole scavengers such as methanol has shown to have alleviated the corrosion attack
on Cu2O.
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Abstract: As a promising conjugated polymer, binary carbon nitride has attracted extensive attention
as a metal-free and visible-light-responsive photocatalyst in the area of photon-involving purification
of water and air. Herein, we report sulfur-doped polymeric carbon nitride microrods that are
synthesized through thermal polymerization based on trithiocyanuric acid and melamine (TM)
supramolecular aggregates. By tuning the polymerization temperature, a series of sulfur-doped
carbon nitride microrods are prepared. The degradation of Rhodamine B (RhB) and the reduction of
hexavalent chromium Cr(VI) are selected as probe reactions to evaluate the photocatalytic activities.
Results show that increasing pyrolysis temperature leads to a large specific surface area, strong
visible-light absorption, and accelerated electron-hole separation. Compared to bulk carbon nitride,
the highly porous sulfur-doped carbon nitride microrods fabricated at 650 ◦C exhibit remarkably
higher photocatalytic activity for degradation of RhB and reduction of Cr(VI). This work highlights
the importance of self-assembly approach and temperature-control strategy in the synthesis of
photoactive materials for environmental remediation.

Keywords: carbon nitride; self-assembly; photocatalysis; pollutant degradation; Cr(VI) reduction

1. Introduction

With the rapid advancement of urbanization and industrialization, a series of environmental
issues has come about owing to the excessive industrial contaminations containing toxic organic
pollutants and poisonous metal ions [1]. Semiconductor-mediated photocatalysis technology has been
regarded as the most promising strategy for environmental treatment of pollutants and heavy metal
ions [2,3]. To date, various semiconductors, such as metal oxides, nitrides and sulphides, have been
developed and further utilized as photocatalysts [4–6]. However, the low quantum efficiency, expensive
raw materials and activity instability raise the threshold of practical applications of photocatalytic
technology. Therefore, the development of photocatalytically polymeric materials with abundant
materials and ease modifications take more considerations.

Heptazine-based polymer melon, also denoted as graphitic carbon nitride (g-C3N4) for simplicity,
has drawn significant attention in the past few years attributed to its unique chemical, electronic
and (photo)catalytic properties [7,8]. g-C3N4 has been reported to be an attractive photocatalyst
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for water splitting, pollutant purification, CO2 reduction, organic synthesis, bacterial inactivation,
etc. [9,10]. However, carbon nitride polymers synthesized via traditional routes usually possess limited
surface area, moderate visible light absorption, high recombination rate of charge and carrier, and
inefficient photocatalytic activity [11–13]. Recently, a variety of nanostructures have been created
by the nanocasting methods [14,15], using traditional hard-templating approach to tune the texture
and photocatalytic performance [16–18]. Meanwhile, soft-templating approaches are newly emerging,
which endow the synthetic process with simple and the morphological tuning diversiform [19,20].
However, the molecules of soft templates are easily decomposed, which restrains the polycondensation
of precursors during the thermal treatment and the structure optimization of carbon nitride. Therefore,
the development of an effective pathway for the structure modification of polymeric carbon nitride is
an urgent task.

The supramolecular system based on small molecule self-assembly is a relatively new and
fascinating area in material science [21–23]. For carbon nitride, thermal polymerization of
hydrogen-bonded supramolecular aggregates stemming from trithiocyanuric acid-melamine (TM) and
cyanuric acid-melamine complex have been synthesized [24–28]. By controlling the reaction conditions,
the chemical and electron structure can be effectively tailored, and further affecting the photocatalytic
activity of carbon nitride [29,30]. In addition, the supramolecular aggregates can be also modified
via copolymerization, element doping, composite, heterojunction, and salt-melt method [31–33].
Such modification methods are usually relied on the additional chemicals (e.g., organic co-monomer,
inorganic salt and acid) in the starting process, which may lead to an inhomogeneous mixture [34–38].
As far as we know, the utilization of a facile temperature-control protocol for the self-assembly synthesis
of carbon nitride photocatalysts without adding extra additives is less explored.

In this work, by employing TM supramolecular aggregates as the starting material, nanostructured
carbon nitride is prepared via direct thermal condensation in Ar flow. The pre-organization of
trithiocyanuric acid and melamine at molecular level intrinsically tunes the microstructure and
morphology of target materials. By controlling the condensation temperature of TM, a series of
sulfur-doped carbon nitride microrods with diverse properties and photocatalytic activities are
obtained. The effects of pyrolysis temperature on the condensation degree, morphology and
photocatalytic performances of the resultant carbon nitride are analyzed. In addition, the photocatalytic
activity tests and the corresponding mechanism about dyes decomposing and Cr(VI) reduction are
also carried out and discussed. Our findings will open up new opportunities for future design and
development of polymeric materials for environmental remediation and energy conversion.

2. Results and Discussion

2.1. Characterization of TM Supramolecular Aggregates

TM supramolecular aggregate is synthesized from a simplified way by mixing an equimolar
mixture of trithiocyanuric acid and melamine in CH3OH/H2O solution at room temperature
(Scheme 1), which is different from hydrothermal method in the previous literature [39–42]. As shown
in Figure 1a, TM cocrystal exhibits a totally different X-ray diffraction (XRD) pattern compared
with pristine raw materials. The peaks at 12.3◦, 13.1◦, and 18.4◦ are ascribed to the in-planar
packing, while the peak at 24.6◦ with a d-spacing of 0.362 nm is attributed to graphite-like stacking
of individual two-dimensional sheets [40–42]. Fourier transform infrared spectroscopy (FT-IR)
spectra (Figure 1b) indicate that the functional groups of both trithiocyanuric acid and melamine are
retained in the TM adduct. Additionally, benefiting from the hydrogen-bonding interaction between
trithiocyanuric acid and melamine, the triazine ring vibration of melamine is shifted to a lower
wave-number from 814 to 781 cm−1, and the N–H stretching vibration of melamine is shifted to a
lower wave-number from 3468 to 3420 cm−1 with enhanced intensity [40–42]. These results confirmed
that hydrogen-bonded TM supramolecular aggregates are formed.
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Scheme 1. Schematic illustration of the formation process of TM-CNx.
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Figure 1. (a) XRD patterns and (b) FT-IR spectra of trithiocyanuric acid, melamine and TM.

2.2. Morphology of TM-CNx

The TM supramolecular aggregates are then heated at various temperature (450, 500, 550, 600,
and 650 ◦C) in Ar gas to induce polymerization. The resultant carbon nitride products are abbreviated
as TM-CNx, where x is the thermal polymerization temperature. As the condensation temperature
rose (450 to 650 ◦C), the yields of products were decreased. It is worth noting that almost no product
can be obtained at the condensation temperature of 700 ◦C due to the complete decomposition of TM.

To analyze the morphology of the as-prepared samples, the characterizations including scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) were performed. Figure 2
shows a smooth rod-like morphology for TM aggregates with the average width and length
of 1 μm and 5–10 μm, respectively. After pyrolysis, the TM-CN550 sample preserves integrated
rod morphology, whereas the TM-CN650 sample possesses a loose rod-like appearance with abundant
pores and channels. The variation of nanostructure from TM to TM-CNx can be attributed to the
thermal-driven rearrangement of some atoms as well as the breaking and reformation of some chemical
bonds in TM precursor. Increasing the temperature from 550 ◦C to 650 ◦C leads to more pores due to
the sulfur species elimination. TEM images of TM-CN650 (Figure 3) reveal a microrod morphology
composed of spatially interconnected nanosheets and enormous macrospores. The elemental-mapping
image of TM-CN650 shows that two major elements of C and N (as well as trace amount of S) are
homogeneously distributed over the entire nanoarchitecture.

242

Bo
ok
s

M
DP
I



Molecules 2017, 22, 572

Figure 2. SEM images of (a,b) TM, (c,d) TM-CN550, (e,f) TM-CN650 and (g,h) bulk g-C3N4.

 

Figure 3. (a,b) TEM images and (c–f) elemental mapping images of TM-CN650.

2.3. Texture and Chemical Structure of TM-CNx

The porous structure and surface area of TM-CN650 were studied by N2 sorption measurements
(Figure 4a and Table 1). A characteristic type-IV isotherm with an H3 hysteresis loop was observed
in the N2 sorption isotherms of TM-CN650, suggesting that the macroporous structure is formed by
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the accumulation of carbon nitride sheet. It indicates that TM-CN650 has a Brunauer–Emmett–Teller
(BET) surface area of 72 m2 g−1, which is much higher than that of bulk g-C3N4 (3 m2 g−1) and other
TM-CNx synthesized at lower temperatures. When the temperature is decreased from 650 to 450 ◦C,
the BET surface area of TM-CNx is remarkably reduced, and the pore volume is lowered. These results
clearly proved that the variation of temperature greatly changes the texture of carbon nitride.
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Figure 4. (a) N2 adsorption-desorption isotherms, (b) XRD patterns, (c) FT-IR spectra and (d) Raman
spectra of TM-CNx and bulk g-C3N4.

Table 1. The surface area, pore volume, and elemental composition of TM-CNx samples.

Entry Samples
Surface

Area
(m2 g−1)

Pore
Volume

(cm3 g−1)
C (wt. %) N (wt. %) H (wt. %) S (wt. %)

Molar ratio
C/N (%)

1 bulk g-C3N4 3 0.01 34.1 58.6 2.0 - 0.68
2 TM-CN450 8 0.01 32.1 56.4 2.3 <0.5 0.66
3 TM-CN500 9 0.01 33.1 57.3 2.1 <0.5 0.67
4 TM-CN550 17 0.01 33.4 57.1 2.3 <0.5 0.68
5 TM-CN600 35 0.04 32.8 55.6 2.2 <0.5 0.69
6 TM-CN650 72 0.06 32.8 55.8 2.2 <0.5 0.69

The crystal and chemical structure of the as-prepared TM-CNx polymers were carefully
investigated by XRD, FT-IR, UV-Raman, and X-ray photoelectron spectroscopy (XPS) measurements.
As shown in Figure 4b, all TM-CNx samples presented similar XRD patterns, which is an indication
of heptazine-based polymeric melon. The characteristic diffraction peaks of TM-CNx at ca. 27◦ are
assigned to the periodic in-plane tri-s-triazine stacking and the interlayer structural aromatic packing,
and also ascribed to the (002) plane of the graphitic layer structures. As reaction temperature increases
from 450 ◦C to 650 ◦C, the interlayer stacking peaks of TM-CNx samples shift from 26.6◦ to 27.4◦,
corresponding to the decrease of interlayer distance from 0.335 to 0.326 nm. This phenomenon suggests
an improvement of crystallinity and a decreased interlayer distance, thus proving an enhanced
condensation degree and more regular stacking structure of carbon nitride with increasing heating
temperature [39]. Compared to typical XRD pattern of bulk g-C3N4 material, these TM-CNx samples
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exhibit relatively weaker intensities at 27◦, and the peak at ca. 13◦ as the (100) peak is not evident in
TM-CNx samples. This result suggests the reduced order degree of chemical structure owing to the
incomplete molecular polymerization as well as the existence of one-dimensional nanostructure with
increasing pyrolysis temperature.

FT-IR measurement (Figure 4c) was also performed to investigate the formation of carbon nitride.
Both bulk g-C3N4 and TM-CNx polymers displayed similar FT-IR vibration modes. The peaks
at 810 cm−1 and 1200–1600 cm−1 were assigned to the characteristic breathing and stretching vibration
modes of aromatic C–N heterocycles, identifying the existence of triazine units [43]. The broad and
weak bands at 2900–3300 cm−1 were typical signals of N–H or O–H vibrations, which were ascribed to
the uncondensed amino groups as the surface terminal groups and the absorbed H2O molecules.

To probe the chemical structure of TM-CNx, Raman spectra were carried out over the catalysts
pressed on glass slides (Figure 4d). With a 325 nm UV laser excitation, an intense, broad,
asymmetric peak in the range of 1200–1700 cm−1 can be ascribed to C–N stretching vibrations, which
resembles the “G” and “D” band profiles for structurally disordered graphitic carbon-based materials.
The existence of a heptazine ring structure is further confirmed by the two sharp peaks appeared at 690
and 980 cm−1 [44]. The former peak at 690 cm−1 is a doubly degenerate mode for in-plane bending
vibrations of the heptazine linkages, while the latter peak at 980 cm−1 is assigned to the symmetric
N-breathing mode of heptazine units. No band is observed between 2000 and 2500 cm−1, since there is
no triply bonded C≡N units or N=C=N groups within the carbon nitride framework. These features
are observed for all of the TM-CNx catalysts.

Additional proof for the formation of polymeric carbon nitride was obtained by XPS
measurements of TM-CN650 (Figure 5). The weak peak at 284.6 eV was attributed to the sp2-hybridized
carbon (C–C) of standard carbon [43]. The strong peak at binding energy of 288.0 eV was determined
as the sp2-bonded carbon atoms in the heterocycle (N=C–N) of aromatic carbon nitride, which was
related to the major skeleton carbon in the triazine-based heterocycle [43]. The high resolution of N 1s
spectra could be deconvoluted into four peaks at 398.4, 399.5, 400.7 and 404.2 eV, respectively [43].
These peaks were corresponded to the sp2 bonded nitrogen (C–N=C), the tertiary nitrogen (N–C3)
groups, the surface uncondensed amino groups (C–N–H), and the charging effects or positive charge
localization in the heterocycles, respectively [43]. The first two nitrogen together with the sp2-bonded
carbon (N–C=N) constitute the triazine-based heterocyclic ring (C6N7) units [43]. Weak signal of S 2p
can be detected in TM-CN650 sample, proving the existence of sulfur species in carbon nitride structure.
The weak peak of S 2p at 165.0 eV is ascribed to the generation of S-N bonds by replacing lattice
carbon with sulfur, while the peak at 168.2 eV is determined as the formation of sulfur oxide during
the thermal condensation. According to the XPS spectra of TM-CN650, the atomic concentration ratio
of S/C is calculated to be 1:1627 based on the method reported by Huang et al. [45]. Thus, it can be
concluded that sulfur has been doped into the structure of carbon nitride.
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Figure 5. (a) XPS survey spectra, (b) C 1s spectra, (c) N 1s spectra, (d) S 2p spectra, (e) VB XPS spectra
of TM-CN650.

To further confirm the element composition of TM-CNx, the elemental analysis was performed.
As shown by the elemental analysis result (Table 1), the C/N molar ratios of TM-CNx under different
temperatures remain in the range of 0.66–0.69 without any major fluctuations, similar to that of
bulk g-C3N4 (0.68). All samples feature 2 wt. % hydrogen (Table 1), suggesting that these materials
are indeed polymeric melon rather than fully-condensed phase of covalent carbon nitride materials.
Tiny sulfur can be found in TM-CNx. It can be concluded from these results that the structure of
TM-CNx are sulfur-doped and heptazine-based melon polymers.

2.4. Optical Property and Band Structure of TM-CNx

The optical properties of the TM-CNx samples were investigated by UV-Vis diffuse reflectance
(DRS) spectra (Figure 6a and Table 2). All TM-CNx samples feature typical semiconductor-like
absorption. Considerable improved light-harvesting capability and gradual bathochromic shift of
optical absorption edges are found for TM-CNx samples prepared under increasing condensation
temperature. By incresing the condensation temperature, the absorption band edges of TM-CNx
samples red-shifted from 442 to 680 nm, and the electronic band gap narrowed from 2.81 to 1.82 eV
for TM-CN450 to TM-CN650. The modified light-absorption property from temperature processing
is primarily attributed to the emergence of structural distortion and the activation of more n→π*
transitions, as well as the improved π-electron delocalization and inter-planar packing towards J-type
aggregates in the conjugated system [39]. The increase of visible light absorption ability and the
decrease of band gap contributed to the capturing of more visible photons, which is beneficial for
enhancing the photocatalytic activity. Combined with the band gap of 1.82 eV and the valence-band
(VB) potential of 1.12 eV (determined by the VB XPS spectra in Figure 5e), the conduction band (CB)
level of TM-CN650 is calculated to be −0.70 eV.
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Figure 6. (a) UV-Vis DRS spectra and (b) PL spectra of TM-CNx samples.

Table 2. The absorption band edge, band gap energy, and photocatalytic activity of TM-CNx samples.

Entry Samples
Absorption Band

Edge (nm)
Band Gap

Energy (eV)
kRhB (min−1) kCr(VI) (min−1)

1 bulk
g-C3N4

460 2.70 0.0152 0.0036

2 TM-CN450 442 2.81 0.0047 0.0020
3 TM-CN500 452 2.74 0.0352 0.0066
4 TM-CN550 456 2.72 0.0496 0.0181
5 TM-CN600 463 2.68 0.1031 0.0204
6 TM-CN650 680 1.82 0.2283 0.1287

The charge-carriers separation/recombination rates were next investigated by room temperature
photoluminescence (PL) spectra under excitation wavelength of 370 nm (Figure 6b). All the fluorescence
of TM-CNx are quenched in comparison with bulk g-C3N4, indicating the lower exciton energy and the
improved electron-hole separation in TM-CNx. Additionally, the PL intensities of the emission peaks
were greatly decreased when the temperature were increased, which illustrates that raising temperature
is effective for suppressing the rapid charge carrier recombination. The quenching of emission intensity
also suggests that the relaxation of a portion of photocarriers occurs via a non-radiative pathway,
presumably due to charge transfer of electrons and holes to new localized/surface states [46]. Moreover,
when the temperature is varied from 450 to 650 ◦C, an obvious red-shift of the emission peak from
460 to 560 nm was observed for TM-CNx, which further certified the decreased band-gap energy of
TM-CNx samples.

2.5. Photocatalytic Activity of TM-CNx in Degradation of RhB

The photocatalytic activities of the TM-CNx samples were evaluated by degradation of Rhodamine
B (RhB) under visible light (λ > 420 nm) irradiation. The photodegradation process was recorded
by the temporal evolution of the spectra of supernants at different reaction times. Figure 7 displays
the changes of the RhB concentration versus the reaction time over the TM-CNx catalysts and the
corresponding first-order kinetics plot by the equation of ln(C0/C) = kt, where C0 and C are the
RhB concentrations in solution at times 0 and t, respectively, and k is the apparent first-order rate
constant. Based on the result of control experiments, RhB was not degraded under dark conditions,
and RhB is also stable under visible light if there is no photocatalyst involved. As shown in Figure 7a,
the TM-CNx samples exhibit accelerated degradation ability and higher photocatalytic activity with
increasing condensation temperature. An optimal activity was found for TM-CN650 with the superior
degradation rate of 97% after 15 min. Furthermore, TM-CN650 shows much better photocatalytic
activity than bulk g-C3N4, urea derived carbon nitride (CNU), and commercial Degussa P25 (Figure 7b).
Figure 7c and Table 2 show the first-order rate constant k (min−1) measurements for RhB degradation
of the TM-CNx samples. The measured k value of TM-CN650 is 0.2283 min−1, which is almost 14 times
higher than that of bulk g-C3N4 (0.0152 min−1).
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The stability of TM-CN650 photocatalyst was investigated by recycling the photocatalyst for
RhB degradation under visible-light irradiation (Figure 8). The high degradation capability of
TM-CN650 was maintained without a significant decrease in six consecutive experiments. The XRD,
FT-IR, and Raman analysis also proved that the crystal and chemical structure of TM-CN650 remain
unchanged after the photocatalytic reaction. These results proved the good stability of TM-CN650 in
the photocatalytic reaction.

To further investigate the possible photodegradation mechanism, the effects of various radical
scavengers and N2 purging on the degradation of RhB over TM-CN650 were examined (Figure 7d).
The photodegradation of RhB was repeated with modification by adding benzoquinone (BQ), tert-butyl
alcohol (TBA), and ammonium oxalate (AO) as the scavengers of superoxide radical (·O2

−), hydroxyl
radical (·OH) and hole (h+), respectively. To suppress the capture of photo-induced electrons by
oxygen to generate ·O2

−, N2 bubbling was also applied to remove the oxygen molecules dissolved in
the RhB aqueous solution. After 15 min of reaction, the removal efficiency of RhB are 20%, 34%, 53%
and 83% in the presence of BQ, N2 bubbling, AO and TBA, respectively. It was observed that the
degradation rate of RhB was depressed under an N2 atmosphere. The addition of BQ almost completely
hindered the decomposition of RhB. These results confirmed that ·O2

− was the major oxidation species
during degradation of RhB in the TM-CN650/RhB system. The degrading rate of RhB also decreased
obviously with the addition of AO, indicating that photogenerated hole oxidation plays a role in
the degradation of RhB. Additionally, the degradation rate was slightly reduced by the addition of
TBA (an efficient trap of ·OH), which was important but did not result in complete quenching of the
photodegradation reaction. The formation of reactive oxygen species over the TM-CN650 catalyst
under visible light irradiation was further probed by a 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)
spin-trapping electron paramagnetic resonance (EPR) technique. DMPO/O2

− adducts were clearly
observed when the TM-CN650 catalyst was exposed to visible light irradiation (Figure 7e), whereas
no detectable ·OH signals can be observed in experiments carried out under darkness or visible light
irradiation (Figure 7f). These results demonstrated the fact that ·OH is involved but not exclusively
and that the major reactive species are ·O2

− and holes in RhB degradation with a TM-CN650 catalyst.
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Figure 7. (a,b) Concentration changes of RhB as a function of irradiation time with different catalyst
under visible light irradiation; (c) first-order rate constant k (min−1) of TM-CNx; (d) effect of quencher
additive and N2 purging on the photocatalytic activity of TM-CN650 in RhB degradation. DMPO
spin-trapping EPR spectra of TM-CN650 sample with visible light irradiation (λ > 400 nm) for the
detection of (e) DMPO-·O2

− and (f) DMPO-·OH.
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Figure 8. (a) cycling runs of RhB degradation in TM-CNx under visible light irradiation; (b) XRD
patterns, (c) FT-IR spectra, and (d) Raman spectra of TM-CN650 and recycled TM-CN650 after
photocatalytic degradation.

2.6. Photocatalytic Activity of TM-CNx in Reduction of Cr(VI)

In order to understand the visible light photocatalytic activity of the as-synthesized samples for
Cr(VI) reduction, a test reaction was carried out for the reduction of 5 mg/L of Cr (VI) solution with
the catalyst and ammonium oxalate (as hole scavenger) in nitrogen atmosphere under visible-light
irradiation (λ > 400 nm). Figure 9 displays the changes of Cr (VI) concentration versus the reaction time
over the TM-CNx catalysts. The apparent rate constant for the reduction of Cr(VI) is calculated by the
following equation: k = ln(C0/C)/t, where C0 and C are the Cr (VI) concentrations in solution at times
0 and t, respectively, and k is the apparent first-order rate constant. As shown in Figure 9b and Table 2,
the apparent reaction rate constant and photocatalytic activity of TM-CNx for reduction of Cr(VI)
followed the order of TM-CN650 > TM-CN600 > TM-CN550 > TM-CN500 > bulk g-C3N4 > TM-CN450.
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Apparently, TM-CN650 exhibits the best photocatalytic activity in reduction of Cr(VI). Furthermore,
the results of recycled experiment reveal that the TM-CN650 sample has good photostability, since
there is no noticeable decrease in the removal ratio over four recycling tests (Figure 9d).
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Figure 9. (a) concentration changes of Cr(VI) as a function of irradiation time with different catalyst
under visible light irradiation; (b) first-order rate constant k (min−1) of TM-CNx in photocatalytic
reduction of Cr(VI); (c) control experiments of photocatalytic reduction of Cr(VI); and (d) the reusability
of TM-CN650 for the reduction of Cr(VI) after 40 min of irradiation.

Some control experiments were performed to certify the possible mechanism of Cr(VI) reduction.
As can be seen from Figure 9c, the reduction of Cr(VI) hardly occurs in the absence of light or
photocatalyst. No significant reaction of Cr(VI) is observed without AO and N2, even when the
reaction is operated in the presence of catalyst with irradiation. The reduction of Cr(VI) to Cr(III) by
photogenerated electrons can be described by the following equation:

Cr2O7
2− + 14H+ + 6e− → 2Cr(III) + 7H2O (1)

According to Equation (1), Cr (VI) was reduced to Cr(III) in the presence of TM-CN650 and AO
upon purging with N2 under visible light irradiation. For the photocatalytic reduction of Cr(VI),
AO as a hole scavenger can capture photo-induced holes (h+) of TM-CN650, and thus mitigate the
recombination of photogenerated carriers of TM-CN650. Furthermore, the superoxide radicals (·O2

−),
which is formed by the transformation of photogenerated electrons to the absorbed O2, is significantly
suppressed under N2 bubbling. Accordingly, the introduction of AO and purging with N2 atmosphere
in the reaction solution play crucial roles in the photocatalytic reduction of Cr(VI). Additionally,
the control experiments for the photoreduction of Cr(VI) under visible light illumination have been
performed by using K2S2O8 as a scavenger for photogenerated electrons. A remarkably reduced
activity was noticed by adding K2S2O8, further confirming that the reduction reaction of Cr(VI) is
driven by the photoexcited electrons of TM-CN650 [47].
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2.7. Mechanism of Photocatalytic Degradation of RhB and Reduction of Cr(VI) over TM-CN650

According to the above discussions, a possible mechanism for photocatalytic degradation of
RhB and reduction of Cr(VI) by TM-CN650 is proposed and depicted in Figure 10. With visible
light irradiation, a photon is absorbed by the TM-CN650 semiconductor, and an electron is excited
from the VB to the CB, generating a positive hole in the VB and an electron in the CB. The CB
potential (−0.7 eV) of TM-CN650 is negative enough to E(O2/·O2

−) (−0.046 eV vs. normal hydrogen
electrode (NHE)) [48,49], and O2 adsorbed on the surface of TM-CN650 can be reduced to ·O2

− by
the electrons left in the CB via one electron reducing reaction. It is noted that ·O2

− is a relatively mild
oxidant that results in partial oxidation (the cleavage of the RhB chromophore structure) instead of
mineralization [50,51]. According to the VB potential (+1.1 eV) of TM-CN650, hydroxyl groups or water
molecules adsorbed on the surface of TM-CN650 can not be directly oxidized to ·OH radicals (+1.99 eV
vs. NHE). The generation of ·OH via photogenerated electron-induced multistep reduction of O2

(O2 + e→·O2
−, ·O2

− + e−+ 2H+ → H2O2, H2O2 + e−→ ·OH + OH−) is involved but not exclusively
in the current photocatalytic system [51,52]. The photodegradation of RhB by TM-CN650 catalyst
is mainly attributed to the partial oxidation of RhB by ·O2

- and photogenerated hole oxidation of
RhB. Different from the degradation of RhB, the photocatalytic reduction of Cr(VI) is directly reduced
to Cr(III) by photo-generated electrons (e−) of TM-CN650. Benefiting from the one-dimensional
nanostructure, high surface area, and appropriate band structure of TM-CN650, the recombination of
photoinduced electron-hole pairs are inhibited and the lifetime of photo-induced charge carriers are
prolonged, thereby contributing to the enhancement of overall photocatalytic activity in an aqueous
phase [53–55].

Figure 10. Schematic illustration of the mechanism of photocatalytic degradation of RhB and reduction
of Cr(VI) over TM-CN650.

3. Materials and Methods

3.1. Chemicals

Melamine, Rhodamine B, ammonium oxalate, potassium dichromate (K2Cr2O7), potassium
persulfate (K2S2O8), methanol, and tert-butyl alcohol were purchased from China Sinopharm Chemical
Reagent Co. Ltd (Shanghai, China). Trithiocyanuric acid and benzoquinone were purchased from
Aladdin Industrial Corporation (Shanghai, China). All of the chemicals were of analytical grade and
were used without further purification.

3.2. Synthesis of TM

The synthetic process was performed in a 250 mL beaker containing a 10 × 30 mm magnetic
stirring bar. Trithiocyanuric acid (0.71 g, 4 mmol) and melamine (0.50 g, 4 mmol) were added with
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120 mL deionized water and 25 L methanol. Then, the mixture was sonicated for 10 min, followed by
stirring at 500 r for 10 min and at 250 r for 12 h. The as-obtained mixture was filtered to recover the
solid precipitate, washed with deionized water (200 mL), and dried in an oven at 70 ◦C.

3.3. Preparation of TM-CNx from TM

TM-CNx samples were synthesized by heating the TM precursor at a certain temperature
(x = 450, 500, 550, 600, and 650) for 2 h with the heating rate of 4.6 ◦C/min under flowing Ar
gas (200 mL/min).

3.4. Preparation of Bulk g-C3N4

Bulk g-C3N4 sample was prepared by heating melamine (10 g) at 550 ◦C for 4 h with the heating
rate of 2.3 ◦C/min in the air, and followed by grounding into power.

3.5. Preparation of CNU

Carbon nitride derived from urea (CNU) was prepared by heating urea (10 g) at 600 ◦C for 2 h
with the heating rate of 4.6 ◦C/min in the air.

3.6. Preparation of T-CN650

T-CN650 sample was synthesized by heating trithiocyanuric acid (5 g) at 650 ◦C for 2 h with the
heating rate of 4.6 ◦C/min under flowing Ar gas (200 mL/min).

3.7. Preparation of M-CN650

M-CN650 sample was synthesized by heating melamine (5 g) at 650 ◦C for 2 h with the heating
rate of 4.6 ◦C/min under flowing Ar gas (200 mL/min).

3.8. Characterization

XRD measurements were collected on a Bruker D8 Advance diffractometer (Billerica, MA, USA)
with Cu Ka1 radiation (λ = 1.5406 Å). FT-IR spectra were collected with a thermo Nicolet Nexus 670
FT-IR spectrometer (Waltham, MA, USA), and the samples were mixed with KBr at a concentration of
ca. 0.2 wt. %. UV-Raman scattering measurements were performed with a multichannel modular triple
Raman system (Renishaw Co., Wotton-under-Edge, Gloucestershire, UK) with confocal microscope at
room temperature using a 325 nm laser. XPS data were obtained on a Thermo Scientific ESCALAB250
instrument (Waltham, MA, USA) with a monochromatized Al Kα line source (200 W). All binding
energies were referenced to the C 1s peak at 284.6 eV of surface adventitious carbon. Elemental analysis
results were collected from Elementar Vario EL (Langenselbold, Germany). SEM measurement was
conducted using Hitachi SU-8010 and S4800 Field Emission Scanning Electron Microscopes (Chiyoda,
Tokyo, Japan). TEM measurement was obtained using a FEI TECNAIG2F20 instrument (Hillsboro,
OR, USA). N2 adsorption-desorption isotherms were performed using a 3020 micromeritics tristarII
surface area and porosity analyzer (Atlanta, GA, USA). The UV-Vis absorption spectra were measured
on Shimadzu UV-1780 (Kyoto, Japan) and Varian Cary 50 UV/Vis spectrophotometer (Palo Alto, CA,
USA). The UV-Vis DRS spectra were measured on Cary 5000 Scan UV-Vis-NIR system from Agilent
Technologies (Santa Clara, CA, USA). Photoluminescence spectra were recorded on an Edinburgh
FI/FSTCSPC 920 spectrophotometer (Livingston, West Lothian, UK). The EPR technique was used to
detect ·O2

− or ·OH radicals spin-trapped by DMPO in methanol or water, respectively. The signals
were collected by a Bruker model A300 spectrometer (Bruker Instruments, Inc., Billerica, MA, USA)
with the settings of center field (3512 G), microwave frequency (9.86 GHz), and power (20 mW).
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3.9. Photocatalytic Degradation of RhB

An aqueous dispersion of catalyst and RhB dye was prepared for the photocatalytic test
by dispersing 20 mg of catalyst powder to 80 mL RhB solution (10−5 mol/L). This reaction
dispersion was magnetically stirred in the dark for ca. 30 min prior to irradiation to establish the
adsorption/desorption equilibrium of the dye on the catalyst surface. The mixture was then irradiated
under a 300 W Xe-lamp with cut-off filter to produce visible light irradiation (λ > 420 nm) at room
temperature. At given irradiation time intervals, specimens (2 mL) were taken from the dispersion,
and centrifuged at 10,000 rpm for 10 min to separate the catalyst particles. The concentration of aqueous
RhB was determined using a Shimadzu UV-1780 UV-vis spectrophotometer at 554 nm by measuring
its absorbance. The RhB degradation was calculated by the Lambert–Beer equation. Photoactivities for
RhB in the dark in the presence of the photocatalyst and under visible-light irradiation in the absence
of the photocatalyst were also evaluated.

3.10. Photocatalytic Activity for Reduction of Cr(VI)

In a typical measurement, a 300 W Xe arc lamp (PLS-SXE 300, Beijing Perfect Light Co., Ltd.,
Beijing, China) with a UV cut-off filter to eliminate light of wavelength λ < 400 nm was used as the
light source. The power density of the light source used in the measurement is ca. 700 mW/cm2.
In addition, 10 mg of the sample, 50 mg hole scavenger (ammonium oxalate), and 40 mL of the Cr(VI)
aqueous solution (5 mg·L−1, which was based on Cr in a dilute K2Cr2O7 solution) were added in
a quartz vial. After the photocatalyst was dispersed in the solution with an ultrasonic bath for 10 min,
the above suspension was bubbled with nitrogen gas (100 mL/min) to remove air and was stirred in
the dark for 1 h, in order to ensure the establishment of adsorption–desorption equilibrium between
the sample and the reactant before being exposed to visible light illumination. During the process of
the reaction, 4 mL of sample solution was collected at a certain time interval and centrifuged to remove
the catalyst completely at 10,000 rpm for 10 min. The Cr(VI) content in the supernatant solution was
analyzed colorimetrically at 540 nm using the diphenylcarbazide method [56,57] on a Varian UV-vis
spectrophotometer (Cary-50, Varian Co., Palo Alto, CA, USA).

4. Conclusions

In summary, one-dimensional sulfur-doped carbon nitride nanostructures have been prepared
by thermal polymerization of trithiocyanuric acid-melamine supramolecular aggregates under
Ar atmosphere at different temperatures. The acidic sulfur-containing gases generated from the
thermal decomposition of precursors greatly affect the condensation/polymerization process, thus
modifying both the texture and electronic structure of carbon nitride polymers [39,44]. Increasing the
heating temperature not only causes a structure peeling effect to increase the porosity/surface area,
but also induces structural distortion and the activation of more n→π* transitions to modify the band
structure of carbon nitride polymers [39,44]. These integrative factors synergistically contribute to the
overall photoactivity improvement of porous sulfur-doped carbon nitride microrods for degradation
of RhB and reduction of Cr(VI). The porous rod-like sulfur-doped carbon nitrides synthesized
at 650 ◦C demonstrates the best photocatalytic activity for degradation of RhB and reduction of
Cr(VI), presumably owing to the unique electronic structure, strong light harvesting ability, high
surface area, and accelerated separation rate of photo-induced electron-hole. Our findings not only
significantly improve the understanding on the role of condensation temperature in the property
of carbon nitride polymers, but also open the possibilities for the facile synthesis of nanostructured
materials to manipulate their activity for photon-involving purification of water and air.
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Abstract: An integral reactor design methodology was developed to address the optimal design of
photocatalytic wall reactors to be used in air pollution control. For a target pollutant to be eliminated
from an air stream, the proposed methodology is initiated with a mechanistic derived reaction rate.
The determination of intrinsic kinetic parameters is associated with the use of a simple geometry
laboratory scale reactor, operation under kinetic control and a uniform incident radiation flux, which
allows computing the local superficial rate of photon absorption. Thus, a simple model can describe
the mass balance and a solution may be obtained. The kinetic parameters may be estimated by the
combination of the mathematical model and the experimental results. The validated intrinsic kinetics
obtained may be directly used in the scaling-up of any reactor configuration and size. The bench
scale reactor may require the use of complex computational software to obtain the fields of velocity,
radiation absorption and species concentration. The complete methodology was successfully applied
to the elimination of airborne formaldehyde. The kinetic parameters were determined in a flat plate
reactor, whilst a bench scale corrugated wall reactor was used to illustrate the scaling-up methodology.
In addition, an optimal folding angle of the corrugated reactor was found using computational fluid
dynamics tools.

Keywords: air pollution; photocatalytic reactors; radiation modeling; reactor optimization

1. Introduction and Scope

Indoor air quality became a generalized concern in the last few decades. People spend most of
their time in confined environments and may be exposed to a poor air quality for extended periods of
time. Such a situation is regarded as a human health concern [1–3]. The effects in human health of a
poor air quality in a room can range from headaches to nausea, dizziness, eye and nose irritations, dry
cough and tiredness [4], a situation known as sick building syndrome (SBS). This syndrome is usually
associated with the presence of volatile organic compounds (VOCs) in very low concentrations [1,5,6].

A poor indoor air pollution quality may result from in situ generation of compounds or from an
exchange with the outside. For many pollutants, it is usual to find indoor concentrations larger than
outdoors, particularly VOCs, which are emitted from building materials, furniture and equipment [4].
Among indoor VOCs, simple aldehydes such as formaldehyde (HCHO) are typically found in polluted
places [7].

The recognition of the health effects of indoor VOCs implies the need to attain their depletion.
The reduction of pollutant concentrations in air has been traditionally centered in the source control,
the increasing of air renewal rates and the application of air cleaning devices. Conventional control
processes usually employed are filtration and adsorption; these technologies present certain drawbacks,
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but above all they require final disposal because there is a transfer of the pollutant from the gas phase
to a solid one. In this context, indoor air quality may be controlled by heterogeneous photocatalysis,
an effective alternative to conventional technologies that has been tested to chemically destroy a large
variety of airborne pollutants [8–10].

In the photocatalytic process, the compounds present in the air stream may be adsorbed onto the
surface of a catalyst, upon which the irradiation starts a series of superficial reactions that can lead to
the chemical degradation of pollutants. Although the final products of organic pollutants containing
no hetero-atoms are water and carbon dioxide, numerous intermediate products may appear in the
reaction steps and their elimination must also be taken into account [11].

Photocatalytic reactors must gather the molecules of the pollutant, the surface of the photocatalyst
particles and the radiation energy in the proper wavelength at once. Thus, the design and modeling of
such reactors presents the need for solving the radiation field in addition to the classical momentum,
energy and species mass balances.

The aim of this work is to present a methodology for an integral design of photocatalytic reactors
for the control of air pollution as a synthesis and review, including the development of intrinsic kinetic
models [12], reactor scaling-up [13] and optimization [14]. The work is organized in two main sections,
being the first a detailed description of the proposed methodology and the second a concrete and
successful application.

2. Integral Design Methodology

The proposed methodology for the complete procedure of integral reactor design is schematically
represented in Figure 1, and may be summarized in the following steps.

 

Figure 1. Conceptual framework of the integral design methodology.
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2.1. Kinetic Study

There are many chemical compounds usually found in polluted indoor air, among which the
family of VOCs can be found. The selection of one or more pollutants to be eliminated is generally the
first step in a photocatalytic study. Every compound, with its own physicochemical properties, has its
implications regarding the experimental issues, such as generation and analytical determination. Then,
a kinetic mechanism for the photocatalytic degradation of the selected target compound can lead to
obtaining an analytical reaction rate expression. This rate expression must include the dependence on
the pollutant and stable intermediates concentrations and the local superficial rate of photon absorption
(LSRPA or ea,s) [15].

To carry out experimental tests in photocatalysis, it is important to consider, previously to the
reactor design, aspects such as the photocatalyst’s characteristics (its optical properties, its chemical
stability or its deactivation), the support material in which the catalyst is to be fixed, the radiation
source (emission spectrum and power) and the interactive radiation in the interior of the reactor.

The selection of the catalyst is one of the essential steps to be considered in the design and
application of a photocatalytic reactor [16]. In general, photocatalysts are metal oxides that behave as
semiconductors which absorb radiation in a certain wavelength range. Titanium dioxide (TiO2) is the
most widely used photocatalyst because of its chemical stability, low toxicity and relatively low cost.
TiO2 absorbs radiation in the ultraviolet (UV) range of the spectrum to promote electrons across the
energy gap into the conduction band. The vacancies or holes left by those electrons may then form
hydroxyl radicals capable of attacking adsorbed organic compounds onto the catalyst’s surface.

The depuration of polluted air requires the fixation of TiO2 over some material acting as a
support, given that the catalyst should not be dragged by the gas stream. Among the possibilities of
immobilization on the support material one can find photocatalyst coatings, layers and films (but they
can also be dispersed in a matrix to build monoliths). The techniques to affix the catalyst and support
mainly include variants of dip-coating and sol-gel methods. The purpose is to obtain the largest possible
surface area to volume ratio, a large area exposed to radiation and good adherence to an inert substrate.
Materials tested to act as inert supports are diverse: glass, metals, fibers, plastics, etc. [17].

The radiation that initiates the superficial phenomena leading to the pollutant elimination may be
artificial or natural, i.e., coming from a lamp or from the Sun. According to which source of radiation
will be used, the geometry of the reactor may differ greatly. Because of the TiO2 bandgap, it cannot
profit from a large portion of the solar spectrum [18]; thus, efforts are constantly directed towards
the doping of TiO2 for extending the absorption at larger wavelengths (>390 nm) towards the visible
range. Doping with C, N, Ce, etc. has been studied with certain success [19,20].

Regarding the size and configuration of the laboratory scale reactor, simplicity is desirable.
A simple geometry reactor ensures the application of a simple mathematical model and, under selected
operating conditions, the absence of mass transfer limitations. In addition, a uniform radiation flux
allows the incorporation of the LSRPA as a constant in the kinetic model. Typically, the radiation model
is based on an emission model for the lamps [15] and the determination of spectral optical properties
of the catalyst layer and support. In accordance to what has been said above, it is clear why the flat
plate reactor may be thought of as a standard for kinetic studies: under the imposed size, geometry
and operation, it can be accurately modeled as a plug flow reactor with a straightforward solution.

Thus far, we have a simple reactor model, coupled with the kinetic expressions and mathematically
solved. The experimental data from the laboratory reactor together with the mathematical model allow
the determination of the unknown kinetic parameters. The procedure for estimation of the kinetic
parameters is typically achieved by running a numeric nonlinear algorithm to fit the model predictions
to the experimental data. An intrinsic kinetics implies the independence of reactor design variables,
including the radiation source and operating variables. In this sense, two important considerations
need to be satisfied for the application of the kinetic parameters obtained in the kinetic reactor to the
scaling up: (i) to employ the same catalyst and immobilization technique in the larger scale reactor;
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and (ii) to ensure that the experimental data in the laboratory reactor are obtained under kinetic control
regime to eliminate the effect of mass transfer limitations.

2.2. Scaling and Optimization Methodology

As previously stated, the present work addresses the implementation of a methodology for the
scaling-up and optimization of a photocatalytic reactor using experimental data obtained in a simple
geometry laboratory scale reactor. As depicted in Figure 1, for scaling-up purposes (changing the
reactor shape, size, lamps, and configuration), the kinetic model developed in a previous step is directly
applied to the new reactor. The solution of the mass balance and the radiation model allows predicting
the performance of the bench scale reactor.

Once the explicit reaction rate and the kinetic parameters are known, their application to any
reactor size or configuration is direct, provided that: the mass balances in the reactor can be solved and
the radiation field can also be evaluated properly. Thus, the LSRPA must be known in the new reactor
which may differ from the laboratory one not only in size or shape but also in its radiative behavior.
The obtained field of LSRPA is introduced in the mass balance to simulate the reactor performance and
predict its conversion.

When it comes to bench scale reactors, the biggest modifications are related to the inner and
outer configuration and size, i.e., the geometrical arrangement of the radiation source with respect to
the reaction space; the operation regime (continuous flow, batch, recycle, etc.); and the inner reactor
geometry (shape and dimensions).

Photoreactor configuration and geometry are essential because, in addition to the velocity and
concentrations profiles, radiation field must be known for a rigorous modeling. As has been previously
stated, for the treatment of polluted air streams, the catalyst is immobilized on the support, regardless of the
reactor type. In this respect, the best available option is the family of photocatalytic wall reactors. Among
the geometries or configurations of photocatalytic wall reactors one can find: the flat plate reactor [12,21],
the multi-plate reactor [22], monolith and honeycomb reactors [23,24], mesh reactors [25,26], annular or
multi-annular reactor [27,28], optical fiber [29] and corrugated [30,31] reactors, all of which were applied
with acceptable to good efficiency in the abatement of innumerable compounds.

The following step is validation, where the data obtained from experimental runs in the bench
scale reactor are contrasted against simulation results. Photocatalytic reactors entail simultaneously
momentum, mass and radiation transfer. Their design usually needs an optimization step in
order to obtain the best global performance possible. The comprehensive mathematical simulation
of photochemical reactors is a very helpful and affordable tool nowadays with computational
capabilities sufficiently large to provide a detailed approach to all phenomena involved. In particular,
computational fluid dynamics (CFD) tools have been increasingly used to model very different kinds
of processes, including the modeling of gas phase photocatalytic reactors [31–33].

3. Application: Step-by-Step Design and Optimization of a Photocatalytic Reactor

3.1. Laboratory Scale Reactor

Recalling Figure 1, the determination of kinetic parameters is based on experimental data,
in particular, the assays performed in the laboratory scale reactor.

3.1.1. Experimental

A complete experimental set-up was designed and constructed; a scheme is presented in Figure 2.
The reaction device itself is a continuous, single-pass flat plate reactor with a photocatalytic wall [12].
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Figure 2. Experimental set-up: (1) Clean dry air; (2) thermostated formaldehyde (HCHO) generator;
(3) mixer; (4) water vapor saturator; (5) ultraviolet (UV) lamps; (6) TiO2 coated stainless steel plate;
(7) variable area flowmeter; (8) scrubbers; (9) HCHO collection; and (10) pump.

The reactor consists of an acrylic parallelepiped; in its interior, the photocatalytic wall is a flat
stainless steel plate coated with TiO2. The reactor window is transparent to radiation of wavelengths
in the near UV range (300–400 nm). The radiation source is a group of five black light fluorescent
lamps (Sylvania F15W T12) that provide a uniform radiation flux over a wide area (Table 1). This
is achieved by a convenient arrangement of the lamp positions in relation with the reactor window,
as seen in Figure 2.

Table 1. Main characteristics of reactors and operating conditions.

Description Laboratory Scale Reactor Bench Scale Reactor

Configuration Flat plate Corrugated plate
Main dimensions 8 (W) × 8 (L) × 0.4 (T) cm 20 (W) × 30 (L) × 3 (T) cm
Reactor volume 25.6 cm3 1800 cm3

Catalytic surface area 64 cm2 1843.5 cm2

Number of lamps 5 10

Flow Rate 1–3.5 L/min
Inlet HCHO concentration 5–35 ppmv

Relative Humidity 10–75%
Maximum radiation 8.94 × 10−5 einstein m−2 s−1

Radiation levels 16%, 26%, 60%, 100%

The fluid feed to the reactor has a known pollutant concentration (formaldehyde) and relative
humidity. The pneumatic circulation within the device is provided by a vacuum pump from its output;
the volumetric flow rate is measured using variable area flowmeters. At the reactor outlet, samples are
taken to determine the overall pollutant conversion.

3.1.2. Procedures

Catalyst preparation: A flat plate of AISI 316 stainless steel (Acerind S.C., Santa Fe, Argentina) is the
support material. TiO2 was fixed by cycles of impregnation with an aqueous suspension. A solution of
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methanol in water 25% (v/v) is prepared and pure TiO2 powder (Aeroxide P25 (Evonik Industries AG,
Essen, Germany)) is then added to reach a 45 g/L concentration. Dip coating is performed in a vessel;
after extraction, the piece is dried in stove and the cycle is repeated four times. The obtained layers of
catalyst presented good uniformity and adherence to the metal support.

Analytical techniques: HCHO was generated online by heating solid paraformaldehyde. For the
analytical determination of HCHO concentration in air, the experimental device was adapted to apply
a colorimetric method.

Experimental runs: The experimental set-up was designed to collect samples only at the exit of the
reactor; thus, the inlet HCHO concentration is established by taking samples over time with the UV
lamps occluded. When a steady state inlet concentration is achieved, the lamps are uncovered and
samples are taken in this irradiated period until the HCHO concentration reaches a new steady state,
the outlet concentration. Different radiation levels were obtained using grey filters, which provided
attenuations to give 16%, 26% and 60% of the maximum radiation flux.

3.1.3. Kinetics

The starting point for this study is a simplified kinetic scheme based on a published reaction
pathway [34]. After some algebraic work and the application of the micro steady-state approximation
(MSSA), an analytical expression for the reaction rate was developed [12]. Table 2 presents the reaction
scheme with all the involved steps:

Table 2. Kinetic pathway for formaldehyde (HCHO) photo-oxidation.

Step Reaction Reaction

Initiation 1 TiO2 + hν → TiO2 + e− + h+

Recombination 2 e− + h+ → Heat
•OH generation 3 h+ + OH− → •OH

Electron trapping 4 e− + O2 → •O−
2

HCHO Oxidation 5 HCHOads + •OH → •CHO + H2Oads
6 •CHO + •OH → HCOOHads

Ending reactions 7 HCOOHads + •OH → Products
8 M + •OH → Products

Adsorption equilibria 9 HCHO + Site � HCHOads
10 H2O + Site � H2Oads

Site balance 11 Site| Total = Site|HCHO + Site|H2O + Site

Ending reaction 8 in Table 2 is a generic termination step for the active oxidizing species, where
M is an inert species or body that can consume hydroxyl radicals. Formic acid (HCOOH) is an
intermediate product that has a fast rate of disappearance compared to its formation rate and presents
concentrations three orders of magnitude lower than those of HCHO [6]. In addition, a balance for
adsorption sites on the catalyst surface for HCHO and water makes it possible to relate surface to bulk
concentrations. The final reaction rate expression is:

rF = r5 = −α1

(−1 +
√

1 + α2rg
)
CF

1 + κWCW + κFCF
(1)

This four-parameter expression is a function of HCHO concentration (CF), the water vapor
concentration (CW) and the superficial rate of electron–hole pair generation (rg). The kinetic parameters
α1 and α2 are combinations of kinetic constants, concentrations of species that remain inalterable or
considered in excess, while κF and κW are adsorption equilibrium constants that relate bulk to surface
concentrations. The local superficial rate of electron–hole pair generation can be defined as follows [15]:

rg(x) =
∫
λ

Φλea,s
λ (x)dλ = Φ∑

λ

ea,s
λ (x) = Φ · ea,s(x) (2)
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where ea,s
λ is the LSRPA, a function of position (x) and wavelength (λ), and Φ is a wavelength averaged

primary quantum yield. Experimental evidence of the linear dependence of the reaction rate with the
radiation level was also found. Thus, the rate expression was simplified to give:

rF =
−αea,sCF

1 + κwCw + κFCF
(3)

where α is the main kinetic parameter.

3.1.4. Modeling

As stated in Figure 1, the laboratory scale reactor must ensure the simplicity in the mathematical
modeling. Considering the advantages of the simple geometry, the mass balance for formaldehyde in
the reactor becomes an ordinary differential equation:

〈vz〉Ac

d〈CF〉Ac

dz
= av rF (4)

z = 0 〈CF〉Ac
= Cin

F (5)

where av is the external catalytic surface area per unit volume and rF is the heterogeneous rate of
disappearance of HCHO. Equation (4) represents the variation of the pollutant concentration along the
reactor length due to the photocatalytic reaction. After inserting Equation (3) into Equation (4) and
solving together with its boundary condition (Equation (5)) we have:

κF

(
Cout

F − Cin
F

)
+ (1 + κwCw) ln

(
Cout

F
Cin

F

)
= − α

Acat

Q
ea,s (6)

This expression is implicit in terms of the cross-section averaged outlet formaldehyde
concentration: Cout

F = 〈CF〉Ac
(z = L). It was solved by means of a non-linear optimization procedure

based on the Levenberg–Marquardt algorithm coupled with the set of experimental data to obtain the
values of the three kinetic parameters.

Radiation field model. The evaluation of the LSRPA inside the reactor is based on the extense source
with superficial emission (ESSE) model for the UV lamps [15] and the ray tracing method. This allows
the integration of radiation contributions coming from any point at the lamps surfaces that are visible
from the point of incidence considered on the catalytic film. The ESSE model is:

Iλ,Li (y, z, φ, θ) = Tλ,Wi Tλ,Fi I0
λ,Li

= Tλ,Wi Tλ,Fi
Pλ,Li

2π2RLi LLi

(7)

where I0
λ,Li

is the radiation intensity leaving the source and computed using the superficial lamp
emission model of the cylindrical actinic lamp. Here, Pλ,Li is the emission power output of the lamp
for a given wavelength provided by the manufacturer, and RLi and LLi are the lamp radius and length,
respectively. The spectral relative emission power of the lamp and the acrylic window transmittance
need to be measured.

Apart from that, for this multilamp system, the additive effect of each lamp “i” on the LSRPA
must be taken into account. The expression of the LSRPA (ea,s) at each point on the catalytic plate is:

ea,s(y, z) = ∑
λ

ηλ,absTλ,Wi Tλ,Fi∑
i

φ2,Li∫
φ1,Li

θ2,Li∫
θ1,Li

Pλ,Li

2π2RLi LLi

sin2 θ sin φ dθ dφ (8)

where ηλ,abs is a radiation absorption fraction that can be defined as the ratio of absorbed to incident
radiation; and φ1,Li , φ2,Li , θ1,Li , θ2,Li are the limiting angles from which radiation can reach the
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incidence point for the lamp i. The absorption fraction can be determined from spectral total reflectance
measurements. Equation (8) represents the contribution of every lamp i to the superficial radiation
absorption over the useful wavelength range of the lamp emission.

3.1.5. Kinetic Parameters Estimation

In order to obtain intrinsic parameters for the degradation kinetics, the experimental data need
to be obtained under kinetic control regime, i.e., in the absence of external mass transfer limitations.
This was tested for our runs by the application of the following criterion that relates the observed
reaction rate robs and the mass transfer of the pollutant from the bulk to the catalyst surface [35]:
robs/kmCin

F < 0.1; in this expression, km is a mass transfer parameter estimated through empirical
correlations and Cin

F is the inlet HCHO concentration.
The optimization procedure to obtain the values of the kinetic parameters in Equation (6) was a

nonlinear algorithm that used the matrix of experimental data containing: (i) inlet HCHO concentration;
(ii) relative humidity; (iii) radiation level; and (iv) outlet HCHO concentration. The values and units
of the estimated parameters are: α = 1.34 × 108 cm3 einstein−1; κF = 7.17 × 109 cm3 mol−1 and
κW = 2.97 × 106 cm3 mol−1. The comparison between predicted and experimental HCHO conversions
proved to be satisfactory as it can be seen in Figure 3.

Figure 3. Results of the kinetic parameters estimation. Predicted pollutant conversion vs. experimental
conversion (dots). The straight line represents a perfect fit. Xmod: Pollutant conversion predicted by the
model; Xexp: experimental pollutant conversion.

3.2. Bench Scale Reactor: Corrugated Plate Reactor

Following with the procedure schematically shown in Figure 1, at this point we have a validated
kinetics for the elimination of HCHO. The kinetic parameters are independent of radiation flux, so they
can be applied directly to any reactor size and shape.

3.2.1. Experimental Set-Up and Procedures

The complete experimental set-up and procedures, except for the photoreactor itself, were the
same as described in Section 3.1. The support of the bench scale photocatalytic reactor was also made
of stainless steel; the stainless steel plate was successively folded into a one radian angle giving a total
of 17 complete triangular section channels with their walls coated with TiO2 and placed inside an
acrylic frame [31]. The reactor is irradiated by the same arrangement of black light lamps, but in this
case from both sides of the reactor (Figure 4).
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Figure 4. Corrugated wall reactor: (1) UV lamps; (2) acrylic frame; (3) stainless steel corrugated plate
coated with TiO2; (4) reactor inlet; and (5) reactor outlet. Adapted with permission from Passalía, C.;
Alfano, O.M.; Brandi, R.J. A methodology for modeling photocatalytic reactors for indoor pollution
control using previously estimated kinetic parameters. J. Hazard. Mater. 2012, 211–212, 357–365.
Copyright 2012 Elsevier [13].

The corrugated reactor operates in continuous mode; air flows in a zigzag pattern from one
triangular channel to another. Inlet pollutant concentration, water vapor concentration, radiation flux
and total flow rate are fixed for each run.

By folding the metal plate, it is possible to obtain a more efficient use of available space and
radiation, increasing the ratio between catalytic area per unit volume of reactor compared to a flat
plate reactor under the same operating conditions. In addition, due to the possibility of interaction
between catalytic walls by radiation reflection, one may expect the existence of an optimum angle:
at more closed angles, the greater the reflective interaction between walls, the smaller the incoming
radiation from the window.

3.2.2. CFD Modeling

CFD packages allow the numerical, iterative and simultaneous solution of the governing equations
of motion and reaction in a certain domain by volume discretization. The fundamentals of modeling
the present system are: a reactive isothermal system with heterogeneous reaction; air is considered a
Newtonian incompressible fluid with constant physical properties; and the process is under steady
state and the flow regime is laminar. According to these conditions, the CFD model implies the
resolution of the following set of differential equations:

Continuity equation:
∇ · (ρv) = 0 (9)

Momentum equations:
∇ · (ρvv) = −∇P +∇ · (τ

)
+ ρg (10)

Conservation equations for species:

∇ · (ρvCi) = −∇ · J j + Ri (11)

In Equations (9)–(11), ρ is the density, v the velocity, P the pressure, τ the viscous stress tensor,
g the gravitational acceleration, Ci the molar concentration of species i, J j the diffusion flux vector

265

Bo
ok
s

M
DP
I



Molecules 2017, 22, 945

and Ri is the rate of production or depletion of species i by the homogeneous chemical reaction.
The energy balance equation is not included provided that isothermal operation is assumed, with
a fixed temperature of 298 K. In the system under study, there are no homogeneous reactions.
Consequently, the term Ri is zero for every species i. The calculated Reynolds number within the
reactor was 140, so the laminar model was employed. The Newton’s law of viscosity is combined with
Equation (10) as a constitutive equation for the definition of the stress tensor.

The approach for modeling the radiative interchange between windows and catalytic walls is by
the introduction of user defined functions (UDFs). The incident radiation on the reactor windows was
evaluated with the same approach to that of the flat plate reactor, i.e., based on the ESSE model for the
lamps and the ray tracing method. The radiative interchange between windows and catalytic walls
was also modeled externally and introduced as UDFs.

The radiation interchange can be modeled as follows: the reactor window is considered an
emitting surface, while the catalytic walls are opaque and therefore can only reflect and absorb
radiation. The radiation reflection on the catalyst surface is considered diffuse. At any position over
the catalytic surface, radiation may come directly from the window or indirectly by reflection on the
opposite catalytic surface.

The approach for modeling this radiative interaction is the surface to surface model by means
of view factors [31,36]. Each surface is divided into small rectangular flat elements to compute de
LSRPA. Elements in the same plane do not interact; in addition, the absorbed and reflected fractions do
not depend on the position. The matrix of interaction between differential surface elements is solved
numerically and the complete field of LSRPA over the corrugated plate is obtained.

3.2.3. Simulation Results and Validation

The CFD resolution was performed with Fluent 12.1 (ANSYS Inc., Canonsburg, PA, USA).
The pressure based segregated solver was used in a 3D model, under laminar flow regime and
time-independent mode. The LSRPA was introduced in the suite as a custom function as well as the
heterogeneous reaction rate expression (Equation (3)). In this way, the software solves the species
balances subject to the imposed boundary conditions over the folded plate.

The 3D mesh was built with tetrahedrons and wedges and tested for grid independence. After a
converged solution was obtained, the complete velocity, radiation and pollutant concentration fields
inside the reactor were analyzed. The criteria of convergence were: scaled residuals decreased five
orders, stabilized macroscopic monitors and overall mass balance conservation.

Radiation Field: The absorbed radiation on one side of the corrugated plate is presented in Figure 5a.
It can be seen that the absorbed radiation is higher at the top than at the bottom of the channels, despite
the reflection of the coated surface. In addition, the central channel looks more “illuminated” while
the channels towards the extremes receive less radiation, because of the edge effect of the lamps.

Velocity field: Figure 5b shows how the velocity profiles develop to reach a symmetrical distribution,
with maximum velocities at the centroid of the triangular section and minimum in the corners and
walls, where the flow is subject to a no-slip shear condition. The change in direction of 180 degrees and
a slight narrowing of the passage section between channels causes the acceleration and the asymmetry
in the contours of velocity at the beginning of each channel.

Concentration field: Figure 5c depicts a typical output of the pollutant concentration inside the reactor.
HCHO concentration field shows a decreasing concentration along the reactor pathway. The effect of
the catalytic walls along each channel is noticeable: the concentration of pollutant is maximum at the
triangle’s center, in the bulk, and decreases toward the walls where the reaction takes place. It is also clear
that the change in direction from one channel to the other acts as a static mixer, renewing the concentration
profile of HCHO. This mixing between each channel renews the concentration profile, smoothing the
gradients and allowing the arrival of the pollutant to the reactive walls.
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Figure 5. (a) LSRPA on the corrugated plate (einstein m−2 s−1); (b) contours of velocity (m/s) in the
central plane of the reactor; and (c) contours of molar HCHO fractions.

Five operating condition sets were simulated, using different inlet HCHO concentrations, water
vapor concentrations and radiation levels. The five sets of conditions were experimentally tested in the
bench scale photocatalytic reactor. Pollutant conversions from the model simulations were contrasted
to the experimental results; good agreement was found between simulation results and experimental
data. The root mean square error, based on the experimental and predicted HCHO conversions, was
lower than 4%.

3.3. Bench Scale Reactor Optimization

The ultimate output of the proposed methodology (Figure 1) is an optimized reactor.
The optimization step aims at finding the best configuration given certain restrictions. In order to
evaluate different reactor configurations regarding overall conversion of a certain pollutant, some of the
parameters that have been employed are: the quantum yields [25,37], the photonic efficiencies [23,38]
and the electrical energy per order or per unit mass [39]. A different parameter was also proposed: the
photochemical thermodynamic efficiency factor [40].

Here, we use the concept of multiple independent efficiencies in series contributing to the overall
reactor performance [14]. This approach allows the identification of reactor design advantages and
drawbacks, offering useful tools for subsequent optimization.
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The global efficiency of a photocatalytic process can be defined as the product of individual
efficiencies, according to:

ηT = ∏
i

ηi = ηele · ηout
inc · ηin

inc · ηabs · ηrxn (12)

These efficiencies are linked by the output spectral power of the lamps, the transmittance of
the windows material and the spectral absorption of the immobilized catalyst. In fact, the range of
wavelengths in which the integration of properties is performed determines the coupling among the
different efficiencies.

The electrical efficiency: ηele = PL/P represents the capacity of the radiation source of converting
electrical energy (actually consumed power, P) into emitted radiant power (PL) in the desired
wavelength range [41]. This parameter has a fixed value for a given brand and model of lamp.

The outer geometrical incidence efficiency represents the ratio of emitted photons that effectively
reach the reactor windows. The possibility of occurrence of such event may be called ηout

inc and
defined by:

ηout
inc =

∫
AW

∫
λ qout

λ,WdλdA∫
λ Pλ,Ldλ

=

〈
qout

w
〉

Aw

PL
(13)

It is a relative optical parameter between the radiation source and the reactor exterior. The reactor
geometry and the lamp arrangement to irradiate the reactor are the only parameters determining this
efficiency. The definition of the denominator in Equation (13) must take into account the number of
lamps and the presence of reflectors.

Next, we have the inner incidence efficiency. A fraction of the photons that get to the reactor
window is transmitted; once inside, they can either reach a catalytic surface or not. The probability of a
radiation ray leaving the inner side of the reactor window to get to a catalytic area may be defined as:

ηin
inc =

〈qinc〉Acat

〈qw〉Aw
(14)

The internal configuration of the reactor may allow the enhancement of this efficiency by surface
to surface radiative interaction through reflection. Thus, the optical properties of the support material
are essential because transmittance or reflection may have a positive or negative impact depending on
the shape and configuration of the reactor.

Ultimately, the radiation that reaches the catalyst surface may be absorbed or reflected, giving
place to another parameter, ηabs, the absorption efficiency.

ηabs =
〈ea,s〉
〈qinc〉 (15)

which represents the ratio between absorbed and incident energy on the catalytic surface. It is
independent of the external reactor geometry, but an intrinsic property of the photocatalyst nature.

Once the catalyst had absorbed radiation, the reaction efficiency is defined as:

ηrxn =

〈
rsup

〉
〈ea,s〉 (16)

The reaction efficiency can be regarded as the moles of pollutant units eliminated per absorbed
energy (einsteins) over the catalyst surface.

Optimal Folding Angle of the Corrugated Reactor

For the sake of optimization, some design and operative variables were kept constant: the total
gas flow rate Qg and the pollutant concentration Ci,0 to be reduced; the radiation source; and the
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reactor volume. The design variable to be optimized in the corrugated wall reactor was then the
folding angle.

The influence of the folding angle on the inner incidence efficiency is depicted in Figure 6. It can
be seen that this parameter shows an optimum value at angles below 30 degrees. For the case with no
reflection (hypothetical), the optimum is lower than that of the real case (with reflection). The fraction
of reflected radiation clearly enhances the capabilities of this corrugated wall configuration.

Figure 6. Inner incidence efficiency as a function of folding angle. Reprinted with permission from
Passalía, C.; Alfano, O.M.; Brandi, R.J. Optimal design of a corrugated-wall photocatalytic reactor using
efficiencies in series and computational fluid dynamics (CFD) modeling. Ind. Eng. Chem. Res. 2013, 52,
6916–6922. Copyright 2013 American Chemical Society [14].

A study was performed by simulation of four folding angles (ϕ): 97.2, 59.1, 31.6 and 15.2 degrees.
Table 3 summarizes the results for the four folding angles. The simulations were performed in the
academic version of a CFD software (Fluent 12.1) and the main output of them was the overall
pollutant conversion.

The second column in Table 3 contains the absorbed energy relative to the entering radiation
through the reactor window; as can be seen, it gets higher when the catalyst surface is almost normal
to the radiation source. The third column shows that the averaged superficial reaction rate increases
almost five-fold when changing the angle from 15.2 to 97.2 degrees; this is due to the linear dependence
of the reaction rate with the LSRPA. The fourth column in Table 3 presents the reaction efficiency,
derived indirectly from the previous columns; as can be seen, ηrxn has a smooth trend to decrease
when the folding angle is increased. This behavior is based on the simultaneous increase in the relative
absorbed energy and the averaged reaction rate.

The results presented in Table 3 indicate the presence of an optimum between the closest angles
simulated, i.e., 15 and 30 degrees. This is consistent with the maximum found for the inner incident
efficiency (Figure 6).
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Table 3. Results of efficiencies for different folding angles. Adapted with permission from Passalía, C.;
Alfano, O.M.; Brandi, R.J. Optimal design of a corrugated-wall photocatalytic reactor using efficiencies
in series and computational fluid dynamics (CFD) modeling. Ind. Eng. Chem. Res. 2013, 52, 6916–6922.
Copyright 2013 American Chemical Society [14].

Angle 〈ea,s〉/〈qw〉 〈
rsup

〉 × 1011 ηrxn × 103 ηinc

(degrees) - (mol cm−2 s−1) (mol Einstein−1) -

15.2 0.078 1.04 9.24 0.978
31.6 0.155 2.09 9.29 0.976
59.1 0.271 3.50 8.93 0.944
97.2 0.395 4.74 8.28 0.903

4. Conclusions

An integral design methodology has been proposed and applied to scaling-up and optimization
of photocatalytic wall reactors employed in air pollution control. Starting from a kinetic study in
a laboratory scale reactor and the evaluation of the absorbed radiation, a bench scale reactor could
be successfully modeled and optimized. The proposed methodology shows a systematic approach
based on engineering concepts and can be used to design and optimize any photocatalytic wall reactor
provided that the balances involved, including radiation, can be solved by a mathematical model.
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Nomenclature

av external catalytic surface area per unit volume (cm−1)
Ac cross sectional area (cm2)
Acat photocatalytic area (cm2)
C molar concentration (mol cm−3)

ea,s local superficial rate of photon absorption, LSRPA
(einstein cm−2 s−1)

H height (cm)
I specific radiation intensity (einstein cm−2 s−1 sr−1)

I0 specific radiation intensity on the lamp surface
(einstein cm−2 s−1 sr−1)

km gas phase mass transfer coefficient (cm s−1)
L length (cm)
P emission power (einstein s−1)
q radiation flux (einstein cm−2 s−1)
Q volumetric gas flow rate (cm3 s−1)
R homogeneous reaction rate (mol cm−3 s−1)
r heterogeneous reaction rate (mol cm−2 s−1)

rg
local superficial rate of electron-hole pair generation
(mol cm−2 s−1)

RLi lamp radius (cm)
T reactor thickness (cm)
Tλ spectral transmittance (dimensionless)
vz axial velocity (cm s−1)
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W reactor width (cm)
x, y, z rectangular coordinate system (cm)
x position vector (cm)
X conversion (dimensionless)
Greek letters
α kinetic parameter (cm3 einstein−1)
η efficiency (dimensionless)
κ adsorption constant (cm3 mol−1)
λ wavelength (nm)
ρ gas density (g cm−3)
τ viscous stress tensor
φ, θ spherical coordinates (rad)
Φ primary quantum yield (mol einstein−1)
Φ wavelength averaged primary quantum yield (mol einstein−1)
Subscripts
ads indicates adsorbed species
abs relative to radiation absorption
F relative to formaldehyde
Fi relative to radiation neutral filter
Li relative to lamp i
W relative to water
Wi relative to reactor window
λ indicates wavelength dependence
exp relative to experimental data
mod relative to model
Superscripts
in relative to reactor inlet
out relative to reactor outlet
Special symbols
〈〉 denotes an averaged property
_ denotes a vector
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Abstract: This study demonstrated that a laboratory-scale recirculation closed-loop reactor can be an
efficient technique for the determination of the Clean Air Delivery Rate (CADR) of PhotoCatalytic
Oxidation (PCO) air purification devices. The recirculation closed-loop reactor was modeled by
associating equations related to two ideal reactors: one is a perfectly mixed reservoir and the other is
a plug flow system corresponding to the PCO device itself. Based on the assumption that the ratio
between the residence time in the PCO device and the residence time in the reservoir τP/τR tends to
0, the model highlights that a lab closed-loop reactor can be a suitable technique for the determination
of the efficiency of PCO devices. Moreover, if the single-pass removal efficiency is lower than 5% of
the treated flow rate, the decrease in the pollutant concentration over time can be characterized by a
first-order decay model in which the time constant is proportional to the CADR. The limits of the
model are examined and reported in terms of operating conditions (experiment duration, ratio of
residence times, and flow rate ranges).

Keywords: photocatalysis; Clean Air Delivery Rate (CADR); indoor air quality; volatile organic
compounds (VOCs); air cleaner

1. Introduction

Attention to Indoor Air Quality (IAQ) has greatly increased over the last 30 years. The most common
gaseous pollutants present in indoor air fall within the concentration range of 1–1000 ppbv. Among
them, several hundred volatile organic compounds (VOCs) have been identified. In addition, analysis
of the available data demonstrates a statistical association between IAQ conditions and occupants’
health [1]. The traditional dilution method of ventilation is not always recommended in current
practice due to its limitation in terms of outdoor air quality and energy cost [2] while the control of
pollutant emissions is not always possible. Therefore, it appears necessary to develop technologies
and effective strategies to improve IAQ.

Several processes can be used to remove VOCs from indoor air. Among them, PhotoCatalytic
Oxidation (PCO) air cleaning is considered an efficient technology suitable for the elimination of a
broad range of VOCs [3]. In a recent review, Paz [4] noted that the number of scientific publications
on indoor air treatment has significantly increased over the last 15 years even though it is still lower
than the number dedicated to photocatalytic water treatment. Surprisingly, however, the number of
patents related to indoor air has greatly increased over the same period and to date is much higher
than the patents dedicated to water treatment (53% for air, 38% for water, and 9% for self-cleaning).
This indicates a growing interest in the implementation of photocatalysis for air treatment purposes.
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In fact, the current concern about indoor air quality has provided opportunities for manufacturers
to develop PCO devices, and many indoor air applications are now available on the market. Thus,
the design of reliable methodologies to assess the performances of commercial air purifiers appears
vital for manufacturers and consumers, and a careful evaluation and certification of commercial
PCO units for consumer safety is needed [3,5]. ISO standards already published propose several
methods to assess the performance of photocatalytic materials in the areas of air and water purification,
self-cleaning, and photo-sterilization [6]. At the European level, the CEN TC 386 “photocatalysis” has
been working on the French AFNOR standard, including the standard XP B44-013 that is dedicated to
the evaluation of air cleaners including photocatalytic functions in a closed-chamber test [5,7]. Ideally,
the performances of all PCO cleaners that are available on the market or under development should
be determined in real conditions, i.e., (i) in a real room; (ii) with a mixture of numerous pollutants;
(iii) at pollutant concentrations encountered in indoor air, around a few tens of parts per billion by
volume (ppbv). However, such tests can be costly, difficult, and time-consuming [8]. Prior to a final
qualification of air cleaners using standard methods, it can be useful to have reliable methodologies to
assess the performance of designed photocatalytic systems or to test and optimize the major operating
parameters of the systems. In fact, key parameters influencing the performances of PCO air purifiers
under realistic indoor conditions still need to be assessed [3,9]. Laboratory procedures and design
tools are still lacking with regard to improving PCO techniques and comparing the results obtained by
different research teams more objectively [2]. To be compared, the performances of the different tested
PCO devices have to be quantified in reproducible conditions. Thus, the best way to achieve this at
laboratory scale is to perform experiments either in a continuous mode plug flow reactor, in which the
air makes a single pass through the reactor, or in a batch closed-loop reactor operating in recirculation
mode [10–14]. Then, there are at least three main descriptors of the efficiency of photocatalytic systems:
(i) the VOC degradation rate; (ii) the one-pass removal efficiency; and (iii) the Clean Air Delivery Rate
(CADR) [15,16]. The CADR, initially defined by the Association of Home Appliance Manufacturers
(AHAM) and well recognized by manufacturers, indicates the clean air volume delivered by the
treatment system (usually in m3·h−1).

In the present work, the approach using a batch closed-loop reactor operating in recirculation
mode is investigated to determine theoretically the performances of any PCO device. In this reactor, the
PCO apparatus is inserted into a gas-tight chamber with a well-known volume (Figure 1). An amount
of pollutant (or a mixture of pollutants) is injected into the chamber to obtain polluted air at the desired
concentration. A centrifugal fan provides a controlled flow of the air through the PCO device. Once the
initial pollutant concentration at steady-state is reached, the experiment is initiated by illuminating the
light source. Samples of the air in the chamber are periodically analyzed with appropriate apparatus
to monitor the decrease in the pollutant concentration over time. Then, the experimental data can be
analyzed according to an appropriate mathematical model. However, even if different models for
PCO devices are available in the literature [17] to fit the experimental data (exponential, linear, and
polynomial fits [10]), some can generate bias in the performance determination. Therefore, the aim of
the present study is to show that a laboratory closed-loop reactor operating in recirculation mode can
be adequately modeled to determine the performances of photocatalytic devices for critical comparison.
The rigorous mathematical model describing the decrease in the pollutant concentration over time
is simplified by using realistic assumptions, enabling a convenient analysis of the experimental data.
The limits of the model are given in terms of operating conditions (experiment duration, ratio of
residence times, and flow rate ranges). Moreover, the model highlights that a laboratory closed-loop
reactor can be an efficient technique for the determination of the CADR of PCO devices, which is of
practical significance in the assessment of the effectiveness of systems for air purification.
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Figure 1. Diagram of a closed-loop reactor operating in recirculation mode (batch).

2. Model

The performances of a PCO device inserted in a recirculation closed-loop reactor can be determined if
the decrease in the pollutant concentration in the reactor can be predicted versus time. The recirculation
closed-loop reactor (Figure 1) can be modeled by associating equations related to two ideal reactors
connected together by pipes of negligible volume: a perfectly mixed reservoir with a volume VR and a
plug flow system, corresponding to the PCO device, with a volume VP (Figure 2). The mathematical
model proposed here has been described by Walker and Wragg [18] for concentration-time relationships
established for recirculating electrochemical reactor systems similar in design to the recirculation
system used in this study. Although electrochemical reactor systems occur in a liquid phase whereas
the gas phase is considered in the PCO device, there is fundamentally no difference between both
systems. Indeed, the electrochemical reactor systems described by Walker and Wragg [18] involved
the deposition of metal ions leading to a gradual depletion of the concentration of the metal ions
in the system, which presents similarity with the gradual degradation of the pollutant in the PCO
apparatus. The main difference between both models lies in the fact that in the electrochemical systems,
the depletion of the concentration of the metal ions in the plug flow reactor depended on the mass
transfer coefficient, whereas in the photocatalytic system, the decrease in the pollutant concentration
depends on the overall kinetic rate constant, as it will be shown hereafter. The basic assumptions of
the rigorous model are:

(i) Idealized plug flow occurs in the PCO device;
(ii) The reservoir is a perfectly-mixed system;
(iii) The mass transfer of pollutant occurs under convective-diffusion control;
(iv) The kinetic constant does not change during the experiment;
(v) The flow rate Q is constant with time and with position in the system;
(vi) Temperature and thus the physical properties of air are constant both in space and time.

Referring to Figure 2, a differential mass balance at the plane x gives the following partial
differential equation:

A
∂C
∂t

(t, x) = −Q
∂C
∂x

(t, x)− kAC(t, x) (1)
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In Equation (1), the degradation rate is proportional to the pollutant concentration. Although
numerous studies showed that kinetic of organic pollutant removal are well described by the
Langmuir-Hinshelwood (LH) expression, at low pollutant concentrations in air (i.e., ppb level)
literature reported that the LH expression could be reduced to a first-order reaction [17,19,20].
More than that, in this study, it is considered a global apparent kinetic constant k, including chemical
kinetics as well as the reactor dynamics. Walker and Wragg [18] solved Equation (1) with the suitable
choice of the boundary condition C(0,x), which corresponds to the concentration at the plane x of the
reactor when t = 0. The procedure giving the solution of the equation, fully detailed in the original
paper, is mathematically complex:

C(t) = C0

⎡
⎣1 +

(
1 − exp

(
kVp

Q

)) ∫ t
0

( z
β )−1

∑
n=0

⎧⎨
⎩ 1

n!
(

VR
Q exp

( kVp
Q

))n+1 (z − nβ)n exp
[
− Q

VR
(z − nβ)

]⎫⎬
⎭dz

⎤
⎦ (2)

x = 0

PCO device
Plug flow

(Volume: VP)

Perfectly
mixed 

reservoir

(Volume: VR)

x = L

δx
x+δx; C(t,x+δx)
x; C(t,x)

Figure 2. Recirculation closed-loop reactor system: association of two ideal reactors (all connecting
lines are of negligible volume).

2.1. First Assumption

As Equation (2) cannot be easily used, Walker and Wragg [18] suggested an alternative approximate
model based on the assumption that it is possible to neglect the ∂C/∂t term in Equation (1).
This simplification is valid only if the volume of the PCO device is small in relation to the volume
of the reservoir (i.e., if the ratio of the residence times (τP/τR) tends to 0). In this case, the concentration
change with time at any plane x may be regarded as insignificant in comparison with the change
in concentration with distance x. Thus, for the closed-loop reactor depicted in Figure 2, the
concentration-time relationship is:

C = C0 exp
(
−t

Q
VR

[
1 − exp

(
−k VP

Q

)])
(3)

Walker and Wragg [18] compared C/C0 values for various times computed from both the rigorous
and the approximate solutions (Equations (2) and (3), respectively; Table 1). It can be observed that
the discrepancy is less than 1% for times less than 1.5 h and reaches 3% at 2.5 h. For longer times,
the approximate solution becomes markedly inaccurate. Consequently, it can be concluded that the
approximate solution can satisfactorily be used to describe the decrease in the pollutant concentration
over time provided that the total time of the experiment does not exceed 2 h.
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Table 1. Difference between the rigorous solution (Equation (2)) and the approximate solution (Equation (3)).

Time (s) Time (h) Difference (%)

900 0.25 0.04
2700 0.75 0.16
5400 1.50 0.83
9000 2.50 3.00

10800 3.00 7.35
13500 3.75 23.72

In Equation (3), the volume of the PCO device VP corresponds to the product of the cross-sectional
area of the pipe connecting the apparatus (A) and the length of the apparatus (L). Thus, if there is
no change in the cross-sectional area along the PCO device, the air residence time in the apparatus
is τP = VP/Q. In other words, the term VP is the real volume of the device; it is also important to
note that the configuration of the photocatalytic material inside the device is not taken into account.
Considering that the residence time of a molecule in the closed-loop reactor is τP = VR/Q, Equation (3)
can be rewritten as follows:

C = C0 exp
(
− t
τR

[
1 − exp

(−k τp
)])

(4)

In Equation (4) the term α = (k τP) is the fractional yield of the treated flow rate of the PCO
device. In other words, α corresponds to the percentage of the total flow rate treated during the time
τR (i.e., during one cycle):

C = C0 exp
(
− t
τR

[1 − exp(−α)]

)
(5)

The term α can be related to the parameter CADR (Clean Air Delivery Rate) typically used to
evaluate the air cleaning capacity of a PCO reactor [16]. Indeed, many manufacturers define the CADR
as the product of the device efficiency and the volumetric air flow rate through the apparatus [21,22].
The higher the CADR value, the faster the PCO device cleans the air. Assuming that there is no natural
decay rate during experiments in a closed-loop reactor, the CADR is [23]:

CADR = α Q (6)

The CADR ratings were originally developed by the Association of Home Appliance Manufacturers
(AHAM) to characterize the ability of air filters to treat particulate matter, not gases. Moreover, CADR
measurements must be performed in an 1008-cubic-foot (28.5 m3) standard room according to a
procedure specified by ANSI/AHAM AC-1 [24]. Nonetheless, the CADR concept is now equally used
to quantify the performance of air cleaning devices treating polluted gases whatever the size of the test
chamber [5,21,25,26].

The degradation rate is a decreasing function of time according to:

r = −dC
dt

=
C0

τR
(1 − exp(−α)) exp

(
−t

Q
VR

[1 − exp(−α)]

)
(7)

The maximum degradation rate can be determined at the beginning of the experiment, i.e., at t = 0:

rmax = −dC
dt

∣∣∣∣
max

=
C0

τR
(1 − exp(−α)) (8)

2.2. Second Assumption

As the volume of the PCO device must be small in relation to the volume of the reservoir, it is
expected that the volume of air treated during one cycle is small in comparison with the total volume
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to be treated. In other words, the CADR value should be much smaller than the total air flow rate
Q. Consequently, the term α should be small (some %). In this case, Taylor’s theorem leads to the
approximation that exp(−α) ≈ (1 − α). For α = 0.05, the discrepancy between exp(−α) and (1 − α)
is 2.5%. Thus, Equations (5 and 8) can be rewritten as:

C = C0 exp
(
−t

α

τR

)
= C0 exp

(
−t

CADR
VR

)
(9)

rmax = C0
α

τR
= C0

CADR
VR

(10)

According to Equation (9) and due to both the assumptions defined above, the decrease in
pollutant concentration follows a first-order decay model. It should be noted that this model is
usually employed to determine the overall kinetic constant value of photochemical reactions [27,28].
This finding is in agreement with the first literature data reporting the oxidation of odor compounds
in a photocatalytic monolith recirculating batch reactor [12]. A similar closed-loop reactor was also
studied by Sauer and Ollis [13] for ethanol treatment. In this case, reactor performance was modeled
with the Langmuir-Hinshelwood (LH) expression. However, even if numerous studies showed that
Langmuir-Hinshelwood local rate form is successful in correlating much steady state photocatalysis
data [29], it was demonstrated for a closed-loop reactor treating low pollutant concentrations in air that
the LH expression could be reduced to a first-order reaction [17,19,20]. In this case, the kinetic constant
obtained (i.e., k in the present study) is a composite expression consisting of elements originating in
chemical kinetics and reactors dynamics [19] that differs from the actual photocatalytic rate constant.
Relationship between the actual photocatalytic rate constant and the kinetic constant was discussed
between Wolfrum and Turchi [20] and Davis and Hao [19]. Thus, in the present case, the first-order
decay model enables an easy and direct determination of the overall kinetic constant, and consequently
a direct determination of the CADR of a PCO device. As a result, the effectiveness of different systems
for air purification can be assessed and compared irrespective of their geometry and configuration
provided that experiments are carried out for the same operating conditions. Rearranging Equation (9),
the overall efficiency of the PCO device to treat the air is given by Equation (11) where τR/α is the time
constant (tc) of the closed-loop reactor (i.e., the time needed to reach a 63.2% conversion of pollutant)
and 1/α is the cycle number needed to obtain E = 0.632.

E =
C0 − C

C0
= 1 − exp

(
−t

α

τR

)
(11)

Experimental results may be drawn for analysis according to either the dimensional form or the
dimensionless form of Equation (11) (Figure 3).
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Figure 3. Overall efficiency of the batch recirculation closed-loop reactor system according to
Equation (11). (A) Dimensionless form (time constant tc = τR/α); (B) Example of the dimensional form
according to the cycle number 1/α (τR = 17.5 s).
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3. Discussion

Theoretically, the change in the pollutant concentration over time is described by means of a
decreasing exponential function (Equation (5) or Equation (9) for the simplest case). According to
Moulis et al. [10], who suggested choosing an exponential fit, a linear fit, or a polynomial fit for
data analysis, the exponential fit shows deviations for long irradiation times, i.e., when the pollutant
concentration tends to zero. Such deviations may be due to the difference that can exist between
the rigorous solution of the model (Equation (2)) and the approximate solution for longer times.
However, at low concentrations, a change in mass transfer must also be considered as well as the
basic assumption of the rigorous model stating that “the kinetic constant does not change during the
experiment”, which is also questionable. Nevertheless, although deviations can be observed at low
pollutant concentrations, the use of the exponential fit is preferable for data analysis rather than the
linear fit, which requires the careful selection of a few experimental points (as highlighted in Part II).
It is also preferable to the polynomial fit, which can accurately describe the data but has no proven
physical basis.

As can observed in Equations (10) and (11), the maximum degradation rate and the overall efficiency
do not depend on the flow rate since α/τR = k(VP/VR). Consequently, for a given PCO device,
the CADR should be the same whatever the flow rate used in the experiment, provided that all
other parameters, mainly the initial concentration C0 and the irradiance I, are kept constant. In fact,
an increase in the flow rate will lead to a decrease in the contact time τP in the PCO device, which will
reduce the α value, and thus a great number of cycles (=1/α) will be required for the total conversion
of the pollutant. This result is inherent to the recirculation closed-loop system.

Given that the CADR could be easily determined from experimental concentration-time curves,
the knowledge of the volume of the PCO device might be used to determine the value of the
kinetic constant k [17,19,20]. This kinetic constant, which is the overall characteristic parameter
of the apparatus, depends on the geometry of the apparatus, the surface area and the configuration
(plate, pleated, honeycomb) of the photocatalytic material, the irradiance of the lamp, and the initial
concentration of the pollutant [29,30]. For a given PCO device to be tested, the latter parameter can
be adapted in order to obtain an α value lower than 5%. On the basis that α should not be greater
than 5% to satisfy the second assumption, the minimum value of the cycle number is 20. However,
if the total conversion of the pollutant is reached for 1/α < 20, Equation (5) could be used, provided
that the first assumption (τP/τR → 0) is valid. Since the duration of the total conversion of the
pollutant should not exceed 2 h (first assumption), it can be calculated that the residence time in the
reservoir must be less than 72 s (5tc < 2 h; Figure 3). This residence time can be extended to 90 s
and 120 s in the case where the total conversion of the pollutant is considered at t = 4tc and t = 3tc,
respectively (E = 98.2% and E = 95.0%, respectively; Figure 3). Consequently, the residence time in the
PCO device should not exceed 1 s on the basis that τP/τR = 1/100. Indeed, for a ratio τP/τR = 1/40,
Walker and Wragg [18] calculated that the difference based on the rigorous and the approximate
solutions (Equations (2) and (3), respectively) is significant (10.8% at t = 0.5 h). As a result, a ratio
τP/τR ≤ 1/100 seems a reasonable order of magnitude for the determination of the CADR of the PCO
device using a recirculation closed-loop reactor. Since the air flow rate through the reservoir and the
PCO device is constant, the condition τP/τR ≤ 1/100 corresponds to VP/VR ≤ 1/100. According to
the volume of the PCO device to be tested, the flow rate through the recirculation closed-loop system,
or the volume of the reservoir, should be adapted to check this condition. Nonetheless, it should be
kept in mind that the actual residence time of a molecule on the surface of the irradiated medium
installed inside the PCO device is much lower than τP. From the determination of the performance
of PCO air purification in realistic indoor conditions, Destaillats et al. calculated the residence time
of a parcel of air inside the PCO medium on the basis of the medium volume and the air flow rate.
Their results ranged from 0.027 to 0.159 s according to the geometry of the filter (flat or pleated) and
the flow rate [3].
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Can the Model Be Used in a Large Closed Chamber?

Since the CADR of any small PCO device could be determined using a recirculation closed-loop
system characterized by a first-order decay model, provided that the two hypotheses are fulfilled
(τP/τR → 0 and α = CADR/Q < 5%), it seems useful to consider the possibility of determining the
CADR of any commercial PCO device in a real room irrespective of its size (Figure 4). Indeed, in
real conditions, the presence of humidity, of dust, of organic compounds containing heteroatoms
(S, N, P, Si), of intermediates of reaction, as well as the presence of catalyst poisoning molecules or
the decomposition of the TiO2 support can significantly decrease the performances of the apparatus.
In such a case, the volume of the room corresponds approximately to the volume of the reservoir,
assuming that the size of the PCO device is small in comparison with the size of the room (otherwise,
the volume of the reservoir is the volume of the room minus the volume of the PCO device). As the
total time of the experiment does not exceed 2 h in order to use satisfactorily the approximate solution
giving the decrease in the pollutant concentration over time (Equation (3)), the volume of the room
should be judiciously adapted to the size of the PCO device, which may clearly be complicated
to implement. In fact, the use of a 1 m3 closed chamber is recommended in the XP B44-013 French
standard, for which the ratio between the volume of the PCO system and the chamber volume has to be
less than 0.25 [31]. In this standard, CADR is classically calculated according to the following Equation:

CADR = V (ke − kn) (12)

where V is the volume of the chamber, ke is the pollutant decay rate with the PCO device in operation
and kn is the natural decay rate. In a recent study, a closed chamber (1.2 m3) was used to compare
the performances of several commercial photocatalytic devices according to the French XP B44-013
AFNOR standard [5]. In this case, the CADR values were directly calculated assuming a first-order
decay, although both the assumptions described above were not necessarily checked. Thus, the authors
indicated that the CADR values could be quite inaccurate, potentially due to the fact that the operating
parameters of the systems and the quality of the photocatalytic medium could not be controlled.
It could also be due to the methodology of the calculation described in the XP B44-013 standard.

 

Figure 4. Experimental set-up for the determination of the Clean Air Delivery Rate (CADR) of
PhotoCatalytic Oxidation (PCO) devices in real conditions.
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Such an experiment was also carried out in a relatively large closed chamber, 4 m3 in volume,
by Kim et al. [25] to determine the CADR of commercial air cleaners (carbon filters for gas removal).
In this study, the initial gas concentrations ranged between 8 and 13 ppmv (i.e., thousands of times
more than the concentrations treated by PCO devices) and the concentration decreases over time were
continuously recorded using an FTIR analyzer. The authors calculated that the single-pass removal
efficiency of an air cleaner was equal to [0.83 CADR/Q] against α = CADR/Q in the present study.
According to Kim et al. [25], the term 0.83 corresponds to a short-circuit factor taking into account
the re-entrainment of part of the cleaned air in the apparatus. Obviously, in spite of the difficulty of
carrying out an accurate measurement of the concentration decrease in the pollutant at ppb level over
time, it would be interesting to test any PCO device in such real conditions.

In conclusion, it can be said that the recirculation closed-loop reactor considered in this study can
provide CADR results similar to the process used in the XP B44-013 standard. It should be noted that
by using a closed-loop reactor, the operating parameters can be better controlled and using the model
described in this paper leads to more accurate results. Both set-ups (recirculation closed-loop reactor
and closed chamber) are actually complementary; the closed-loop reactor can be used to evaluate PCO
devices regarding the main operating parameters. This set-up can give results in terms of (i) VOC
degradation rate; (ii) one-pass removal efficiency; and (iii) Clean Air Delivery Rate (CADR). This is
a reliable methodology to assess the performance of photocatalytic systems and optimize the major
operating parameters. This can lead to recommendations for manufacturers in terms of the operating
range of flow rate and irradiation for instance, according to the geometry and design of the device.
The experimental closed chamber set-up is better adapted for testing any type and geometry of PCO
device. Moreover, it refers to the French standard, which enables devices to be compared in the same
experimental conditions. It is more dedicated to testing already designed commercial devices for
final qualification.

4. Conclusions

Because of recent developments in photocatalytic air cleaning technology, reliable methodologies
are needed to assess the performance of commercial PCO devices, as well as standard tests for
consumer safety. In addition, rigorous mathematical models describing the decay of the pollutant
concentrations over time are required for the convenient analysis of experimental data and to compare
the performances of the PCO devices. With these objectives, the performances of PCO devices inserted
in a recirculation closed-loop system were investigated using a theoretical approach. The construction
of a rigorous model that can be applied to a recirculation closed-loop reactor was explained. It consists
of associating the equations describing two ideal reactors: a perfect mixed reservoir and a plug flow
reactor. The model was simplified due to both assumptions (τP/τR → 0 and α < 5%). Once the
assumptions are fulfilled, the decrease in pollutant concentration over time can be characterized by
a first-order decay model. Thus, it was shown that this model enables the assessment of the overall
efficiency of PCO devices. Moreover, it was demonstrated that the model would enable the Clean
Air Delivery Rate (CADR) of the PCO devices to be determined experimentally with respect to the
low value of the residence time in the closed-loop system. In such conditions, laboratory recirculation
closed-loop systems could potentially be used for standardization and for the evaluation of small
commercial PCO units. In this case, the experimental CADR could be compared with the efficiency
claimed by the manufacturers.

Author Contributions: Éric Dumont and Valérie Héquet wrote the paper.
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Appendix A Nomenclature

A: cross-sectional area of the PCO device (m2)
C: pollutant concentration (mol·m−3)
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CADR: Clean Air Delivery Rate (m3·s−1)
E: efficiency (dimensionless)
k: overall degradation rate constant (s−1)
ke: pollutant decay rate constant with the PCO device in operation (s−1)
kn: natural decay rate constant (s−1)
L: length of the PCO device (m)
Q: flow rate (m3·s−1)
r: degradation rate (mol m−3·s−1)
t: time (s)
tc: time constant of the closed-loop reactor (s)
V: chamber volume (m3)
VP: PCO device volume (m3)
VR: reservoir volume (m3)

Appendix B Greek letters

τP: residence time in the PCO device (s)
τR: residence time in the reservoir (s)
α: fractional yield of the treated flow rate (dimensionless)
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Abstract: The performances of a laboratory PhotoCatalytic Oxidation (PCO) device were determined
using a recirculation closed-loop pilot reactor. The closed-loop system was modeled by associating
equations related to two ideal reactors: a perfectly mixed reservoir with a volume of VR = 0.42 m3 and
a plug flow system corresponding to the PCO device with a volume of VP = 5.6 × 10−3 m3. The PCO
device was composed of a pleated photocatalytic filter (1100 cm2) and two 18-W UVA fluorescent
tubes. The Clean Air Delivery Rate (CADR) of the apparatus was measured under different operating
conditions. The influence of three operating parameters was investigated: (i) light irradiance I from
0.10 to 2.0 mW·cm−2; (ii) air velocity v from 0.2 to 1.9 m·s−1; and (iii) initial toluene concentration C0

(200, 600, 1000 and 4700 ppbv). The results showed that the conditions needed to apply a first-order
decay model to the experimental data (described in Part I) were fulfilled. The CADR values, ranging
from 0.35 to 3.95 m3·h−1, were mainly dependent on the light irradiance intensity. A square root
influence of the light irradiance was observed. Although the CADR of the PCO device inserted in the
closed-loop reactor did not theoretically depend on the flow rate (see Part I), the experimental results
did not enable the confirmation of this prediction. The initial concentration was also a parameter
influencing the CADR, as well as the toluene degradation rate. The maximum degradation rate rmax

ranged from 342 to 4894 ppbv/h. Finally, this study evidenced that a recirculation closed-loop pilot
could be used to develop a reliable standard test method to assess the effectiveness of PCO devices.

Keywords: photocatalysis; Clean Air Delivery Rate (CADR); indoor air quality; Volatile Organic
Compounds (VOCs); air cleaner

1. Introduction

Indoor Air Quality (IAQ) is a current problem because so many people spend time indoors and are
exposed to numerous pollutants, such as Volatile Organic Compounds (VOCs). To overcome this issue,
PhotoCatalytic Oxidation (PCO) appears as an efficient technology for air cleaning [1,2]. However,
the performances of PCO cleaners in development at the laboratory scale or already available on the
market have to be evaluated for critical comparison [3]. Consequently, there is a need to develop
reliable methodologies to assess the effectiveness of such cleaners and standard test methods prior to
their coming onto the market [4,5]. In Part I of the paper, the performance of any PCO device inserted
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in a closed-loop recirculation system was investigated through a theoretical model. This model allows
the Clean Air Delivery Rate (CADR), considered a useful tool to evaluate the air cleaning capacity of
a PCO device, to be determined experimentally [6]. The higher the CADR value, the faster the PCO
device removes the primary pollutants. As a result, a recirculation closed-loop system can be used
(i) to assess the influence of operating parameters and (ii) potentially to compare PCO units. Therefore,
the aim of this part of the paper is to check experimentally that the model can be used effectively
to determine the CADR of a PCO laboratory device under different operating conditions (pollutant
concentration, light irradiance intensity and flow rate). A more accurate analysis of the results using
the proposed model leads to a discussion of the main influential parameters. Toluene was chosen as
a representative VOC target because it is usually encountered in indoor air at concentrations of around
a few tens of parts per billion by volume (ppbv). It is also a common VOC used to study PCO devices
found in the literature and in different standard tests.

2. Model

The mathematical model, extensively described in Part I, is based on the one proposed by Walker
and Wragg [7] for concentration-time relationships established for recirculating electrochemical reactor
systems. The closed-loop reactor operating in recirculation mode (Figure 1) was modeled by associating
two ideal reactors: a perfectly mixed reservoir with a volume VR and a plug flow system corresponding
to the PCO device with a volume VP. Considering that the volume of the PCO device is very small in
relation to the volume of the reservoir (i.e., if the ratio of the residence times (τP/τR) tends to zero),
the concentration-time relationship is:

C = C0 exp
{
− t
τR

[1 − exp(−α)]

}
(1)

Equation (1) should be able to describe satisfactorily the decrease in the pollutant concentration
over time provided that the total time of the experiment does not exceed 2 h. In this equation, the term α

(= k τp) is the fractional yield of the treated flow rate of the PCO device. In other words, α corresponds
to the percentage of the total flow rate treated during the time τR (i.e., during one cycle). As developed
in Part I, the term α can be related to the parameter CADR (Clean Air Delivery Rate) typically used to
evaluate the air cleaning capacity of a PCO reactor. The CADR is defined as the product of the device
efficiency and the volumetric air flow rate through the apparatus [8,9]:

CADR = α Q (2)

Since the volume of the PCO device is small in relation to the volume of the reservoir, it is expected
that the CADR value is small with regard to the air flow rate Q, and consequently, α does not exceed
some %. In this case, Equation (1) can be simplified as:

C = C0 exp
(
−t

α

τR

)
= C0 exp

(
−t

CADR
VR

)
(3)

Thus, the decrease in pollutant concentration follows a first-order decay model. The value of
the parameter α is then directly deduced from the slope of the curve ln(C/C0) vs. t. Rearranging
Equation (3), the overall efficiency of the PCO device to treat the air is given by Equation (4),
where τR/α is the time constant (tc) of the closed-loop reactor (i.e., the time needed to reach a 63.2%
conversion of pollutant) and 1/α is the cycle number needed to obtain E = 0.632.

E =
C0 − C

C0
= 1 − exp

(
−t

α

τR

)
= 1 − exp

(
− t

tc

)
(4)
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The maximum degradation rate determined at the beginning of the experiment (at t = 0) is then:

rmax = C0
α

τR
= C0

CADR
VR

(5)

 
(a) 

 
(b) 

Figure 1. Experimental closed-loop reactor operating in recirculation mode. (a) Schematic representation;
and (b) photograph of the whole system.

3. Experimental Methods

3.1. Recirculation Closed-Loop System

The closed-loop (batch) system used in this study is described in Figure 1. As experiments were
mainly carried out at concentrations lower than 1 ppmv, the whole pilot (VR = 0.42 m3) was constituted
of stainless-steel to limit the loss of toluene by adsorption on the walls. The PCO device was installed
in an internal duct and operated in recirculation mode. The air flow rate was controlled by a variable
speed fan operating inside the closed-loop system. Flow rates were determined from pressure drop
measurements between the two sides of a calibrated diaphragm. A tranquilization chamber was
used for toluene injection and gas sampling. A honeycomb part located at the inlet of the chamber
provided a homogeneous flow distribution in the reservoir. In such conditions, the polluted air could
be considered perfectly mixed in the reservoir.
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3.2. PCO Device

The PCO device was composed of a photocatalytic medium and UV lamps (Figure 2).
The photocatalytic medium (Ahlström Paper Group) consisted of a thin fibrous support (250 μm
thick) composed of a mixture of cellulose, polyester and polyamide and coated with P25 TiO2 in
a SiO2 binder. The TiO2 load was 17 g·m−2. This medium was specifically produced for these
experiments. The BET specific surface area of the medium (31 ± 1 m2·g−1) was measured by a
Micromeritics ASAP 2010 device (Micromeritics Instrument Corp., Norcross, GA, USA). A pleated
geometry filter was used in order to increase the surface implemented in the reactor for air treatment.
Due to this geometry, the total surface area of the photocatalytic medium was 1100 cm2, and the
corresponding mass of TiO2 was 1.87 g. Two 18-W UVA UV fluorescent tubes (Philips PL-L series,
Koninklijke Philips N.V., Amsterdam, The Netherlands) were placed inside the filter folds as illustrated
in Figure 2. Taking into account the pleated configuration of the PCO device, its overall volume VP

was 5.6 L (0.2 × 0.2 × 0.14 = 5.6 10−3 m3), corresponding to 1.3% of the whole pilot. In order to control
the irradiance received by the photocatalytic medium, a variable voltage supply was used to change
the light intensity provided by the lamps. Before experiments, light irradiance was calibrated using
a Vilber Laurmat VLX 3-W radiometer equipped with a calibrated CX-365 sensor (Vilber Lourmat
Deutschland GmbH, Eberhardzell, Germany). The calibration procedure is extensively described in
Batault et al. [10].

 
(a) (b)

(c)

Figure 2. PhotoCatalytic Oxidation (PCO) device. View of: (a) the inlet side; (b) the outlet side;
and (c) diagram of the pleated filter configuration.
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3.3. VOC Generation and Analytical Methods

To prepare the polluted gas phase at the desired concentrations, liquid toluene (99.99% purity,
purchased from VWR International, Fontenay sous Bois, France) was evaporated in a 1-L glass reactor at
room temperature. The toluene gaseous phase was then injected into the tranquilization chamber of the
pilot by means of a 50-mL syringe through a septum (Figure 1). The decrease in toluene concentration
over time in the photocatalytic reactor was monitored during the experiments using a Markes FLEC
Air Pump 1001 sampler (Markes International Ltd., Llantrisant, UK) at room temperature and at a flow
of 100 mL/min. It consisted of an off-line sampling on multi-sorbent cartridges containing three beds
of Supelco activated carbon: Carbopack B, Carbopack C and Carbopack X. Sorbent tubes were
then analyzed using a TD/GC/FID/MS system (Thermal Desorption/Gas Chromatography/Flame
Ionization Detector/Mass Spectrometer, Perkin-Elmer, Lyon, France). The gas chromatograph was
equipped with a 60-m Rxi-624Sil MS non-polar column from Restek, which was simultaneously
connected to two detectors: (i) a Flame Ionization Detector (FID) for the quantification of compounds;
and (ii) a Mass Spectrometer (MS) for chromatographic peak identification. A calibration curve for
toluene quantification was carried out by diluting a standard toluene cylinder (1040 ppbv in N2,
Prax’air) with clean air. The detection limit was estimated to be lower than 21 ppbv. Three experiments
were performed in identical experimental conditions (I = 0.35 mW·cm−2, v = 0.6 m·s−1, C0 = 600 ppbv)
to assess the experimental error in the determination of pollutant concentrations. As evidenced in the
paper by Batault et al. [10], the degradation curves of the three experiments indicated that the results
were repeatable. The experimental error in the determination of the initial concentration C0 was 17%,
which corresponds to the value given in Destaillats et al. [1] for a pleated filter (around 15%).

3.4. Operating Conditions

Before each experiment, the closed-loop reactor was first flushed with VOC-free air in order
to remove traces of VOCs in the system. The photocatalytic material itself is cleaned by irradiation
under 50% of relative humidity for several hours. Then, the reactor was flushed again. For experiments,
the air entering the reactor was first treated with a zero air generator (Claind 2020, CryoService Limited,
Worcester, UK). The CO2 and humidity were then removed using a suppressor TDGSi PSA device
(F-DGSi, Evry, France). Next, the relative humidity of the air stream in the closed-loop reactor was set
using a hygro-transmitter measurement, a room temperature bubbler and according to an appropriate
gas dilution by means of two Brooks mass flow controllers. The relative humidity was set at the
targeted value, 50%, i.e., 13,000 ppm, to be close to real indoor air conditions (Figure 1).

The influence of three operating parameters (light irradiance I, air velocity v and initial toluene
concentration C0) was investigated in order to determine the change in the performance of the PCO
device. The light irradiance ranged from 0.1 to 2.0 mW·cm−2. The air velocity was determined as
the ratio between the air flow rate, ranging from 28.8 to 273.6 m3·h−1, and the cross-sectional area of
the PCO device (20 cm × 20 cm square-section duct, i.e., 0.04 m2). Thus, the air velocity was varied
from 0.2 to 1.9 m·s−1. In the present work, the photocatalytic module was inserted in a 20 cm × 20
cm square cross-section so that the hydraulic diameter DH was 20 cm. The Reynolds number thus
ranged between 2500 and 26,000, depending on the air velocity value (0.2 to 1.9 s−1), and the reaction
rate was not limited by mass transfer [11]. In these conditions, the residence time in the reservoir
ranged from 52.5 to 5.5 s. Four initial concentrations were selected for experiments: 200, 600, 1000
and 4700 ppbv. The 17 experiments were carried out under the conditions defined in Table 1.

289

Bo
ok
s

M
DP
I



Molecules 2017, 22, 408

Table 1. Operating conditions used in each experiment and experimental results.

Experimental Conditions Experimental Results

I
(mW·cm−2)

v (m·s−1) τR (s)
C0

(ppbv)
α (−) R2 CADR

(m3·h−1)
1/α (−) tc (h) tc (s)

rmax

(ppbv·h−1)

Exp 1 0.10 0.2 52.5 600 0.0278 0.988 0.80 36 0.53 1917 1140
Exp 2 0.10 0.6 17.5 200 0.0086 0.973 0.74 117 0.57 2052 342
Exp 3 0.10 0.6 17.5 1000 0.0043 0.956 0.37 232 1.13 4065 890
Exp 4 0.10 1.0 10.5 600 0.0059 0.937 0.85 169 0.49 1781 1183
Exp 5 0.35 0.2 52.5 200 0.0337 0.969 0.97 30 0.44 1584 449
Exp 6 0.35 0.2 52.5 1000 0.0259 0.927 0.75 39 0.57 2055 1780
Exp 7 0.35 0.6 17.5 600 0.0166 0.971 1.43 60 0.30 1062 2045
Exp 8 0.35 0.6 17.5 4700 0.0041 0.964 0.35 244 1.19 4273 3962
Exp 9 0.35 1.0 10.5 200 0.0118 0.961 1.70 85 0.25 901 786

Exp 10 0.35 1.0 10.5 1000 0.0090 0.984 1.30 111 0.33 1171 3097
Exp 11 0.35 1.9 5.5 600 0.0047 0.966 1.29 212 0.33 1173 1841
Exp 12 0.60 0.2 52.5 600 0.0643 0.994 1.85 16 0.23 843 2639
Exp 13 0.60 0.6 17.5 200 0.0457 0.991 3.95 22 0.11 392 1827
Exp 14 0.60 0.6 17.5 1000 0.0170 0.929 1.47 59 0.29 1039 3505
Exp 15 0.60 1.0 10.5 600 0.0167 0.969 2.40 60 0.18 635 3971
Exp 16 1.00 0.6 17.5 600 0.0238 0.979 2.06 42 0.21 743 2934
Exp 17 2.00 0.6 17.5 600 0.0397 0.962 3.43 25 0.12 449 4894

4. Results and Discussion

Figure 3 presents a typical result of changing toluene concentration over irradiation time
(corresponding to Exp 10). The experimental C/C0 measurements were fitted using both the predictive
model (Equation (1)) and the simplified model (Equation (3)). Numerical resolutions were carried out
using Excel® solver. The procedure is based on the linear least-squares method, which minimizes the
Sum of Squared Residuals (SSR) between experimental and predicted values (for i ranging from one to
n, which corresponds to the n concentration values measured during the experiment).

SSR =
n

∑
i=1

{(
C

C0

)exp

i

−
(

C

C0

)model

i

}2

(6)

According to Figure 3, it can be observed that the predictive model (Equation (1)) described the
experimental data satisfactorily within a total time for the toluene degradation experiment of less than
two hours. Moreover, as the percentage of the total flow rate treated during one cycle (τR = 10.5 s) was
low (α = 0.9% in the present case; Table 1), the assumption of using the simplified model (Equation (3))
was satisfied, and thus, the first-order decay model could be used for the CADR determination
(Figure 3). Nonetheless, for irradiation times longer than 0.7 h, corresponding to a C/C0 ratio value
lower than 0.15, it appears that the model slightly over-predicts the experimental data (this observation
can be made for all experiments as soon as C/C0 < 0.20). This result, reported in the literature [12],
is clearly highlighted in the curve ln(C/C0) vs. time (Figure 3). Such deviations may be due to physical
reasons (mass transfer limitation), analytical reasons (accuracy of the measurements when the toluene
concentration tends to zero) or mathematical reasons (because lim ln(C/C0) tends to −∞ for C/C0

tending to zero). Whatever the reasons, which need to be specifically studied, the problem with using
the curve ln(C/C0) vs. time for the slope determination is choosing the number of points to take into
account. As highlighted in Figure 3, the slope is between −2.97 and −3.90 h−1 according to the number
of points selected, which corresponds to a 35% deviation. These slope values have to be compared
with the value obtained by modeling all of the experimental data using Equation (3) and the Excel®

solver. For the experiment Exp 10, the term α/τR corresponding to the absolute value of the slope
is 3.08 h−1 (α/τR = 0.0090/(10.5/3600)), which indicates that only the first six or seven points should
have been chosen for a correct slope determination. Since the Excel® solver is easily usable for data
analysis, such a tool should be preferred for CADR determination using Equation (1) or Equation (3)
rather than the analysis of the curve ln(C/C0) vs. time. Consequently, all of the results given in the
present paper (Table 1) came from the analysis of all of the experimental data using Equation (1).
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Figure 3. Typical change in toluene concentration over time. Experimental data and models (Exp 10;
I = 0.35 mW·cm−2; v = 1.0 m·s−1; C0 = 1000 ppmv).

From Table 1, it can be concluded that the duration of each experiment (corresponding to 5 tc)
was less than 2 h with the exception of Exp 3 (due to the low value of the light irradiance and high
initial concentration) and Exp 8 (because the initial concentration was significantly higher than that
of the other experiments, C0 = 4700 ppbv). Consequently, experiments can be satisfactorily modeled
using Equation (1). For Exps 3 and 8, the total time of the experiment was longer than 3 h, and the
approximate solution given by Equation (1) becomes inaccurate as indicated in Part I. From Table 1,
it also appears that the maximum α value was 6.4% for Exp 12 and less than 5% for the other
experiments. As a result, the simplified model given by Equation (3) can also be used for the analysis
of almost all of the experiments, as already highlighted in Figure 3 for Exp 10. Figures 4 and 5
present the toluene removal efficiency (normalized concentrations) for all of the experiments according
to the generalized (dimensionless) form and as a function of the number of cycles, respectively
(Equation (4)). Figure 4 confirms that irrespective of the operating conditions, the experiments are
satisfactorily described by the first-order decay model. Moreover, Figure 5 shows that the number
of cycles needed for toluene degradation is strongly dependent on the operating conditions. Such a
graphical representation is useful for a comparison at a glance.
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Figure 4. Toluene removal efficiency for all experiments according to the generalized form (Equation (4)).
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Figure 5. Toluene removal efficiency for all experiments as a function of the number of cycles in the
closed-loop reactor.

4.1. CADR Determination

Depending on the operating conditions, the results given in Table 1 show that CADR ranged
from 0.35 to 3.95 m3·h−1, i.e., one order of magnitude for the same PCO device. The time constant tc

of the closed-loop reactor varied accordingly, from 392 to 4065 s. Moreover, the number of cycles (1/α)
needed to reach a 63.2% conversion of pollutant varied from 16 to 244 corresponding to a ratio of 15.
From Table 1, it appears that the performances of the PCO device are strongly dependent on the
operating parameters.

Since the experimental data reported in the literature are often obtained under different operating
conditions (the design of the reactor or test chamber, flow rate, light intensity, pollutant nature
and concentrations), the direct comparison of CADR values given in the literature is therefore
not suitable. Nonetheless, the study of CADR values obtained using a similar procedure can be
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informative. For instance, the curve ln(C/C0) vs. t was applied by Costarramone et al. to compare the
efficiency of different photocatalytic air purifiers [4]. Studying the toluene degradation performance of
eight commercial PCO devices in a 1.2-m3 closed-loop chamber, these authors reported CADR values
from 0.67 to 24.5 m3·h−1 for an initial concentration of 1000 ppbv and from 2.35 to 10.94 m3·h−1 for
an initial concentration of 250 ppbv. However, the CADR values were directly calculated assuming
a first-order decay, although both assumptions described in Part I of the paper were not necessarily
checked. Thus, the authors indicated that the CADR values could be quite inaccurate. Moreover,
they reported that the comparison of the PCO devices was not straightforward since so many
parameters varied. For instance, the CADR did not follow the order of maximum flow rates of
the devices. Consequently, with the aim of developing a standard for the certification of different types
of PCO apparatus, there is a need to assess the relative influence of each operating parameter on the
performances of the same PCO device.

4.2. Effect of the Light Irradiance Intensity

Figure 6 depicts the influence of the light irradiance intensity on toluene removal at a constant flow
rate and constant concentration. The greater the light intensity is, the faster the degradation and the
higher the CADR are. The degradation rate is varying with light intensity I as In with n approaching
one at very low intensities and n approaching zero at very high values. An intermediate case is
often described in the literature where n is around 0.5 [13]. The insert in Figure 6 shows that the
relationship between CADR and light intensity is: CADR = 2.3 I0.49. Thus, the CADR varies as the
square root of the light intensity, which corresponds to the trend usually reported in the literature [14].
In fact, it is generally agreed that the reaction rate increases with increasing light intensity, as the
heterogeneous photocatalytic reaction depends on the irradiation of the TiO2 surface by UV light
to produce electron/hole pairs, even though some of them recombine. Several regimes are defined:
a first-order regime in which the electron-hole pairs are consumed more rapidly by chemical reactions
than by recombination; and a half-order regime in which the recombination rate dominates [6,15,16].
Nevertheless, it has to be recalled that the CADR is proportional to the overall kinetic rate constant
of the apparatus, which can differ from the photocatalytic reaction rate since the reactor dynamics
are also taken into account (see Part I). Despite this difference, it can be considered that the CADR
determination reflects the actual photocatalytic activity of the PCO device satisfactorily.
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Figure 6. Effect of irradiance intensity on toluene removal efficiency (experimental points and model).
Insert: effect of irradiance intensity on the CADR value.
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4.3. Effect of the Flow Rate

As indicated in Part I, the overall efficiency, as well as the maximum degradation rate in the
closed-loop reactor do not theoretically depend on the flow rate. In fact, an increase in the flow
rate leads to a decrease in the residence time τP in the PCO device, which reduces the α value,
and consequently, many cycles are required for the total conversion of the pollutant. As a result, for a
given PCO device, the CADR should be the same irrespective of the flow rate used in the experiment,
provided that all other parameters are kept constant. Figure 7 displays five cases illustrating the
influence of flow rate for a constant initial concentration and a constant light irradiance. The results
are contrasting. For example, cases {A} and {C} are in agreement with the theory, whereas cases {B}

and {D} indicate that the flow rate had a significant influence on both the CADR and the maximum
degradation rate. Moreover, taking into account the accuracy of the experimental measurement,
case {E} cannot be used to tip the balance. The results from Figure 7 clearly highlight the difficulty of
intuitively sensing the effect of the flow rate. It should be noted that a statistical analysis of the results
using an experimental design was not sufficient to understand the actual role of the air velocity [10],
whereas a previous study carried out at the ppmv level demonstrated a negative influence of the
increase in the flow rate on PCO performances [16]. According to Destaillats et al. [1], the contact
time of a pollutant on the surface of a PCO medium is one of the most critical parameters for reactor
design because a sequence of multiple adsorption/desorption cycles takes place inside the medium.
Due to the internal mass transfer of molecules in the inter-fiber and at the surface of the medium
fibers [17], the contact time in the medium is likely to be longer than the residence time calculated
from geometrical considerations only. One assumption is that the air flow rate may interfere with the
sequence of adsorption/desorption cycles and influence the overall performance of the PCO device.
In addition, even though all experiments carried out in this study were based on the same PCO device
and the same pollutant, it is probable that air flowed differently across the medium according to
the operating conditions. As indicated in Figure 2, the presence of the UV lamps upstream of the
medium and the configuration of the pleated medium itself could significantly change the air flow
distribution along the filter and inside the material. Turbulence effects could be generated at high flow
rates. However, from Figure 7, it can be assumed that the order of magnitude of the air velocity would
not necessarily be influential because the theory is verified for the couple of velocities (v = 0.6 m/s and
v = 1.9 m/s; case {A}) and the couple of velocities (v = 0.2 m/s and v = 1.0 m/s; case {C}), whereas it
is not verified for the latter couple of velocities in the other cases. A numerical study of the air flow
around and inside the medium seems necessary to investigate this point. Moreover, future studies
using different filter geometries need to be performed to evidence the real influence of the flow rate.

4.4. Effect of the Initial Concentration

For experiments carried out at a constant light irradiance and a constant air velocity, it is expected
that the time needed for total toluene degradation should increase with the increase in the initial
concentration. Figure 8 shows the effect of C0 on the determined parameters: CADR, time constant tc

and maximum degradation rate rmax. Cases {F} {G} {H} and {I} enable a direct comparison between the
results obtained since concentrations of 200 and 1000 ppbv were used in these four cases (corresponding
to a concentration ratio of five). The results are contrasting. For I = 0.35 mW·cm−2 (cases {F} and
{G}), the CADR values and the tc values are of the same order of magnitude (ratio of 1.3), whereas
for I = 0.10 mW·cm−2 (case {H}) and for I = 0.60 mW·cm−2 (case {I}), the ratios are equal to 2.0
and 2.7, respectively. Moreover, according to Figure 8, the maximum degradation rate rmax was higher
for 1000 ppbv than for 200 ppbv, but the ratio rmax(1000 ppbv)/rmax(200 ppbv) was around 4 for cases {F}

and {G}, 2.6 for case {H} and only 2 for case {I}. In case {J} corresponding to a concentration ratio
of eight due to the very high concentration used (4700 ppbv), the difference between CADR values
was clear (ratio of four), but the maximum degradation rate obtained for this concentration (3962
ppbv/h) was not significantly higher than that obtained for a concentration of 1000 ppbv in other
conditions. Actually, at this level of concentration, it is known that the reaction mechanism tends
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to a saturation reaction well described in the literature by the Langmuir–Hinshelwood kinetic rate
law model [16]. It should be noted that cases {H} and {J} are based on Exp 3 and Exp 8, respectively,
and thus, these results must be considered with caution (as discussed above). They confirm that
it is difficult to determine experimentally the influence of a given parameter independently of the
others [10]. Although these results highlight that the initial concentration is not the main parameter
influencing the degradation of the pollutant, in comparison with the light irradiance, they nonetheless
demonstrate that it is an important parameter that must be taken into account for the characterization
of any PCO device. Consequently, with the aim of developing a reliable standard test method to
assess the effectiveness of types of PCO apparatus, the given values of the initial concentration should
be selected.
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Figure 7. Flow rate influence on toluene removal efficiency according to the initial concentration C0

and the light irradiance I (cases {A}–{E}; experimental points and model; cycle number = 1/α).

295

Bo
ok
s

M
DP
I



Molecules 2017, 22, 408

 

 

 

0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80 100

E
 =

 (C
0-

C
)/C

0

Exp 5

Exp 6

Cycle number 

Concentration influence
v = 0.2 m/s

I = 0.35  mW/cm2

C0 = 200 ppbv
CADR = 0.97 m3/h
rmax = 449 ppbv/h 
tc = 0.44 h

C0 = 1000 ppbv
CADR = 0.75 m3/h
rmax = 1780 ppbv/h
tc = 0.57 h

{F}

0.0

0.2

0.4

0.6

0.8

1.0

0 100 200 300 400 500

E
 =

 (C
0-

C
)/C

0

Exp 9

Exp 10

Cycle number 

Concentration influence
v = 1.0 m/s

I = 0.35  mW/cm2

C0 = 200 ppbv
CADR = 1.70 m3/h
rmax = 786 ppbv/h 
tc = 0.25 h

C0 = 1000 ppbv
CADR = 1.30 m3/h
rmax = 3097 ppbv/h
tc = 0.33 h

{G}

0.0

0.2

0.4

0.6

0.8

1.0

0 200 400 600

E
 =

 (C
0-C

)/C
0

Exp 2

Exp 3

Cycle number 

Concentration influence
v = 0.6 m/s

I = 0.10  mW/cm2

C0 = 200 ppbv
CADR = 0.74 m3/h
rmax = 342 ppbv/h 
tc = 0.57 h C0 = 1000 ppbv

CADR = 0.37 m3/h
rmax = 890 ppbv/h
tc = 1.13 h

{H}

0.0

0.2

0.4

0.6

0.8

1.0

0 50 100 150 200

E
 =

 (C
0-C

)/C
0

Exp 13

Exp 14

Cycle number 

Concentration influence
v = 0.6 m/s

I = 0.60  mW/cm2

C0 = 200 ppbv
CADR = 3.95 m3/h
rmax = 1827 ppbv/h 
tc = 0.11 h

C0 = 1000 ppbv
CADR = 1.47 m3/h
rmax = 3505 ppbv/h
tc = 0.29 h

{I}

0.0

0.2

0.4

0.6

0.8

1.0

0 100 200 300 400 500

E 
= 

(C
0-C

)/C
0

Exp 7

Exp 8

Cycle number 

Concentration influence
v = 0.6 m/s

I = 0.35  mW/cm2

C0 = 600 ppbv
CADR = 1.43 m3/h
rmax = 2045 ppbv/h 
tc = 0.30 h C0 = 4700 ppbv

CADR = 0.35 m3/h
rmax = 3962 ppbv/h
tc = 1.19 h

{J}

Figure 8. Effect of the initial concentration on toluene removal efficiency according to the light
irradiance I and the air velocity v (cases {F}–{J}; experimental points and model; cycle number = 1/α).

5. Conclusions

The performances of a laboratory PCO device were determined using a recirculation closed-loop
pilot. The Clean Air Delivery Rate (CADR) of the apparatus was calculated under different operating
conditions. The main results of this study are:

(i) Since the volume of the PCO device is very small in relation to the volume of the reservoir,
the ratio of the residence times (τP/τR) tends to zero, and consequently, the concentration-time
relationship given by Equation (1) can be used to model the experimental points. Moreover,
as the term α is usually determined to be lower than 5%, the simplified model characterized by
a first-order decay model (Equation (3)) can be used to determine the CADR of the PCO device.

(ii) Since the Excel® solver is easily usable for data analysis, such a tool should be preferred for
CADR determination rather than the analysis of the curve ln(C/C0) vs. time, which involves
selecting a given number of points for a correct calculation.

(iii) According to the operating conditions, the CADR ranged from 0.35 to 3.95 m3·h−1, i.e., one order
of magnitude for the same PCO device. The CADR was mainly dependent on the light irradiance
intensity. An increase in the CADR with the square root of the light irradiance was observed.
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(iv) Although the CADR of the PCO device inserted in the closed-loop reactor did not theoretically
depend on the flow rate (see Part I), the experimental results did not enable the confirmation of
this point. The results were contrasting. Some experimental data were in agreement with the
theory, whereas others disagreed. Further investigations are therefore needed to explain this
ambiguity. Numerical simulations of the air stream line and velocity through the medium may
be useful.

(v) The maximum degradation rate rmax ranged from 342 to 4894 ppbv·h−1. As the initial
concentration is one parameter influencing the degradation rate of the pollutant, tests should be
performed at a given value of the initial concentration in order to compare the performances of
different types of PCO apparatus.

Finally, this study demonstrated that a recirculation closed-loop pilot can be used to develop
a reliable standard test method to assess the effectiveness of any PCO device with regard to the
operating parameters. The conditions needed to apply a first-order decay model to the experimental
data (described in Part I) were usually fulfilled. However, experimental errors in the determination
of the pollutant concentrations still impact the assessment of the influential parameters too much.
More accurate results should be obtained using the same operating conditions, and future research is
still required to determine pollutant concentrations at low part-per-billion levels.
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Abbreviations

A cross-sectional area of the PCO device (m2)
C pollutant concentration (mol·m−3)
CADR Clean Air Delivery Rate (m3·s−1)
E efficiency (dimensionless)
k overall degradation rate constant (s−1)
L length of the PCO device (m)
Q flow rate (m3·s−1)
r degradation rate (mol m−3·s−1)
t time (s)
tc time constant of the closed-loop reactor (s)
VP PCO device volume (m3)
VR reservoir volume (m3)
Greek letters
τP residence time in the PCO device (s)
τR residence time in the reservoir (s)
α fractional yield of the treated flow rate (dimensionless)
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