
P25 and TiO2 were seen to be completely inactive whereas the
degradation of the toxin was easily achieved by N–TiO2 due to a
red-shift of the energy band gap to the visible light region (2.3 eV).
Liu et al. [210] also studied the activity of visible light active co-

doped TiO2 (C–N TiO2) with the effective narrowing of the band
gap by carbon and nitrogen. Favourable structural and textural
characteristics such as small crystalline size, anatase formation,
increased porosity and a high specific surface area with successful
inhibition of the anatase to rutile phase transformation were
considered the reasons for the increased photocatalytic activity of
these materials for MC-LR degradation. Zhao et al. [211] showed
that a visible light active NF–TiO2 proved to be effective in the
destruction of 6-hydroxymethyl uracil (6-HOMO), a model com-
pound (Fig. 12) for the cyanotoxin Cylindrospermopsin (CYN).

This study also compared the effectiveness of the different
doping systems including PF–TiO2 and S–TiO2. It was seen that of
the three systems, PF–TiO2 had the largest shift towards the visible
light region (2.68 eV), yet it was less effective than NF–TiO2

(2.75 eV). The suggested reason for this was that doping with PF
resulted in poorer structural properties and a faster electron–hole
recombination rate. The slower recombination rate of the NF–TiO2

system allowed for the production of ROS products which in turn
promoted the destruction of this compound. The active species
found in this study was the superoxide radical anion (O2

��) at the
conduction band which as discussed before, can result in the

Fig. 11. Attack of hydroxyl radicals on the conjugated carbon double bonds of Adda. Reproduced from Environ. Sci. Technol. 42 (2008) 8877–8883; with permission from
American Chemical Society.

Fig. 12. Chemical representation of cylindrospermopsin (CYN) and the model compound 6-hydroxymethyl uracil (6-HOMU). Adapted from Zhao et al., Catal. Today 224
(2014) 70; Copyright 2014, reprinted with permission from Elsevier.

Fig. 13. Visible light photocatalytic processes for the destruction of 6-hydro-
xymethyl uracil. Adapted from Zhao et al., Catal. Today 224 (2014) 70; Copyright
2014, reprinted with permission from Elsevier.
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generation of hydroxyl radicals through the reaction of oxygen
with H2O2 (Fig. 13). This indicated that molecular oxygen is re-
quired for degradation as an ecb� trap and/or in the production of
O2

�� . S�TiO2 was proven to be an inactive system for this reac-
tion. This study furthered the knowledge and the roles of ROS in
doped and co-doped titanium dioxide photocatalysts.

Graphene oxide (GO) is a material of particular interest for the
doping of TiO2 due to its abundant anchoring sites for binding
with the photocatalysts. Fotiou et al. [212] attempted to use GO to
increase the photo-activity of TiO2 against MC-LR under UV-A and
solar irradiation (Fig. 14). From the characterisation of the GO
doped materials, it can be clearly seen that the resulting material
absorbs light from the whole visible region. After a period of 1 h
irradiation using solar irradiation, Degussa P25 was seen to fully
degrade MC-LR with GO–TiO2 closely behind with 97% followed by
another standard Kronos (95%) and reference TiO2 (18%). The im-
proved activity of GO–TiO2 compared to the reference TiO2 was
attributed to the effective inhibition of the electron–hole re-
combination route due to the interfacial charge transfer process.
The doping with GO provided carbon for the substitution of oxy-
gen (Ti–O–C) which in turn provided new energy states deep in
the TiO2 band gap resulting in visible light absorption. Inter-
mediate products produced by GO–TiO2 degradation of MC-LR
were identified using LC-MS. These intermediates were de-
termined to be mostly identical to those identified by P25 under
UV-A suggesting that the photo-generation mechanism takes
place through a common active species, �OH. The reaction me-
chanism suggested was in accordance with that provided by An-
toniou previously confirming that the responsible reaction steps
are hydroxyl addition and hydroxyl substitution [205]. Further
studies where the materials were tested against MC-LR in surface
water supplies have shown that GO–TiO2 is almost as effective as
in ultra-pure water, highlighting the promising use of this material
in water treatment systems.

7. Conclusions

Research into the development of solar and visible light active
photocatalysts for the treatment of contaminants of emerging
concern (CECs), endocrine disrupting compounds (EDCs), bacteria
and cyanotoxins has been discussed in detail throughout this re-
port. The use of conventional water treatment technologies against

these contaminants are limited due to their ineffectiveness and
incomplete bio-degradation of the waste products as outlined in a
number of EU directives such as 85/337/EEC, 91/271/EEC, 76/464/
EEC, 2010/75/EU and 2006/118/EC. Therefore, the effective utilisa-
tion of solar and visible light for the destruction of these pollutants
has great potential. As discussed, upon activation with light of a
suitable wavelength, reactive oxygen species (ROS) such as O2

�� ,
1O2, �OH, H2O2 and �HO2 are produced with the ability to degrade
organic compounds. It was found that it is not only the material of
interest that needs to be considered but the production of ROS
being generated under solar/visible light conditions is also vital. It
can be concluded that there is a critical need for further improve-
ment of the efficiency of these materials for bulk industrial use.
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