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The interest toward the development of hybrid photocatalytic
materials is exponentially grown in the last decade. In this
review, we summarize the current research progresses in the
production of hybrid materials, with a particular focus on
carbon based material coupled with titanium dioxide, photo-
biocatalysts, and their application in the removal of emerging
contaminants from water, i.e. pharmaceutical products. We
give some highlights on the key properties and features of
these advanced composites, the involved mechanisms and on
the potential hazards posed by these nanomaterials.
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Introduction

Since the discovery of the heterogeneous photocatalysis
the scientists focused their attention on innovative
strategies for increasing the overall process efficiency.

The most prominent drawback of the photocatalytic
process is the scarce efficiency, due to the imbalance
between the low kinetic of separation and transfer of the
photogenerated charge carriers (hole in the valence
band, /1;;, and electron in the conduction band, ¢;;) and
the high kinetic of recombination in the bulk of the
semiconductor and/or mediated by surface species or
adsorbed molecules [1]. Unfortunately, for the main
stable and photoactive semiconductors, the scarce effi-
ciency is not compensated by high Visible absorption, as
the main semiconductors used in photocatalysis (TiO»,
WO3, Zn0O...) absorb the UV fraction of the solar
spectrum only.

The synthesis of hybrid structures coupling semi-
conductors with one or more organic/inorganic phases

have been proposed not only to increase the overall ef-
ficiency of the process, but also to visible-sensitized the
process itself [2—4].

With the term /Aybrid material we usually denote a ma-
terial formed by coupling two or more phases (inorganic
or carbon based) with features that are not the sum of
the properties of the single phases, but the result of the
synergistic interaction among them. The hybrid shows
properties specifically related to the close interaction
among the phases and to the peculiar features of the
interface properties.

In the last 10 years, the attention has been strongly
focused on the new possibilities that the photocatalytic
hybrid materials give to overcome the main drawbacks of
the photocatalytic process based on traditional materials
(see Figure 1 and its inset). It is manifest that the
studies on hybrid structures have reached a prominent
role in the field of photocatalysis, e.g. in the first months
of 2017 more than 50% of the publications related to
photocatalysis is directly or indirectly connected to
hybrid materials. Restricting the analysis to the use of
hybrid materials for the photo-assisted abatement of
pollutants (and limiting the analysis to the period from
2015 to present) it emerges that in more than 75% of the
articles in which the photocatalytic activity of an hybrid
materials has been tested, this evaluation was carried
out by using a single dye as standard substrate. Of the
remaining 25%, only a minimal fraction (2—3%) is
focused on the abatement of pharmaceutical products.

The main advantages of hybrid materials for photo-
catalytic applications are the following: 1) the presence
of a gradient of potential at the interface can in some
cases assist the separation of the photogenerated
charges in the proximity of the interface; 2) one of the
phases is usually able to absorb visible light; 3) some of
the most promising hybrid photocatalysts have high
adsorption properties due to their high surface area; 4)
the coupling of a second phase with a traditional semi-
conductor can promote an increment of the selectivity
of the process.

On the basis of the most general definition for hybrid
materials the principal types of hybrids proposed for
photocatalytic applications are:

1) homo- or hetero-materials composed by two or more
inorganic phases [5—7];
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Number of publications from 1978 to 2015 indexed with the key words
Photocatalysis and TiO, (A) and with Hybrid materials and Photo-
catalysis and TiO (B). Insert: ratio B/A as a function of the publication
years. Source: Scopus, March 2017.

2) inorganic semiconductors coupled with carbon-based
materials (CBMs) such as graphene (GR) [8—10],
graphene oxide (GO) [11,12], reduced graphene
oxide (rGO) [13—15], single or multiwalls carbon
nanotubes (CN'Ts) [16—18], carbon quantum dots
[19], carbon nano-horns [20] and fullerenes [21,22];

3) inorganic semiconductors hybridized with innovative
2D materials such as graphitic-carbon nitride (g-
C3Ny) [23—25] or boron nitride (BN) [26];

4) photocatalysts composed by inorganic
conductor/polymer nano-hybrids [2];

5) inorganic semiconductors surface-functionalized
with species able to visible-sensitizing the photo-
catalyst [27], increase the photocatalytic process
selectivity (e.g. TiOz/enzymes [28]) or increment
the adsorption of the materials toward selected
classes of molecules [29].

semi-

Focusing on the class of hybrids coupling TiO; and
graphene (or graphene-like structures), it is possible to
divide the materials in two classes (here defined as A
and B). Class A includes all the materials in which the
semiconductor is synthesized in situ on graphene (e.g.
graphene nanoplatelets, eventually functionalized with
—COOH or —NH; moieties, can be used as nucleation
sites for TiO; particles), while Class B contains the
hybrids in which graphene is typically synthesized on
pre-existing semiconductor particles by reduction of
adsorbed GO (e.g. by thermal annealing, photocatalyti-
cally, chemically with hydrazine...).

In the light of the impressive number of studies
regarding the photocatalytic properties of hybrid

systems, this short review is focused on a restricted
subgroup of materials. The attention is devoted to TiO;-
based hybrids avoiding the analysis of alternative inor-
ganic semiconductor-based materials which usually have
lower efficiency than TiOz-based hybrids. Furthermore,
we did not consider the fully inorganic hybrid systems
focusing the attention on the organic/inorganic materials
only. Finally, we restricted our analysis to the use of
these for the abatement of organic bio-recalcitrant pol-
lutants reporting some case studies about drugs removal,
excluding the impressive amount of articles focused on
the decoloration of dyes because the too widespread
practice of testing the photocatalytic materials toward a
dye only creates problems of interpretation. It is true
that the organic dyes are among the largest group of
pollutants discharges from the industries, but their
operational transformation mechanism under irradiated
hybrid systems (primarily a visible sensitized photo-
bleaching promoted by the injection of electrons from
dye excited states towards delocalized and empty states
of the hybrid) can be quite different with respect to a
pure photocatalytic process. Consequently, as recently
demonstrated in Ref. [30], this approach cannot give
informative indications about the real photocatalytic
efficiency of the material.

TiO2/CBM hybrid materials applied to drugs
removal

Different processes occur during the photo-activated
degradation of a pollutant in the presence of nano-
photocatalysts coupling TiO; and a narrower band gap
CBM. CBM is easily excited under visible light despite
of TiO; that requests hv < 360 nm. Electrons and holes
generated (in CMB and/or TiO; as a function of the
irradiation) can migrate through the interface and react
at the surface and/or recombine (in the bulk, at the
interface or at the surface). The direction of transfer of
the photogenerated charges as well as the place in which
the transformation of the pollutant mainly occurs cannot
be easily generalized and primarily depends on the
band-edge energy position, the charge carriers mobility
and the features of the TiO,/CBM interface. A complete
agreement on the role of the carbonaceous phase during
the photocatalytic process has not been reached.
Different mechanisms can be operational as a function
of the specific properties of the hybrid systems. The
carbonaceous phase (i.e. rGO) can operate in three
different ways: 1) rGO acts as a good electron acceptor
and promotes the electron transfer from TiO; to rGO
(ZEB(Tz'Oz) —1GO) as a consequence of the relatively high
work function of graphene (4.42 ¢V) [31], furthermore
/FVLB(TZ.O ) can move toward rGO promoting the oxidation

2 . .

of here adsorbed substrates; 2) rGO absorbs visible (and
UV photons) promoting the delocalization of electrons
located in high-energy rGO states onto TiO;
(rGO—e TiOZ))’ acting more as a macromolecular
sensitizing instead of electron reservoir [32]; 3) the rGO
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has a detrimental effect on the overall photocatalytic
efficiency as a consequence of either the absence of
electron/hole transfer between TiO; and rGO and vice-
versa (rGO is a competitive light absorber and can often
compartmentalize the substrate on a non-reactive
phase) or the ability of rGO to capture both holes and
electrons generated into TiOz acting as a macromolec-
ular recombination center. For a more detailed descrip-
tion of the possible reactive schemes please refer to
[15].

The degradation rate of standard pollutants is usually
used to compare the efficiency of different materials,
taking into account that many experimental parameters
affect the process, including the concentration and kind
of molecules, the amount of photocatalyst, the type and
intensity of irradiation.

The absence of papers related to TiOz-non defective
graphene nanoplatelets (GNP) used toward drugs
abatement has to be ascribed to the difficulty to couple
the two phases with opposite solvophilic properties: the
hydrophobic GNP and the hydrophilic TiO;. The
absence of helpful interfacial phenomena implies that
GNP only acts as competitive light absorber. Conversely,
the amphiphilic nature of GO/rGO surface allows the
occurrence of a strong interaction between the organic
and inorganic phases with the establishment of the
series of reactions/mechanisms briefly described above.

Ti0,-rGO materials, synthetized through different ap-
proaches, were successful applied to the degradation of
acetaminophen [33], diphenhydramine [34,35], carba-
mazepine [36—39], atenolol [40], diclofenac [41],
ibuprofen [38], sulfamethoxazole [38] and risperidone
[42]. There is an overall agreement about the possibility
to obtain a positive role of GO/rGO on the analyte
degradation rate and about the requirement of low
carbon loadings, due to the shielding effect on light,
while it is under scrutiny if GO/rGO phase could act as
sensitizer toward visible light [15,42].

TiO,-CN'T composite materials exhibit controversial
efficiency. TiO;-single wall CN'Ts were tested on the
degradation of a mixture of 22 pharmaceuticals [43],
showing that the performance of composite materials is
strongly dependent on the kind of molecule. TiO;-
multiwalls CN'T under UV irradiation could have a
positive effect (ketoprofen [44] and bisphenol A [45]),
negative effect (salicylic acid [46] and diclofenac
[45,47]) or controversial (carbamazepine [48,49]), but
data are not enough to conclude if this phenomenon is
linked to the kind of molecule, CN'T diameter or the
presence of oxidized moieties on the CN'T structure.

Other and less common carbonaceous phases were used
into TiO, composite in the drugs removal, such as
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fullerenes [50,51], carbon dots [52] and organic shell
layer [53].

TiO2- and CNP-based photobiocatalysts

A photobiocatalyst is a semiconductor with or without a
light harvester that activates an enzyme. Usually, it is a
four component system, comprising a photocatalyst, an
enzyme and two chemical compounds acting as sacrifi-
cial electron donor (e.g. water, alcohol or tertiary
amines) and an electron relay between photocatalyst
and enzyme. Different systems could be prepared, all
inspired to natural photosynthesis [28].

A great interest is associated to the development of
photocarbocatalysts [54—56] that could be employed to
promote enzymatic reductions mediated by NAD™/
NADH. GO and CNTTs form strong association com-
plexes with many aromatic organic molecules and can
promote the assembly of organic chromophores to
introduce light-harvester centers on the carbon.

Another promising application is to exploit the H,0,
produced by a semiconductor (i.e. TiO;) to activate
enzymes, as depicted in Figure 2. Virtually all photo-
catalytic systems in the presence of oxygen generate
ROS as a consequence of the efficient trapping of con-
duction band electrons by oxygen. The primary species
is superoxide O, ~, easily protonated by water to form
*OOH that can end up in H,0O; by a second electron and

Figure 2
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Mechanism describing the possibility to exploit the photocatalytic pro-
duction of HoO, under an irradiated semiconductor (i.e. TiO,) to activate
enzymes.
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a protonation step. Even if the generated stationary
concentration of H;O; is generally low, it should be
sufficiently high and compatible with enzyme activation
as most of the peroxidase and catalase enzymes can
operate with low H;O; concentration. This approach
was successfully applied to the degradation of chlor-
ophenols and carbamazepine combining peroxidase and
TiO, [57,58]. TiO, and peroxidase act synergistically,
leading to an increase in the removal rate of model
molecules. Furthermore, this system exhibits a certain
selectivity on the intermediates products, i.e. in the case
of dichloro and trichlorophenols the formation of chlor-
oderivatives is hindered [57]. As for carbamazepine,
photocatalytic treatment prevails on the enzymatic
degradation, but the synergistic effect of two catalysts
leads to a more efficient carbamazepine degradation
[58].

Toxicity related to TiO,, CBM and composite
materials

"The toxicity of photoactive nanomaterials depends on the
intrinsic physicochemical properties of the primary par-
ticle (particle size, morphology, crystal structure, surface
area, band gap energy, and charge), nanoparticle behaviors
in the environmental media (aggregation, agglomeration,
and sedimentation) and on the organism surface [59].
Owing to their unique physicochemical properties, the
risk assessment is complex and challenging and current
available data, collected in Table 1, are inadequate to draw
conclusions about their potential hazard.

However, numerous materials cause oxidative stress,

such as Graphene, CNTs, and TiOj; for TiO; a

Table 1

phototoxic effect was shown toward numerous organ-
isms and cell lines [60,61]. Toxicity is depended on
nanoparticles concentration as well as irradiation in-
tensity and duration; particle size plays a key role as well
and the highest phototoxicity toward Daphnia magna was
exerted by intermediate sized particles [61].

Concerning CBM, studies are controversial and range
from considering graphene materials as biocompatible to
pose adverse biological responses and cytotoxicity [62].
Though, the available data suggest that placenta does
not constitute an impermeable barrier for the nano-
materials and they possess a potential toxicity; oxidized
graphene forms seem less toxic than graphene sheets or
multwall carbon CN'Ts [63]. Furthermore, graphene
poses toxic effects on different biological models, while
GO exhibits a low cytotoxicity [64].

Few toxicity studies are available on composite mate-
rials. TiO2-GO composites exhibit significant cytotox-
icity with a decrease of cell viability as well as TiO,,
while GO could enter A549 cells without causing any
cell damage [65]. The cytotoxicity of composite mate-
rial has been attributed to oxidative stress related to
TiO; nanoparticles. As a confirm, TiO;-GO composite
was separated into TiO; and GO after entering into
A549 cells, so assessing that the composite material
exerts the combined toxicity of the two separate mate-
rials, without any additional effect. Similar conclusions
arose from tests performed using Daphnia magna and
Oryzias latipes on TiO, and graphene—TiO; nano-
composite as the combined system does not exhibit a
higher toxicity [66].

Toxicity performed on TiO,, carbon-based materials and composite materials.

Toxicity test Materials
TiOo CNT GNP/rGO GO TiOo/GNP TiOo/GO
Cytotoxicity Significant Oxidative stress [67] More toxic than  No cell damage - Significant
cytotoxicity [65] GO [68] [65,69] cytotoxicity [65]
Daphnia LCso 118 ppm (dark), - - — LCs 138 -
magna 60 ppm (SSR) [66]; ppm (dark),
ECs0 1.1 (25 nm) [69] 90 ppm (SSR) [66]
Oryzias LCs0 > 500 ppm - - - LCso > 500 -
latipes (dark), 8.5 ppm ppm (dark),
(SSR) [66] 11 ppm (SSR) [66]
Zebrafish - Death [63] reduced Reduced larva Malformations [63] - -
heart rate [70] length [70] Reduced heart
rate [70]
Hyalella LCs0 24 ppm (low conc), - - - - -
Azteca 44 ppm high conc [71]
Animals - Increase embryonic death, Lung inflammation Controversial = =
decrease embryonic (mice, [62]); effect (mice [62])
growth (Chicken [70]) Decreased
survival rate [71]
Cells - Decrease cell viability [72] Induced apoptosis Oxidative stress - -

(rat [62])

(human lung [62])
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Perspectives and conclusive remarks

Even if some of the proposed innovative hybrid mate-
rials showed quite interesting features, their overall
photocatalytic performances are not so impressive to
foresee a large use of these materials in the industry of
photocatalytic materials in a near future. Furthermore,
despite the enormous efforts spent, a real comprehen-
sion of the mechanism active on these materials under
irradiation and their ability to remove classes of pollut-
ants different from the dyes has not been reached yet. In
our opinion, in the field of the photocatalytic hybrid
materials it is essential: 1) to test the new systems with
substrates that do not absorb visible light and of more
environmental concern (e.g. pharmaceutical and drugs)
and in conditions closer to real applications; 2) to design
the photocatalytic experiments with the aim to clarify
the operational mechanisms comparing the results ob-
tained with different substrates and under different
irradiation systems; 3) to evaluate the real possibility of
a wide-scale application of the hybrid materials in term
of cost of production, environmental-sustainability of
the synthesis; as an example, the production of GO
through the exfoliation of graphite oxide obtained by the
Hummers’ method (oxidation of graphite by strong ox-
idants in mineral acids) must be carefully evaluated
from the point of view of the environmental implica-
tions, and 4) to analyze thoroughly the toxicity effects of
both the materials itself and the by-products obtained
from the photocatalytic transformation of the consid-
ered pollutants.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

* of special interest
** of outstanding interest

1. Minero C, Vione D: A quantitative evaluation of the photo-
catalytic performance of TiO; slurries. Appl. Catal. B 2006, 67:
257-269. http://dx.doi.org/10.1016/j.apcatb.2006.05.011.

2. Raghava Reddy K, Hassan M, Gomes VG: Hybrid nano-
structures based on titanium dioxide for enhanced photo-
catalysis. Appl. Catal. A 2015, 489:1—16. hitp://dx.doi.org/
10.1016/j.apcata.2014.10.001.

3. Xiang Q, Yu J, Jaroniec M: Graphene-based semiconductor
photocatalysts. Chem. Soc. Rev. 2012, 41:782—-796. http://
dx.doi.org/10.1039/c1cs15172j.

4. Amir MNI, Julkapli NM, Bagheri S, Yousefi AT: TiO2 hybrid
photocatalytic systems: impact of adsorption and photo-
catalytic performance. Rev. Inorg. Chem. 2015, 35:151-178.
http://dx.doi.org/10.1515/revic-2015-0005.

5. Riboni F, Dozzi MV, Paganini MC, Giamello E: Photocatalytic
activity of TiO2-WO3 mixed oxides in formic acid oxidation E.
Selli. Catal. Today 2016. http://dx.doi.org/10.1016/j.cattod.2016.
12.031.

6. Zhang P, Tian YLB, Luo Y, Zhang J: Synthesis of core-shell
structured CdS@CeO, and CdS@TiO, composites and com-
parison of their photocatalytic activities for the selective
oxidation of benzyl alcohol to benzaldehyde. Catal. Today
2017, 281:181-188. http://dx.doi.org/10.1016/j.cattod.2016.
05.042.

7. DiPaola A, Bellardita M, Palmisano L, Parrino F: Junction effect
on the photocatalytic activity of mixed-phase TiO2

Selected hybrid photocatalytic materials Minella et al. 15

nanoparticles. ECS Trans. 2010, 25:29-35. http://dx.doi.org/
10.1149/1.3416199.

8. Lee JS, You KH, Park CB: Highly photoactive, low bandgap
TiO2 nanoparticles wrapped by graphene. Adv. Mater. 2012,
24:1084—-1088. http://dx.doi.org/10.1002/adma.201104110.

9. Tang L, Wang J-j, Jia C-t, Lv G-x, Xu G, Li W-t, Wang L, Zhang J-
y, Wu M-h: Simulated solar driven catalytic degradation of
psychiatric drug carbamazepine with binary BiVO,4 hetero-
structures sensitized by graphene quantum dots. Appl. Catal.
B 2017, 205:587—-596. http://dx.doi.org/10.1016/
j-apcatb.2016.10.067.

10. Sordello F, Odorici E, Hu K, Minero C, Cerruti M, Calza P: Shape
controllers enhance the efficiency of graphene-TiO> hybrids
in pollutant abatement. Nanoscale 2016, 8:3407—-3415. http:/

dx.doi.org/10.1039/c5nr07257c.

TiO»-graphene composite materials were prepared using functional-
ized graphene sheet and/or shape controller in solution, aimed to
promote the growth of specific facets.

11. Guo S, Zhang G, Guo Y, Yu JC: Graphene oxide—Fe>03 hybrid
material as highly efficient heterogeneous catalyst for
degradation of organic contaminants. Carbon 2013, 60:
437-444. hitp://dx.doi.org/10.1016/j.carbon.2013.04.058.

12. Liang Y, Wang H, Sanchez Casalongue H, Chen Z, Dai H: TiO»
nanocrystals grown on graphene as advanced photocatalytic
hybrid materials. Nano Res 2010, 3:701-705. http://dx.doi.org/
10.1007/s12274-010-0033-5.

13. Xiang Q, Yu J, Jaroniec M: Synergetic effect of MoS, and
graphene as cocatalysts for enhanced photocatalytic Ha
production activity of TiO, nanoparticles. J. Am. Chem. Soc.
2012, 134:6575—-6578. http://dx.doi.org/10.1021/ja302846n.

14. Ren L, Qi X, Liu Y, Huang Z, Wei X, Li J, Yang L, Zhong J:
Upconversion-P25-graphene composite as an advanced
sunlight driven photocatalytic hybrid material. J. Mater.
Chem. 2012, 22:11765—-11771. http://dx.doi.org/10.1039/
c2jm30457k.

15. Minella M, Sordello F, Minero C: Photocatalytic process in TiO,/
** graphene hybrid materials. Evidence of charge separation by
electron transfer from reduced graphene oxide to TiO,. Catal.
Today 2017, 281:29—-37. http://dx.doi.org/10.1016/j.cattod.2016.
03.040.
TiOo-rGO and SiO2-rGO hybrids were synthesized reducing different
amount of GO on the nanometric semiconductors by hydrazine. The
photocatalytic efficiency of the materials was evaluated using phenol and
methylene blue under different irradiation conditions to give insight into
the operational mechanisms with different substrates. From the kinetic
analysis of the degradation profiles it was inferred that the working
photocatalytic mechanism involves electron transfer from photo-excited
states of rGO onto the TiO», and holes migration from TiO» to rGO.

16. Moya A, Cherevan A, Marchesan S, Gebhardt P, Prato M, Eder D,
Vilatela JJ: Oxygen vacancies and interfaces enhancing
photocatalytic hydrogen production in mesoporous CNT/
TiO2 hybrids. Appl. Catal. B 2015, 179:574-582. http://
dx.doi.org/10.1016/j.apcatb.2015.05.052.

17. Eder D, Windle AH: Carbon—inorganic hybrid materials: the
carbon-nanotube/TiO, interface. Adv. Mater. 2008, 20:
1787—-1793. http://dx.doi.org/10.1002/adma.200702835.

18. Krissanasaeranee M, Wongkasemijit S, Cheetham AK, Eder D:
Complex carbon nanotube-inorganic hybrid materials as
next-generation photocatalysts. Chem. Phys. Lett. 2010, 496:
133-138. http://dx.doi.org/10.1016/j.cplett.2010.07.043.

19. DiJ, Xia J, Ge Y, Li H, Ji H, Xu H, Zhang Q, Li H, Li M: Novel
visible-light-driven CQDs/Bi;WOg hybrid materials with
enhanced photocatalytic activity toward organic pollutants
degradation and mechanism insight. Appl. Catal. B. 2015,
168-169:51—-61. http://dx.doi.org/10.1016/j.apcatb.2014.11.057.

20. Battiston S, Minella M, Gerbasi R, Visentin F, Guerriero P, Leto A,
Pezzotti G, Miorin E, Fabrizio M, Pagura C: Growth of titanium
dioxide nanopetals induced by single wall carbon nano-
horns. Carbon 2010, 48:2470—2477. http://dx.doi.org/10.1016/
j.carbon.2010.03.019.

21. Krishna V, Noguchi N, Koopman B, Moudgil B: Enhancement of
titanium dioxide photocatalysis by water-soluble fullerenes.

www.sciencedirect.com

Current Opinion in Green and Sustainable Chemistry 2017, 6:11-17


http://dx.doi.org/10.1016/j.apcatb.2006.05.011
http://dx.doi.org/10.1016/j.apcata.2014.10.001
http://dx.doi.org/10.1016/j.apcata.2014.10.001
http://dx.doi.org/10.1039/c1cs15172j
http://dx.doi.org/10.1039/c1cs15172j
http://dx.doi.org/10.1515/revic-2015-0005
http://dx.doi.org/10.1016/j.cattod.2016.12.031
http://dx.doi.org/10.1016/j.cattod.2016.12.031
http://dx.doi.org/10.1016/j.cattod.2016.05.042
http://dx.doi.org/10.1016/j.cattod.2016.05.042
http://dx.doi.org/10.1149/1.3416199
http://dx.doi.org/10.1149/1.3416199
http://dx.doi.org/10.1002/adma.201104110
http://dx.doi.org/10.1016/j.apcatb.2016.10.067
http://dx.doi.org/10.1016/j.apcatb.2016.10.067
http://dx.doi.org/10.1039/c5nr07257c
http://dx.doi.org/10.1039/c5nr07257c
http://dx.doi.org/10.1016/j.carbon.2013.04.058
http://dx.doi.org/10.1007/s12274-010-0033-5
http://dx.doi.org/10.1007/s12274-010-0033-5
http://dx.doi.org/10.1021/ja302846n
http://dx.doi.org/10.1039/c2jm30457k
http://dx.doi.org/10.1039/c2jm30457k
http://dx.doi.org/10.1016/j.cattod.2016.03.040
http://dx.doi.org/10.1016/j.cattod.2016.03.040
http://dx.doi.org/10.1016/j.apcatb.2015.05.052
http://dx.doi.org/10.1016/j.apcatb.2015.05.052
http://dx.doi.org/10.1002/adma.200702835
http://dx.doi.org/10.1016/j.cplett.2010.07.043
http://dx.doi.org/10.1016/j.apcatb.2014.11.057
http://dx.doi.org/10.1016/j.carbon.2010.03.019
http://dx.doi.org/10.1016/j.carbon.2010.03.019
www.sciencedirect.com/science/journal/24522236

16 Photocatalysis 2017

J. Colloid Interface Sci. 2006, 304:166—171. http://dx.doi.org/
10.1016/j.jcis.2006.08.041.

22. Mu S, Long Y, Kang S, Mu J: Surface modification of TiO»
nanoparticles with a C60 derivative and enhanced photo-
catalytic activity for the reduction of aqueous Cr(VI) ions.
Catal. Commun. 2010, 11:741-744. http://dx.doi.org/10.1016/
j.catcom.2010.02.006.

23. MaJ, Wang C, He H: Enhanced photocatalytic oxidation of NO
over g-C3N4-TiO2 under UV and visible light. Appl. Catal. B
2016, 184:28—-34. hitp://dx.doi.org/10.1016/j.apcatb.2015.11.013.

24. Masih D, Ma Y, Rohani S: Graphitic C3N4 based noble-metal-
free photocatalyst systems: a review. Appl. Catal. B2017, 206:
556—588. http://dx.doi.org/10.1016/j.apcatb.2017.01.061.

25. Zheng, Liu J, Liang J, Jaroniecc M, Qiao SZ: Graphitic carbon
nitride materials: controllable synthesis and applications in
fuel cells and photocatalysis. Energy Environ. Sci. 2012, 5:
6717—-6731. http://dx.doi.org/10.1039/c2ee03479d.

26. Liu D, Zhang M, Xie W, Sun L, Chen Y, Lei W: Porous BN/TiO»
hybrid nanosheets as highly efficient visible-light-driven
photocatalysts. Appl. Catal. B 2017, 207:72—78. http:/
dx.doi.org/10.1016/j.apcatb.2017.02.011.

27. Dabrowski JM, Pucelik B, Pereira MM, Arnaut LG, Macyka W,
Stochela G: New hybrid materials based on halogenated
metalloporphyrins for enhanced visible light Photocatalysis.
RSC Adv. 2015, 5:93252-93261. http://dx.doi.org/10.1039/
cbra19742b.

28. Macia-Agullé JA, Corma A, Garcia H: Photobiocatalysis: the
** power of combining photocatalysis and enzymes. Chem. Eur.
J. 2015, 21:10940—-10959. http://dx.doi.org/10.1002/
chem.201406437.
This review presents the state of the art of photobiocatalysis and
comments on future developments of the field. It includes semi-
conductor and the reaction type including oxidations, hydrogen gen-
eration, and CO. reduction. Furthermore, the possibility to direct
enzyme activation by the semiconductor is also discussed as well as
the use of mimics of the enzyme active center in combination with the
semiconductor.

29. Zhang X-J, Ma T-Y, Yuan Z-Y: Titania—phosphonate hybrid
porous materials: preparation, photocatalytic activity and
heavy metal ion adsorption. J. Mater. Chem. 2008, 18:
2003-2010. http://dx.doi.org/10.1039/b717060b.

30. Barbero N, Vione D: Why dyes should not be used to test the
**  photocatalytic activity of semiconductor oxides. Environ. Sci.
Technol. 2016, 50:2130—2131. http://dx.doi.org/10.1021/
acs.est.6b00213.
Starting from the experimental evidence of the quick kinetic of disap-
pearance of Rhodamine B under visible irradiated TiOo, and the
absence of any transformation of phenol under the same lamp, the
authors clearly demonstrated that a dye-sensitized process was the
operational mechanism active with Rhodamine B in this condition. The
authors recommended not to choose dyes as substrates to test the
photocatalytic activity of new materials, because of the potential biases
associated with their use, while the choice of the couple phenol/sali-
cylic acid would provide more insight into the real photocatalytic
mechanisms operational in new materials.

31. Zhang J, Xiong Z, Zhao XS: Graphene—metal-oxide compos-
ites for the degradation of dyes under visible light irradiation.
J. Mater. Chem. 2011, 21:3634—-3640. http://dx.doi.org/10.1039/
c0jm03827j.

32. Zhang Y, Zhang N, Tang Zi-R, Xu Yi-J: Graphene transforms
wide band gap ZnS to a visible light photocatalyst. The new
role of graphene as a macromolecular photosensitizer. ACS
Nano 2012, 6:9777-9789. http://dx.doi.org/10.1021/nn304154s.

33. Tao H, Liang X, Zhang Q, Chang C-T: Enhanced photoactivity
of graphene/titanium dioxide nanotubes for removal of
Acetaminophen. Appl. Surf. Sci. 2015, 324:258—-264. http://
dx.doi.org/10.1016/j.apsusc.2014.10.129.

34. Pastrana- Martinez LM, Morales-Torres S, Likodimos V,
Figueiredo JL, Fria JL, Falaras P, Silva AMT: Advances nano-
structured photocatalysts based on reduced graphene oxide-
TiO, composites for degradation of diphenhyldramine phar-
maceutical and methyl orange dye. Appl. Catal. B 2012,

123-124:241-256. hitp://dx.doi.org/10.1016/
j.apcatb.2012.04.045.

35. Morales-Torres S, Pastrana-Martinez LM, Figuiredo JL, Faria JL:
Graphene oxide-P25 photocatalysts for degradation of
diphenhydramine pharmaceutical and methyl orange dye.
Appl. Surf. Sci. 2013, 275:361-368. http://dx.doi.org/10.1016/
j-apsusc.2012.11.157.

36. Linley S, Liu YY, Ptacek CJ, Blowes DW, Gu FX: Recyclable
graphene oxide-supported titanium dioxide photocatalysts
with tunable properties. ACS Appl. Mater. Interfaces 2014, 6:
4658—-4668. http://dx.doi.org/10.1021/am4039272.

37. Appavoo IA, Hu j, Huang Y, Li SFY, Ong SL: Response surface
modelling of carbamazepine (CBZ) removal by Graphene-P25
nanocoposites/UVA process using central composite design.
Water Res. 2014, 57:270—-279. http://dx.doi.org/10.1016/
j-watres.2014.03.007.

38. Lin L, Wang H, Xu P: Immobilized TiO»>-reduced graphene
oxide nanocomposites on optical fibers as high performance
photocatalysts for degradation of pharmaceuticals. Chem.
Eng. J. 2017, 310:389—-398. http://dx.doi.org/10.1016/j.ce}.2016.
04.024.

39. Nawaz M, Mirian W, Jang J, Lee DS: One-step hydrothermal
synthesis of porous 3D reduced graphene oxide/TiO, aerogel
for carbamazepine photodegradation in aqueous solution.
Appl. Catal. B 2017, 203:85—-95. http://dx.doi.org/10.1016/
j-apcatb.2016.10.007.

40. Bhatia V, Malekshoar G, Dhir A, Ray AK: Enhanced photo-
catalytic degradation of atenolol using graphene TiO, com-
posite. J. Photochem. Photobiol. A 2017, 332:182—187. http:/
dx.doi.org/10.1016/j.photochem.2016.08.029.

41. Cheng X, Deng X, Wang P, Liu H: Coupling TiO2 nanotubes
photoelectrode with Pd nano-particles and reduced graphene
oxide for enhanced photocatalytic decomposition of diclo-
fenac and mechanism insights. Sep. Purif. Technol. 2015, 154:
51-59. http://dx.doi.org/10.1016/j.sepput.2015.09.032.

42. Calza P, Hadjicostas C, Sakkas VA, Saro M, Minero C,

** Medana C, Albanis TA: Photocatalytic transformation of the
antipsychotic drug risperidone in aqueous media on reduced
graphene oxide-TiO, composites. Appl. Catal. B 2016, 183:
96—106. http://dx.doi.org/10.1016/j.apcatb.2015.10.010.

rGO-TiOz synthesized through a hydrothermal method from GO and

commercial TiO» was synthesized. The photocatalytic performances of
the hybrids synthesized at two different carbon loading were tested
toward the degradation of risperidone demonstrating that under both
simulated solar light and visible light irradiation the hybrids shown
higher photocatalytic efficiency compared to the pristine TiO>—P25

(reference catalyst). The degradation pathway of risperidone in the

photocatalytic condition was studied by LC/HRMS and it was observed

the formation of compounds more harmful than the primary substrate
itself.

43. Murgolo S, Petronella F, Ciannarella R, Comparelli R, Agostino A,
** Curri ML, Mascolo G: UV and solar-based photocatalytic
degradation of organic pollutants by nano-sized TiO, grown
on carbon nanotubes. Catal. Today 2015, 240:114—124. http://
dx.doi.org/10.1016/j.cattod.2014.04.021.
The study reports the application of TiO»-single wall carbon nanotubes
(SWCNTSs) to abatement of a mixture of 22 pharmaceutical and per-
sonal care products not only in ultrapure water but also in real waste-
water matrix. The performance was compared with that of TiO»
Degussa P25 under UV and simulated solar irradiation.

44. Martinez C, Vilarino S, Fernandez M, Faria J, Canle L M,
Santaballa JA: Mechanism of degradation of ketoprofen by
heterogeneous photocatalysis in aqueous solution. Appl.
Catal. B 2013, 142—-143:633—-646. http://dx.doi.org/10.1016/
j.apcatb.2013.05.018.

45. Czech B, Buda W: Multicomponent nanocomposites for
elimination of diclofenac in water based on an amorphous
TiO; active in various light sources. J. Photochem. Photobiol. A
2016, 330:64—70. http://dx.doi.org/10.1016/j.jphotochem.2016.
07.024.

46. Réti B, Major Z, Szarka D, Boldizsar T, Horvath E, Magrez A,
Forré L, Dombi A, Hernadi K: Influence of TiO, phase compo-
sition on the photocatalytic activity of TiOo/MWCNT com-
posites prepared by combined sol-gel/hydrothermal method.

Current Opinion in Green and Sustainable Chemistry 2017, 6:11-17

www.sciencedirect.com


http://dx.doi.org/10.1016/j.jcis.2006.08.041
http://dx.doi.org/10.1016/j.jcis.2006.08.041
http://dx.doi.org/10.1016/j.catcom.2010.02.006
http://dx.doi.org/10.1016/j.catcom.2010.02.006
http://dx.doi.org/10.1016/j.apcatb.2015.11.013
http://dx.doi.org/10.1016/j.apcatb.2017.01.061
http://dx.doi.org/10.1039/c2ee03479d
http://dx.doi.org/10.1016/j.apcatb.2017.02.011
http://dx.doi.org/10.1016/j.apcatb.2017.02.011
http://dx.doi.org/10.1039/c5ra19742b
http://dx.doi.org/10.1039/c5ra19742b
http://dx.doi.org/10.1002/chem.201406437
http://dx.doi.org/10.1002/chem.201406437
http://dx.doi.org/10.1039/b717060b
http://dx.doi.org/10.1021/acs.est.6b00213
http://dx.doi.org/10.1021/acs.est.6b00213
http://dx.doi.org/10.1039/c0jm03827j
http://dx.doi.org/10.1039/c0jm03827j
http://dx.doi.org/10.1021/nn304154s
http://dx.doi.org/10.1016/j.apsusc.2014.10.129
http://dx.doi.org/10.1016/j.apsusc.2014.10.129
http://dx.doi.org/10.1016/j.apcatb.2012.04.045
http://dx.doi.org/10.1016/j.apcatb.2012.04.045
http://dx.doi.org/10.1016/j.apsusc.2012.11.157
http://dx.doi.org/10.1016/j.apsusc.2012.11.157
http://dx.doi.org/10.1021/am4039272
http://dx.doi.org/10.1016/j.watres.2014.03.007
http://dx.doi.org/10.1016/j.watres.2014.03.007
http://dx.doi.org/10.1016/j.cej.2016.04.024
http://dx.doi.org/10.1016/j.cej.2016.04.024
http://dx.doi.org/10.1016/j.apcatb.2016.10.007
http://dx.doi.org/10.1016/j.apcatb.2016.10.007
http://dx.doi.org/10.1016/j.photochem.2016.08.029
http://dx.doi.org/10.1016/j.photochem.2016.08.029
http://dx.doi.org/10.1016/j.sepput.2015.09.032
http://dx.doi.org/10.1016/j.apcatb.2015.10.010
http://dx.doi.org/10.1016/j.cattod.2014.04.021
http://dx.doi.org/10.1016/j.cattod.2014.04.021
http://dx.doi.org/10.1016/j.apcatb.2013.05.018
http://dx.doi.org/10.1016/j.apcatb.2013.05.018
http://dx.doi.org/10.1016/j.jphotochem.2016.07.024
http://dx.doi.org/10.1016/j.jphotochem.2016.07.024
www.sciencedirect.com/science/journal/24522236

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

J. Mol. Catal. A-Chem. 2016, 414:140—-147. http://dx.doi.org/
10.1016/j.molcata.2016.01.016.

Martinez C, Canle L M, Fernandez MI, Santaballa JA, Faria J:
Aqueous degradation of diclofenac by heterogeneous
photocatalysis using nanostructured materials. Appl. Catal. B
2012, 107:110—-118. http://dx.doi.org/10.1016/
j.apcatb.2011.07.003.

Martinez C, Canle L M, Fernandez MI, Santaballa JA, Faria J:
Kinetic and mechanism of aqueous degradation of carba-
mazepine by heterogeneous photocatalysis using nano-
crystalline TiO2, ZnO and multi-walled carbon nanotubes-
anatase composites. Appl. Catal. B 2011, 102:563—571. http://
dx.doi.org/10.1016/j.apcatb.2010.12.039.

Czech B, Buda W: Photocatalytic treatment pf pharmaceutical
wastewater using new multiwall-carbon nanotubes/TiO,/SiO,
nanocomposites. Environ. Res. 2015, 137:176—184. http://
dx.doi.org/10.1016/j.envres.2014.12.006.

Pastrana-Martinez LM, Morales-Torres S, Papageorgiou SK,
Katsaros FK, Romanos GE, Figueiredo JL, Fria JL, Falaras P,
Silva AMT: Photocatalytic behavior of nanocarbon- TiO»
composites and immobilization into hollow fibers. Appl. Catal.
B 2013, 142-143:101-111. http://dx.doi.org/10.1016/
j-apcatb.2013.04.074.

Regulska E, Karpinska J: Investigation of novel material for
effective photodegradation of bezafibrate in aqueous sam-
ples. Environ. Sci. Pollut. Res. 2014, 21:2542—-2548. hitp:/
dx.doi.org/10.1007/s11356-013-2434-y.

Chen P, Wang F, Chen ZF, Zhang Q, Sa Y, Shen L, Yao K, Liu Y,
Cai Z, Lv W, Liu G: Study on the photocatalytic mechanism
and detoxicity of gemfibrozil by a sunlight-driven TiOy/
carbon dots photocatalyst: the significant roles of reactive
oxygen species. Appl. Catal. B 2017, 204:250—-259. http://
dx.doi.org/10.1016/j.apcatb.2016.11.040.

Pastrana-Martinez LM, Morales-Torres S, Kontos AG,
Moustakas NG, Fria JL, Dofa-Rodriguez JM, Falaras P,

Silva AMT: TiO,, surface modified TiO, and graphene oxide-
TiO; photocatalysts for degradation of water pollutants under
near-UV/Vis and visible light. Chem. Eng. J. 2013, 224:17-23.
http://dx.doi.org/10.1016/j.cej.2012.11.040.

Zhang H, Lv X-J, Li Y-M, Wang Y, Li J-H: P25-graphene com-
posite as a high performance photocatalyst. ACS Nano 2010,
4:380—-386. http://dx.doi.org/10.1021/nn901221k.

Leary R, Westwood A: Carbonaceous nanomaterials for the
enhancement of TiO, photocatalysis. Carbon 2011, 49:
741-772. http://dx.doi.org/10.1016/j.carbon.2010.10.010.

Kamat PV: Graphene-based nanoassemblies for energy con-
version. J. Phys. Chem. Lett. 2011, 2:242—-251. http://dx.doi.org/
10.1021/jz101639v.

Calza P, Avetta P, Rubulotta G, Sangermano M, Laurenti E: TiO5-
Soybean Peroxidase composite materials as a new photo-
catalytic system. Chem. Eng. J. 2014, 239:87-92. http://
dx.doi.org/10.1016/j.cej.2013.10.098.

Calza P, Zacchigna D, Laurenti E: Degradation of orange dyes
and carbamazepine by TiO> and Soybean peroxidase immo-
bilized on silica monoliths. Environ. Sci. Pollut. Res. 2016, 23:
23742-23749. http://dx.doi.org/10.1007/s11356-016-7399-1.

Wyrwoll AJ, Lautenschlager P, Bach A, Hellack B, Dybowska A,
Kuhlbusch TAJ, Hollert H, Schaffer A, Maes HM: Size matters —
the phototoxicity of TiO, nanomaterials. Environ. Pollut. 2016,
208:859-867. http://dx.doi.org/10.1016/j.envpol.2015.10.035.

Friehs E, AlSalka Y, Jonczyk R, Lavrentieva A, Jochums A,
Walter JG, Stahl Frank, Scheper T, Bahnemann D: Toxicity,
phototoxicity and biocidal activity of nanoparticles employed
in photocatalysis. J. Photochem. Photobiol. C Photochem. Rev.

Selected hybrid photocatalytic materials Minella et al. 17

2016, 29:1-28. http://dx.doi.org/10.1016/j.jphotochemrev.2016.
09.001.

Li S, Erickson RJ, Wallis LK, Diamond SA, Hoff DJ: Modeling
TiO2 nanoparticle phototoxicity: the importance of chemical
concentration, ultraviolet radiation intensity, and time. Envi-
ron. Pollut. 2015, 205:327—-332. http://dx.doi.org/10.1016/
j-envpol.2015.06.020.

Phototoxicity exerted by TiO. nanoparticles has been evaluated
through a series of acute toxicity tests of nano-TiO», graphene and
GNP performed on two aquatic organisms, Daphnia magna and
Oryzias latipes. This study demonstrated the significance of illumina-
tion spectrum, particle behavior, and species sensitivity on nano-
phototoxicity, and the needs for research on increasingly sophisticated
functional materials.

62.

63.

64.

* %

Ou L, Song B, Liang H, Liu J, Feng X, Deng B, Sun T, Shao L:

Toxicity of graphene-family nanoparticles: a general review

of the origins and mechanisms. Part Fibre Toxicol. 2016, 13:57.
http://dx.doi.org/10.1186/s12989-016-0168-y.

Ema M, Hougaard KS, Kishimoto A, Honda K: Reproductive and
developmental toxicity of carbon-based nanomaterials: a
literature review. Nanotoxicology 2016, 10:391-412. http://
dx.doi.org/10.3109/17435390.2015.1073811.

Singh Z: Applications and toxicity of graphene family nano-
materials and their composites. Nanotechnol. Sci. Appl. 2016,
9:15-28. http://dx.doi.org/10.2147/NSA.S101818.

This review presents the researches done on graphene based mate-
rials, with a special focus on nanocomposite toxic effects.

65.

66.

67.

68.

69.

70.

71.

72.

Jin C, Wang F, Tang Y, Zhang X, Wang J, Yang Y: Distribution
of graphene oxide and TiO.-graphene oxide composite in
A549 cells. Biol. Trace Elem. Res. 2014, 159:393—-398. http://
dx.doi.org/10.1007/s12011-014-0027-3.

Li S, Pan X, Wallis LK, Fan Z, Chen ZL, Diamond SA: Compar-
ison of TiO, nanoparticle and graphene-TiO, nanoparticle
composite phototoxicity to Daphnia magna and Oryzias.
Chemosphere 2014, 112:62—69. http://dx.doi.org/10.1016/
j-chemosphere.2014.03.058.

Yuan J, Gao H, Sui J, Duan H, Chen WN, Ching CB: Cytotoxicity
evaluation of oxidized single-walled carbon nanotubes and
graphene oxide on human hepatoma HepGz2 cells: an iTRAQ-
coupled 2D LC-MS/MS proteome analysis. Toxicol. Sci. 2012,
126:149-161. http://dx.doi.org/10.1093/toxsci/kfr332.

Liao KH, Lin YS, Macosko CW, Haynes CL: Cytotoxicity of
graphene oxide and graphene in human erythrocytes and
skin fibroblasts. ACS Appl. Mater. Interfaces 2011, 3:
2607-2615. hitp://dx.doi.org/10.1021/am200428v.

Ali-Boucetta H, Bitounis D, Raveendran-Nair R, Servant A, Van
den Bossche J, Kostarelos K: Purified graphene oxide disper-
sions lack in vitro cytotoxicity and in vivo pathogenicity. Adv.
Health Mater. 2013, 2:433—441. http://dx.doi.org/10.1002/
adhm.201200248.

Roman D, Yasmeen A, Mireuta M, Stiharu | M, Moustafa AEA:
Significant toxic role for single-walled carbon nanotubes
during normal embryogenesis. Nanomed.-Nanotechnol. Biol.
Med. 2013, 9:945-950. http://dx.doi.org/10.1016/
j-nano.2013.03.010.

Sawosz E, Jaworski S, Kutwin M, Hotowy A, Wierzbicki M,
Grodzik M, Kurantowicz N, Strojny B, Lipinska L, Chwalibog A:
Toxicity of pristine graphene in experiments in a chicken
embryo model. Int. J. Nanomed. 2014, 4:3913-3922. htip://
dx.doi.org/10.2147/IUN.S65633.

Pietroiusti A, Massimiani M, Fenoglio I, Colonna M, Valentini F,
Palleschi G, Camaioni A, Magrini A, Siracusa G, Bergamaschi A,
Sgambato A, Campagnolo L: Low doses of pristine and
oxidized single-wall carbon nanotubes affect mammalian
embryonic development. ACS Nano 2011;(5):4624—4633.
http://dx.doi.org/10.1021/nn200372g.

www.sciencedirect.com

Current Opinion in Green and Sustainable Chemistry 2017, 6:11-17


http://dx.doi.org/10.1016/j.molcata.2016.01.016
http://dx.doi.org/10.1016/j.molcata.2016.01.016
http://dx.doi.org/10.1016/j.apcatb.2011.07.003
http://dx.doi.org/10.1016/j.apcatb.2011.07.003
http://dx.doi.org/10.1016/j.apcatb.2010.12.039
http://dx.doi.org/10.1016/j.apcatb.2010.12.039
http://dx.doi.org/10.1016/j.envres.2014.12.006
http://dx.doi.org/10.1016/j.envres.2014.12.006
http://dx.doi.org/10.1016/j.apcatb.2013.04.074
http://dx.doi.org/10.1016/j.apcatb.2013.04.074
http://dx.doi.org/10.1007/s11356-013-2434-y
http://dx.doi.org/10.1007/s11356-013-2434-y
http://dx.doi.org/10.1016/j.apcatb.2016.11.040
http://dx.doi.org/10.1016/j.apcatb.2016.11.040
http://dx.doi.org/10.1016/j.cej.2012.11.040
http://dx.doi.org/10.1021/nn901221k
http://dx.doi.org/10.1016/j.carbon.2010.10.010
http://dx.doi.org/10.1021/jz101639v
http://dx.doi.org/10.1021/jz101639v
http://dx.doi.org/10.1016/j.cej.2013.10.098
http://dx.doi.org/10.1016/j.cej.2013.10.098
http://dx.doi.org/10.1007/s11356-016-7399-1
http://dx.doi.org/10.1016/j.envpol.2015.10.035
http://dx.doi.org/10.1016/j.jphotochemrev.2016.09.001
http://dx.doi.org/10.1016/j.jphotochemrev.2016.09.001
http://dx.doi.org/10.1016/j.envpol.2015.06.020
http://dx.doi.org/10.1016/j.envpol.2015.06.020
http://dx.doi.org/10.1186/s12989-016-0168-y
http://dx.doi.org/10.3109/17435390.2015.1073811
http://dx.doi.org/10.3109/17435390.2015.1073811
http://dx.doi.org/10.2147/NSA.S101818
http://dx.doi.org/10.1007/s12011-014-0027-3
http://dx.doi.org/10.1007/s12011-014-0027-3
http://dx.doi.org/10.1016/j.chemosphere.2014.03.058
http://dx.doi.org/10.1016/j.chemosphere.2014.03.058
http://dx.doi.org/10.1093/toxsci/kfr332
http://dx.doi.org/10.1021/am200428v
http://dx.doi.org/10.1002/adhm.201200248
http://dx.doi.org/10.1002/adhm.201200248
http://dx.doi.org/10.1016/j.nano.2013.03.010
http://dx.doi.org/10.1016/j.nano.2013.03.010
http://dx.doi.org/10.2147/IJN.S65633
http://dx.doi.org/10.2147/IJN.S65633
http://dx.doi.org/10.1021/nn200372g
www.sciencedirect.com/science/journal/24522236

	Selected hybrid photocatalytic materials for the removal of drugs from water
	Introduction
	TiO2/CBM hybrid materials applied to drugs removal
	TiO2- and CNP-based photobiocatalysts
	Toxicity related to TiO2, CBM and composite materials
	Perspectives and conclusive remarks
	References


