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Sustainable hybrid photocatalysts: titania
immobilized on carbon materials derived from
renewable and biodegradable resources

Juan Carlos Colmenares,*® Rajender S. Varma® and Pawet Lisowski*®

This review comprises the preparation, properties and heterogeneous photocatalytic applications of TiO,
immobilized on carbon materials derived from earth-abundant, renewable and biodegradable agricultural
residues and sea food waste resources. The overview provides key scientific insights into widely used TiO,
supported on carbonaceous materials emanating from biopolymeric materials such as lignin, cellulose,
cellulose acetate, bacterial cellulose, bamboo, wood, starch, chitosan and agricultural residues (biochar,
charcoal, activated carbon and their magnetic forms, coal fly ash) or seafood wastes namely eggshell,
clamshell and fish scales; materials that serve as a support/template for TiO,. Heightened awareness and
future inspirational developments for the valorisation of various forms of carbonaceous functional
materials is the main objective. This appraisal abridges various strategies available to upgrade renewable
carbon-based feedstock via the generation of sustainable TiO,/carbon functional materials and provides
remarks on their future prospects. Hopefully, this will stimulate the development of efficient and novel
composite photocatalysts and engender the necessary knowledge base for further advancements in
greener photocatalytic technologies.
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1. Introduction

The use of relatively non-toxic and earth-abundant local
materials in chemical conversion is a prerequisite for the
development of any sustainable process. Titanium dioxide
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(TiO,) is one of the most commonly used photocatalysts and
carbon can be accessed from a wide variety of waste resources.
Carbon-based materials have been utilized in environmental
remediation and now making inroads into an emerging and
conceptually new area of photocatalytic materials; their unique
features need to be exploited for larger scale industrial use.
While tremendous progress has been made in the syntheses of
porous carbon-based materials with varying structure-types,
challenging opportunities remain for the functionalization of
these materials in terms of the optimization of their properties
for specific applications namely separation science, filtration
devices, photocatalyst supports and energy storage.'™ When
compared to conventional resources, carbon materials possess
outstanding properties such as hydrophobic surfaces, high
surface area, large pore volume, chemical inertness, good
thermal and mechanical stability, easy handling and low cost
of manufacture, that will enable their enhanced use in energy-
conversion and storage.'™ The synergistic effects of TiO, with
carbon materials bearing enhanced multi-functionalities for
use in heterogeneous photocatalysis, energy-storage, and solar
cell applications, renders TiO, immobilized on porous carbon
as a valuable material. In the area of environmental remedia-
tion, carbon materials offer a great potential for the efficient
removal of pollutants in water and air,>® as has been demon-
strated by emerging heterogeneous photocatalysis as an
alternative economical and benign technology for the purifi-
cation of water and air.””® From a practical point of view,
alternative photocatalytic materials that can match the TiO,
profile, namely versatility, inexpensiveness and abundance,
and a non-toxic nature are hard to find. However, TiO, still has
some shortcomings which prevent its widespread usage. First,
the large band gap energy of TiO, (3.2 eV) limits its use exclu-
sively to the ultraviolet region of the solar spectrum which
accounts for only a very small fraction of the solar energy
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(about 3-5%).°"® Second is the need to support nano-
structured titania for better filtration and material recovery.
Although a significant amount of research has been conducted
on TiO, photocatalysis at the laboratory scale its application
on an industrial scale is limited, which needs to be addressed.
To overcome the severe drawbacks of the most stable photo-
catalyst, TiO,, namely its low efficiency, narrow light-response
range and material recycling, many strategies have been deve-
loped via modification to acquire multifunctional materials
that increase its photocatalytic activity for organic pollutant
treatment;'*"> comprehensive articles have documented these
advancements in the field of TiO,-based photocatalysts® *''”
and especially the use of carbon as a support for TiO,.
Petroleum-derived polymers, when used as a support for TiO,
(e.g. high-density polyethylene (HDPE),>* polyaniline (PANI),>*
resorcinol-formaldehyde (RF)*®), have drawbacks such as non-
renewability, higher costs, and additional contribution to pol-
lution.?® Faced with such a dilemma, more and more attention
has been paid to the development and application of natural
materials as a support for TiO,. In the context of green chem-
istry, natural renewable materials such as lignocelluloses and
raw biomass are especially attractive for their unique physico-
chemical properties such as good electrical conductivity,
higher surface area and excellent chemical stability.””>° We
expect that such a comprehensive and critical review will
provide key scientific insights into TiO,/carbon materials
derived from renewable and biodegradable resources emanat-
ing from biopolymeric materials such as lignin, cellulose, cell-
ulose acetate, bacterial cellulose, bamboo, wood, starch, chito-
san and agricultural residues (biochar, charcoal, activated
carbon and their magnetic forms, coal fly ash) or seafood
wastes (namely eggshell, clamshell and fish scales); materials
that serve as a support/template for TiO,. A keen awareness of
future inspirational developments for the valorisation of
various forms of carbonaceous functional materials is another
objective. This review abridges different approaches or/and
strategies which have been reported so far to upgrade renew-
able carbon-based feedstocks via the preparation of sustain-
able TiO,/carbon functional materials and provides comments
on their future prospects that will help stimulate the develop-
ment of efficient and novel composite photocatalysts; the
attained knowledge-base will boost advancements in greener
photocatalytic technologies.

18-22

2. Emerging role of carbonaceous
materials in semiconductor
photocatalysis

The semiconductor photocatalyst, TiO,, is an important
material that underpins the development of critical renewable
energy and environmental technologies such as photocatalytic
water/air purification, hydrogen production from water split-
ting, and high-efficiency/low-cost solar cells.*’ In photocataly-
sis, the electron/hole pairs are the photo-excited charge car-
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Fig. 1 Schematic illustrations of the proposed synergetic photocatalytic
effect of the TiO,/carbon support. Reproduced with permission from
ref. 33.

riers on the conduction and valence bands, respectively. The
free holes have strong oxidation power, while the oxygen
radicals are secondary products of the electron reduction
process;*> a simplified mechanism for the synergetic photo-
catalytic effect of TiO,/carbon support is presented in Fig. 1.
TiO, is activated directly by UV light irradiation of photon
energy higher than the band gap energy of titania, forming e™/
h* pairs (Fig. 1a). More importantly, carbon plays the central
role of an electron reservoir to conduct away the electrons
from the e /h" pairs on/in TiO,, thus leading to the increased
efficiency of charge separation in TiO,; the activation of TiO,,
and in the meantime the activation of an electron-conductive
phase (such as carbon) which activates O, to O~ ions, takes
place (Fig. 1b).*?

3. TiO,/carbon materials derived
from lignocellulosic materials

Carbon materials derived from biopolymers have made con-
siderable progress in recent years, especially in the develop-
ment of molecular sieves, as photocatalyst supports and adsor-
bents for the storage of natural gas.*®***> Compared to the
thermal method, photocatalytic polymerization is initiated
with light and is terminated upon switching off the light.
Furthermore, the molecular weight and density of the polymer
can be varied through the selection of monomer and
irradiation conditions. Carbonization of the carefully designed
polymer provides opportunities in controlling the pore size,
pore volume and bulk density of the ensuing carbon, which
are important characteristics in the aforementioned appli-
cations.”*****> The composition of lignocellulose biomass is
highly dependent on its source (Fig. 2). There is a significant
variation of the lignin and (hemi)cellulose components of the
lignocellulose component on whether it is derived from hard-
wood, softwood, or grasses, extracts, or inorganic related
materials.’*>® Starch (as well as sugars), triglycerides and
lignocellulose are the typical classes of feedstocks derived
from biomass and are used for the production of renewable
biofuels and chemicals. Lignin, a three-dimensional network
macromolecule, is electronegative and has a strong affinity for
the positively charged metal ions; lignin with phenolic
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Fig. 2 Overview of the prominent fractions of the biomass feedstock.

hydroxyl-, alcoholic hydroxyl-, and carboxylic groups can react
chemically with other polymers to form hybrid composites.*®
On the other hand, cellulose, an organic polysaccharide com-
prising a linear chain of several hundreds to many thousands
of p(1—4) links via p-glucose units, is mainly used to produce
paper and paperboard. It has multiple hydroxyl groups on one
long chain to form hydrogen bonds with other oxygen atoms
on the neighboring chain.*’

3.1 TiO,/lignin

Native unmodified lignin has been used as a template for the
formation of mesoporous TiO, nanoparticles via a hydrolysis
precipitation method exploiting the electronegativity and the
network skeleton of lignin (see Fig. 3);*" as-synthesized compo-
site had a BET surface area of 165.8 m”> g”* and a pore volume
of 0.312 ecm® g™, In view of the interactions between hydroxyl
groups of lignin and the surface hydroxyl groups of the TiO,
precursor, the calcined TiO, particles have a finer crystallite
size, a mesoporous structure and are well separated, to avoid
grain growth (Fig. 3). However, titanium atom has a relatively
low electronegativity and can react rapidly in a nucleophilic
reaction medium in which lignin, a polycyclic and three-
dimensional mesh organic macromolecule with several electro-
negative OH groups, should have strong affinity for the posi-
tively charged metal ions; lignin with phenolic hydroxyl, alco-
holic hydroxyl, and carboxyl groups can chemically react with
other polymers to form hybrid composites. Lignin obtainable

Tl
H,0,H- A

Ti(OH), =1

Fig. 3 Formation mechanism of mesoporous TiO, with lignin as a
template.
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from the black liquor waste of the paper-making process has
great potential for the fabrication of TiO, particles filled with
uniformly distributed nano-pores.****

3.2 TiO,/STARBON®

Native polysaccharides are essentially non-porous and, there-
fore, their use is rather limited in applications where diffusion
and surface interactions are required for optimum perform-
ance. Clark et al. pioneered a simple methodology to obtain
highly expanded mesoporous polysaccharide materials (e.g.
starch) from low surface area native starting materials.***?
Their synthesis entails three main steps: (1) formation of a gel
by heating starch in water; (2) exchange of water with a lower
surface tension solvent (e.g., ethanol) at low temperature
(5 ©°C); and (3) carbonization of the ensuing porous gels
as-such or after drying to achieve the final mesoporous
carbons (Fig. 4);"*** additional details are available on these
synthetic methodologies**™® including TiO, supported on
STARBON-800® as shown in Fig. 5.*® Starbon® materials,
derived from the controlled carbonization of different poly-
saccharides, exhibit chemical and surface properties that are
intermediate between polysaccharides and carbons depending
on the degree of carbonization;"*"* their synthesis avoids the
use of templates and can be performed at a temperature of
choice (e.g., 200-1000 °C). Another important feature is that
these materials exhibit outstanding mesoporous textural pro-
perties, with pore volumes and sizes analogous to materials
prepared via the traditional hard templating routes. The hydro-
philic to hydrophobic nature of the carbonaceous product
could be controlled by the degree of carbonization.
Additionally, the flexible carbonization temperatures provide
the possibility of tuneable surface chemistries, not accessible
through hard templating (which generally needs higher temp-
eratures, >700 °C) or soft templating processes based on poly-
meric organic templates (which limit the available post-process-
ing surface functionalities). This simple and gentle process
can produce a whole range of mesoporous carbon-based

“Starbonisation”

o&_nou‘_\

oy
o

Polysaccharide
Sources

Porous

Polysaccharide

Extraction

" Carbonisation temperature, °C

Drying

Tuneable Porous Materials:
« Surface Functionality

Gelatinisation

* Pore volume / Surface area
* Mesopore Structure

Solvent
Exchange

Carbonaceous
Starbons®
Gel * Micro- vs. Mesoporosity T

+ Morphology (Particulates or Monoliths)

Fig. 4 A general overview of preparation of Starbons®, involving sourc-
ing of the polysaccharide, followed by the preparation of an aqueous
gel, its controlled drying and subsequent conversion to carbonaceous
Starbons®. Reproduced with permission from ref. 47.
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Fig. 5 (a) Schematic illustration of the plausible mechanism of the for-
mation of TiO,/STARBON hybrid material using ultrasound-assisted wet
impregnation. (b) Photocatalyst activities in aqueous phase degradation
of phenol (reaction conditions: 150 mL of mother solution, 150 mg of
photocatalyst, Cphenot = 50 ppm, temperature 30 °C, reaction pressure
1 bar). Reproduced with permission from ref. 48.

materials, including amorphous carbon, that can serve as
excellent catalysts or catalyst supports.*>™*° Interestingly, car-
boxylic groups can be formed on the surface after initial
thermal treatment at 400 °C under an oxygen-deficient atmo-
sphere (Fig. 5a). Then, each carboxyl group acts as an individ-
ual nucleation site for TiO, formation which is facilitated by
hydrolysis and condensation reactions promoted via soni-
cation. Finally, the hybrid material (TiO,/STARBON®) is conso-
lidated after thermal treatment at 400 °C in static air. These
conditions preserve a pure and highly crystalline anatase
phase (ca. 30 nm) leading to a reduction in the electron-hole
recombination rate at the Starbon surface. TiO, is strongly
anchored to the STARBON-800® structure as no leaching is
observed even after 240 min of photocatalytic degradation of
phenol (Fig. 5b); STARBON-800® enhances the photoelectron
conversion of TiO, when compared to Norit and graphene
oxide supports by reducing the recombination of photo-gener-
ated electron-hole pairs.*® Coating TiO, photocatalyst on the
surface of Starbon serves a dual purpose, ie. it works as a
support for nanosized TiO, which helps bring pollutants and
intermediates around the TiO,. Second, the TiO, can effec-
tively destroy the adsorbed pollutants thus regenerating the
Starbon in situ (only 3% of the initial concentration of phenol
still stayed on Starbon surface after 240 minutes of reaction in
comparison with 8.7% for STARBON+P25).

3.3 TiO,/cellulose

Novel TiO,/cellulose composites with interfacial silica and
siloxane barriers have been prepared.'® Vegetable cellulosic
fibers have been surface modified via the hydrolysis of tetra-
ethoxysilane (TEOS), octyltrimethoxysilane (OTMS) or phenyl-

trimethoxysilane (PTMS), followed by the layer-by-layer

Green Chem., 2016, 18, 5736-5750 | 5739
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deposition of previously synthesized TiO, nanoparticles.
Distinct properties were realised for the cellulosic nano-
composites determined by the nature of the interlayer; while
hydrophilic TiO,/SiO,/cellulose composites were generated by
hydrolysis of TEOS, the OTMS and PTMS treated fibres (TiO,/
OTMS/cellulose and TiO,/PTMS/cellulose) showed hydro-
phobic characteristics. Subsequently, after sunlight irradiation,
the nanocomposite containing untreated fibres acquired a
yellow colour indicating the partial degradation of cellulose
fibres. Conversely, all the surface modified TiO, cellulose
nanocomposites remained colourless even after several weeks
of exposure to sunlight. Therefore, TiO,/cellulose nano-
composites, in view of their compatibility with polymer
matrices (hydrophobic or hydrophilic) are considered as fore-
runners for several applications, including self-cleaning
materials and air purification filters. Previous research® has
shown that the visible light activated TiO,/microcrystalline
cellulose (MC) nanocatalyst was photocatalytically active in
degrading nearly 90% of methylene blue (MB) in 4 h (1:4 Ti*"/
MC synthesis conditions). As soon as electron is trapped by
the molecular oxygen present on the TiO, surface, highly
active radicals are generated which are responsible for the
photo-bleaching of MB molecules; this obeyed first-order reac-
tion kinetics with reaction constants of 5.02 x 107> min~". The
TiO,/MC nanocomposite benefits from the synergistic effect of
the physical and/or chemical interactions between the organic
and inorganic components and therefore could be utilized as a
photocatalyst to degrade hazardous contaminants via the for-
mation of films that have good mechanical and UV-shielding
properties and in the synthesis of transition-metal carbide
materials.>® On similar lines, Zeng et al.”" prepared TiO,/cellu-
lose composite films, which provided a cavity for the creation
of TiO, nanoparticles, and hydroxyl groups for their immobil-
ization. The prepared materials exhibited a good photo-
catalytic activity for the photodegradation of high concen-
tration of phenol (67.2 mg L") under weak UV light irradiation
(0.56 mW cm™?). Another elegant strategy for the preparation
of TiO, nanomaterials has been described® that applies
natural cellulose whiskers, obtainable by hydrolysis of native
cellulose as templates. TiO,/cellulose whisker nanoparticles
exhibited quantum size effects and a lower band gap energy
(2.02 eV) and displayed promising activity for the photodegra-
dation of a methyl orange solution under weak UV light
irradiation (4.3-41 mW cm™2). They exhibited good stability
against photocorrosion, implying that they could be used in
the photodegradation of organic pollutants. It is worth noting
that the regenerated cellulose films and fibers in the wet state
possess a porous structure and the hydroxyl groups assist the
creation of inorganic nanoparticles in the cellulose
matrix.>*>® Marques et al.>” examined sheets prepared using a
mixture of synthetic TiO,/cellulose nanocomposite. The
obtained composite exhibited a much higher opacity than
those obtained by mechanical blending of the fibres with
commercial TiO, pigment because of the highly homogeneous
distribution of TiO, and higher specific surface area available
for light scattering in sheets with the hybrid material. Such

5740 | Green Chem., 2016, 18, 5736-5750
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hybrids could be used as reinforcing fibers in a polymer
matrix, particularly when light-barrier materials are sought. An
interesting concept that involved the preparation of titanium
dioxide nanocrystals on cellulose fibers (CF) by in situ hydro-
lysis has been reported;>® TiO,/CF composite showed
enhanced adsorption capacity, good regenerability and selecti-
vity for lead (Pb**) removal. Moreover, the adsorption capacity
of a filter bed comprising nanocomposite fibers increased
12-fold as compared to the pure cellulose fiber bed; abundant
hydroxyl groups on the CF surface adsorb TiO>" first as nuclea-
tion sites and then TiO, nuclei are formed via hydrolysis-con-
densation which subsequently grow into TiO, nanocrystals.
Meanwhile, the hydroxyl groups of cellulose would preferen-
tially adsorb onto a certain crystallographic plane of TiO, due
to anisotropy in adsorption stability. The approach described
herein for material preparation and application are likely to
offer an alternative versatile and greener pathway for fabricat-
ing a low cost, high efficiency engineering application as
potential nanosorbents for heavy metal removal from water.

3.4 TiO,/chitosan

Chitosan (poly-B-(1—4)-2-amino-2-deoxy-p-glucose), obtained
by N-deacetylation (usually over 75%) of chitin, is the next
most abundant natural polysaccharide after cellulose (Fig. 6)>°
and comprises the exoskeleton of insects and crustaceans
(seafood processing industries’ waste products) and cell walls
of fungi.®*®" Chitosan contains a large number of amino
(-NH,) and hydroxyl (-OH) functional groups and possesses
excellent adsorption ability for a wide variety of environmental
pollutants such as heavy metals,®” dyestuffs,®> and patho-
gens® and can be easily functionalized.®* Furthermore, chito-
san exhibits antibacterial activity, film forming ability and a
good drug delivery potential.> The amino groups of chitosan
can be easily cationized which help adsorb anionic dyes
strongly via electrostatic attraction in acidic media. However,
chitosan is very sensitive to pH as it can either form a gel or
dissolve depending on the pH values.’®"®> Additionally, chito-
san has some disadvantages such as unsatisfactory mechanical
properties, severe shrinkage, deformation after drying, solubi-
lity under acidic conditions, compressibility at high operating

Cellulose

Chitosan

Fig. 6 Structures of cellulose and chitosan.

This journal is © The Royal Society of Chemistry 2016
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ref. 67.

pressure and can shield and block UV radiation with degra-
dation of textiles and leather.’**>®® Previous research®” has
showed the efficacy of a novel methyl orange imprinted core-
shell TiO,/chitosan hybrid material (SICT) in selective photo-
catalytic degradation of methyl orange in dual-dye systems
(Fig. 7). In this context, chitosan as a support for TiO, has fol-
lowing advantages: (a) easy recovery and multiple reuseability;
(b) selectivity for target pollutants; (c) degradation and com-
plete mineralization of organics; and (d) synergistic effect of
the photocatalysis—adsorption processes of TiO,/chitosan
leading to lowering of the charge carrier recombination.®® In
addition, SICT could be reused directly without further desorp-
tion and regeneration for 10 cycles while retaining 60% of its
photocatalytic efficiency. The reusability of SICT would be bene-
ficial for simplification of the operating steps and the associ-
ated cost reduction would facilitate its practical application in
wastewater treatment for environmental organic pollutants.
Although chitosan has shown promise as a biosorbent, the
chemical stability of chitosan is unsatisfactory because the
abundant free amines, with a pK, value of ~6.5, can be proto-
nated culminating in hydro-solubility under acidic conditions.®”*®

3.5 TiO,/cellulose acetate

Cellulose acetate (CA) is biodegradable, nontoxic and biocom-
patible and can be prepared by simple esterification of cellu-
lose, which is abundant in agricultural waste such as straw
and biomass residues.®®””* Cellulose acetate possess beneficial
mechanical strength that facilitates its processing into films,
membranes, and fibers from either melts or solutions.
Further, due to paucity of hydrogen bonds and its lower
crystallinity, its solubility in a wide range of organic solvents
like acetone, dimethylformamide (DMF), dimethylsulfoxide
(DMSO) etc. is enhanced.” The study of a flexible mesoporous
TiO, microspheres/cellulose acetate (TCA) hybrid film
(Fig. 8a),”* showed that it can be easily recycled without a
decrease in its activity for the degradation of methylene blue
trihydrate solution (Fig. 8b). The TCA hybrid film displays
stronger adsorption and photocatalytic degradation abilities

This journal is © The Royal Society of Chemistry 2016
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recycling for use as a photocatalyst. (b) Photocatalytic activity of the
sample TCA hybrid film on MB degradation with recycling (three times).
Reproduced with permission from ref. 74.

for methylene blue when compared to a cellulose acetate film
under the same conditions. The TCA hybrid film with its flex-
ible, transparent and environmentally friendly properties, can
be used as a self-cleaning material thus finding suitable appli-
cation in the field of wastewater treatment without leaving any
photocatalyst in the reaction system. A TiO,/CA membrane pre-
pared from DMF solution has a considerably better catalytic
activity than the corresponding membrane obtained from
acetone solution. By increasing the amount of TiO, in the
composite, in the photocatalytic activity of the membrane was
discerned until a certain value; increasing the TiO, content
beyond that level led to lower catalytic activity.”*

3.6 TiO,/bacterial cellulose

Bacterial cellulose (BC), produced by acetic acid bacteria
Gluconobacter xylinum, is obtainable in a pure form which
requires no intensive processing to remove undesirable impu-
rities and contaminants such as lignin, pectin and hemicellu-
lose.”>’® BC embodies several distinguished structural features
and qualities such as good mechanical properties, biocompat-
ibility, elevated tensile strength, a higher degree of polymeriz-
ation (up to 8000), high crystallinity (of 70-80%), high water
content (99%) and retention capability.””””*"® Another notable
feature of BC is its high aspect ratio and abundant active func-
tional hydroxyl groups, which make it suitable for combination
with assorted nanostructures via its powerful interaction
with surrounding species, such as inorganic and polymeric
nanoparticles and nanowires.*’ The photocatalytic meso-
porous TiO,/BC hybrid nanofibers have been fabricated by
surface hydrolysis with molecular precision;** uniform and
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Fig. 9 lllustration of the synthesis of TiO,/BC composites. Reproduced
with permission from ref. 85.

well-defined nanofibers comprise large quantities of oriented
TiO, nanoparticle arrays implanted on the BC nanofibers with
diameters in the 4.3-8.5 nm range. A TiO,/BC nanocomposite
has been used as a photocatalyst for methyl orange degra-
dation under UV irradiation, and it showed higher efficiency
than the commercial photo-catalyst due to its high surface
area (208.17 m” ¢~ '). The BC template can be removed by calci-
nation to afford mesoporous TiO, networks composed of inter-
connected anatase nanowires;*>”” 8% these networks exhibit
considerably enhanced photocatalytic activity compared to the
macroporous titania networks obtained through a similar sol-
gel nanocasting procedure. The possible physical interactions
between BC fibers and sol-gel solution in the TiO,/BC hybrid
fibers, facilitated by sonication (750 W), are shown in Fig. 9;*
hydroxyl groups on the surface of the BC fibers provoke
H-bonding interactions with the hydrophilic inorganic TiO,
sol-gel network. TiO, nanoparticles respond to the applied
voltage (-3, 0 and 3 V) of the electrostatic force microscopy
(EFM) tip as the strong electrostatic dipole-dipole interactions
are generated by hydrogen bonding connections between the
hydroxyl groups in the cellulose and their counterparts in the
inorganic oxide, thus eliciting a high electric dipole moment
of TiO, nanoparticles in the TiO,/BC hybrid fibers.

3.7 TiO,/wood

Wood is a natural, sustainable and abundant biopolymeric
material comprised of cellulose, hemicellulose, and lignin.
Wood’s natural hierarchical structure is composed of well-
oriented microfibers and tracheids for water, ions, and oxygen
transportation during metabolism; more importantly, multi-
scale natural fibers from wood have unique optical properties
applicable to different kinds of optoelectronics and photonic
devices.*>®” However, in view of its hygroscopic and organic
nature, wood is sensitive to humidity variations and fire, which
can lead to dimensional and thermal instability. Wood also
features numerous hydroxyl groups that confer a hydrophilic
nature on the cell wall which traps the polymeric Ti-OH inside
the wood samples by interaction with wood hydroxyl.*® The
preparation of TiO,/wood under mild ultrasonic conditions
(i.e., relatively low sonication intensity and low temperature)
for a short period of time is presented in Fig. 10;*” ultrasound
provides a good distribution of TiO, throughout the wood
matrix wherein these gels are deposited in the lumen by
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Fig. 10 Schematic of experimental set-up for preparing a TiO,/wood
matrix by the ultrasonic-assisted sol—gel method. Reproduced with per-
mission from ref. 87.

adhesion to cell walls. Consequently, the cell wall components
are obstructed from access to oxygen and complete combustion
is delayed, thus enhancing the thermal stability of the wood.
The modified wood possesses improved the thermal and mech-
anical properties and dimensional stability with increasing
load of inorganic TiO, gels, as ultrasonic treatment facilitates
chemical reactions between liquid and solid phases®®*° thus
helping the solution to be converted to polymeric TiO, inside
the wood matrix. As each Ti is coordinated with four oxygen
atoms, therefore the development of -Ti-O-Ti- chains results
in three-dimensional polymeric skeletons with closed packing;
wood materials with UV-resistant ability have been successfully
fabricated by one-pot hydrothermal fabrication of rutile TiO,
submicrospheres on the wood surface®® as attested by
ATR-FTIR spectra. On the other hand, vacuum and ultrasonic
methods both enhance the dimensional stability of wood, by
preventing the formation of cracks, retarding combustion of
the wood matrix and diminishing biological attack.®”°' A
similar hydrothermal deposition of TiO, particles on spruce
(Picea Abies) wood has been developed for the preparation of
TiO,/wood composites at 75 °C in a relatively short time (up to
1 h)°! that serves the dual purpose of wood impregnation and
covering the porous inner and outer surface of wood with
rutile particles as discerned by ATR-FTIR and Raman subtrac-
tion spectra; the presence of titania particles on the hydrother-
mally treated wood surface exhibited vibrational bands of
TiO,-wood interphase interactions confirming the anchoring
sites of titanium ions on hemicellulose, cellulose and lignin.®”

4. TiO,/carbon materials derived
from agricultural residues

Numerous carbon sources such as biochar, activated carbon,
bamboo or wood charcoal, carbon waste and even fly ash from
coal-fired power plants can be utilized, as shown below.
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4.1 TiO,/biochar

Biochar has been considered as a potential surrogate for
activated carbon and is produced by thermal decomposition
(e.g., slow pyrolysis, fast pyrolysis, hydrothermal carbo-
nization (HTC), flash carbonization, torrefaction and
gasification)”® > of a wide range of carbon-rich biomass
materials that includes woody materials, agricultural residues
such as sugarcane bagasse,”® livestock manure,”” and rem-
nants after moderate temperature (e.g., 350-700 °C) pyrolysis
and carbonification of biomass in a reactor with little or no
987192 Non-activated biochar, ie., biochar that
has not undergone any physical, chemical or biological modi-
fications to improve its sorptive properties, can also be used
as a precursor material for the production of activated
carbon (Fig. 11). An important advantage of biochar over
more conventional activated carbon is the presence of abun-
dant surface functional groups (e.g. C-O, C=0, COOH, and
OH, among others). Additionally, these groups show interest-
ing catalytic properties due to the presence of O-, N-, and
S-type functional groups, which serve as a platform for the
synthesis of various functionalized carbon materials;'®*™'%
products, yields and characteristics of carbons derived from
varied thermochemical conversion processes are illustrated in
Fig. 11. The interaction of biochar with organic sorbates is
dependent on the structural and chemical properties of the
sorbates. The sorption of organic compounds by biochar, as
illustrated in Fig. 12,'°° occurs by: (a) pore-filling mecha-
nisms (contributed by the majority of the surface area of
biochar); (b) diffusion and partitioning mechanisms (effects
of electrostatic interactions on the diffusion and equilibrium
partitioning); (c) surface hydrophobic and hydrophilic inter-

available air.

Non-activated Properties ~
30% bio-ol, Biochar Higher specific surface area and
35% syngas larger porosity than fast pyrolysis
6-61%ash
7 - 53% aromatic groups
Slow pyrolysis 1 -3% carbonyl groups
n Up 103% alkyl groups
| 350 to 800 °C, 30% biochar
2 minutes to days,
< No O, . Non-activated [~ Lower specific surface area and
E 75% bio-oil Biochar porosity than slow pyrolysis
s 13% syngas 4-5%9%ash

I Fast Pyrolysis 9-55% eromatic groups

,ﬁ —1_| 425 ~ 550 °C,
1= <2s, 12% biochar
2 No O,

% © Q. Higher specific surface area and
o Non-activated | porosity than slow or fast pyrolysis
] - . 5% tar Biochar 16 -73% ash

= Gasification 85% syngas (0 precent) | 6 ~69% aromatc groups

L] =800 °C, secondsto hours, 2 - 4% carbomyl groups
O, present, sometimes steam or | =
Q0 10% biochar

Steam
and/or CO,
present

‘Specific surface area over 1000 m? g*
Up to 8 -68% ash

7-68% aromatic groups
2 ~ 5% carbonyl groups
Up 104% alkyl groups

Non-activated Activated carbon
Biochar or
from slow or fast Activated biochar
pyrolysis

Fig. 11 Products, yields and characteristics of non-activated and physi-
cally activated biochars or carbons derived from biomass thermochemi-
cal conversion processes. Reproduced with permission from ref. 106.
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Fig. 12 Sorption mechanisms for the uptake of organic contaminants
on biochar. Reproduced with permission from ref. 106.

actions; (d) aromatic- and cation-n interactions (e.g. strong,
non-covalent n-electron donor-acceptor (EDA) interactions);
(e) electrostatic interactions (sorption of ionic and ionizable
organic compounds); and (f) hydrogen bonding (sorption of
polar organic compounds) or by a simultaneous occurrence
of all aforementioned mechanisms.'®”**® Biochar’s uptake of
organic solutes is a function of both surface and bulk pro-
perties of the carbonized (crystalline, graphene-like fractions)
and non-carbonized fractions (non-crystalline, amorphous,
organic carbon).’®®'"® In order to promote heterogeneous
photocatalytic reactions, Kim and Kan''' developed surface-
modified biochar (corn cob carbonized at 600 °C) and fol-
lowed a simple sol-gel method to remove sulfamethoxazole
(SMX) in water by photocatalytic oxidation using the biochar-
supported TiO, photocatalyst under UV light irradiation
(15 W UV-C, 254 nm). Surprisingly, the obtained composite
showed a much higher adsorption of SMX than the commer-
cial TiO, powder due to the hydrophobic interaction (carbon
n-n interaction) between the biochar and SMX. It should be
pointed out that photocatalytic oxidation of SMX using TiO,/
biochar under the selected catalyst loading and irradiation
time (5 ¢ L™" of TiO,/biochar, 6 h, pH 4) resulted in the
highest removal and mineralization (91%, 81%, respectively)
of SMX with negligible toxicity and accumulation of non-toxic
products in water; three cycles of photocatalytic reactions
using the same recycled catalyst resulted in the efficient
removal of SMX (91%) confirming the high stability of the
biochar-supported TiO, photocatalyst. An ecofriendly hetero-
geneous photocatalysis on biochar-based materials for
methylene blue (MB) photodegradation under visible light
(metal halide lamp) has been reported''”> wherein C-based
materials induce enhancements in the photocatalytic environ-
mental remediation of polluted water (phenol, halophenols,
herbicides, dyes, azo-dyes, among others) and air (toluene,
2-propanol, among others); visible light-induced hydrogen
photoproduction under solar irradiation is yet another out-
standing example of photocatalytic energy storage by carbon-
supported materials.
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4.2 TiO,/activated carbon

Activated carbon (AC), also termed active carbon, activated
charcoal, or activated coal, is a porous, amorphous solid
carbon material derived mainly from carbonaceous or plant-
based (lignocellulosic) materials such as coconut shell,"**"**°
activated charcoal,"””® sawdust of Tabebuia pentaphyla
d,"*""*  pine sawdust,"”® peach
stones,'”” almond shell activated carbon,"?®*'*° canola hull
cashew nut shell activated carbon,™!
132 and bituminous coal,*** and can be

W00 sawdust,'*> beech
activated carbon,°
water bamboo leaves,
used as a support for TiO,. Furthermore, activated carbon
adsorbs pollutants and then releases them onto the surface of
TiO, thus delivering a higher concentration of pollutants
around the TiO, than that available in the bulk solution culmi-
nating in an enhanced degradation rate of the pollutants;
intermediates produced during degradation can also be
adsorbed by AC which can then undergo further oxidation.'*?
Nevertheless, the adsorption could generally enhance the
photocatalytic rate but when the adsorption rate is much
faster than the pollutant (e.g. methyl orange molecule) transfer
rate, the photocatalytic kinetics are determined by the reaction
rate on the TiO, surface.”®* Activated carbon has a well-deve-
loped pore structure with very large surface area and adsorption
capacity and, consequently, possess a large number of active
adsorption sites where organic molecules can be adsorbed
before being transferred to the decomposition center of
TiO,;'"™ oxidizing species ("OH) generated by the photocatalyst
do not have to migrate very far from the active centers of the
TiO, and degradation occurs on the catalyst surface. Using AC
as a photocatalyst support conveys the pollutant molecules in
close proximity to the titania active site (to come in contact
with the hydroxyl radicals) for an efficient and effective photo-
degradation process (synergistic effect). AC can also function
as a titania photosensitizer by injecting electrons into the con-
duction band of titania and triggering the photocatalytic for-
mation of very reactive "OH radicals which are responsible for
the degradation of the dyes (e.g. Basic Red 18 and Basic Red
46)."*° In most cases, formate, acetate and oxalate have been
detected as vital aliphatic carboxylic acid intermediates during
the degradation of dyes. It is important to note that the initial
formation of oxalate can increase with the illumination time,
and then drop sharply. Furthermore, carboxylic acids can react
directly with holes generating CO, according to the “photo-
Kolbe” reaction:

R-COO™ + TiO,(hys™) — TiO, 4+ R’ + CO,.

In addition, photocatalytic mineralization of dyes implies
the appearance of inorganic products, mainly anions, since
heteroatoms are generally converted into anions at their
highest oxidation state. On the other hand, TiO, has low
selectivity because intermediate products of the photooxida-
tion of aromatic molecules are commonly photominera-
lized."*> In terms of the improvement of the photocatalytic
properties of TiO,, Matos et al.'** investigated the changes of
surface chemistry of the TiO,/activated carbon during gasifica-
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tion and pyrolysis. It has been found that the interaction
between TiO, and AC promotes higher concentrations of O,
and HO; radicals which induce remarkable changes in the
selectivity of products. In addition, the synergistic effect could
be attributed not only to a proper surface area but also to the
presence of a low surface concentration of acidic oxygenated
functionalities, particularly carboxylic groups. However, the
surface carboxyl anions (-COO™) are stabilized by transfer of
electrons to the aromatic ring of graphene layers in activated
carbon. Consequently, after dissociation in the aqueous phase,
carboxylic acid (e.g. acetic acid) functional groups on the AC
surface coordinate with the Ti** metallic center of TiO,.
Alternatively, this interaction could inhibit the recombination
of photogenerated species in the semiconductor (e”, h') thus
forming a higher concentration of hydroxyl radical ("OH) and
superoxide anion radical (O,”). The influence of the O,
anion radical is very important because the higher the concen-
tration of O,™", the higher is the production of HO; radicals
that enhance the photoactivity of TiO, in the photomineraliza-
tion of 4-chlorophenol. It is worth noting that TiO, supported
on AC will degrade total organic carbon (TOC)/phenol via a
photocatalytic oxidation process.'*®'*° Additionally, “OH may
attack aromatic ring sites in compounds resulting in the for-
mation of ring-opened (Fig. 13) products yielding CO,/H,O
and other degradation products;'**"*” breakdown of the
benzene ring and its subsequent mineralization leading to
CO, and H,O could be envisaged by the decrease in TOC
during the photocatalytic process."*® Moreover, AC as a
support for TiO, is effective in getting high rates of inactivate
bacteria (E. coli) in the water phase.""” Interestingly, adsorbent
supports provide a higher concentration of bacteria around
the loaded TiO, via adsorption; the rate of E. coli inactivation
in the presence of TiO,/AC catalysts is mostly determined by
TiO, particles and fits well a pseudo-first order kinetic
equation. Furthermore, bacteria are inactivated on the photo-
catalyst surfaces and then further decomposed; the high pre-
vailing inactivation efficiency of the composite prevents the
repair of cells. The TiO,/AC composite has been used in con-
junction with microwave (MW)-enhanced photodegradation of
Rhodamine B (RhB) for the destruction of the conjugated
structure, which was much faster than the photocatalytic
degradation methods.''® A distinctive feature, that the TiO,
surface becomes more hydrophobic under MW irradiation,'*

OH

UV/TiO,
hv 1,0 +0,

aliphatic products

vaercebaod g H,0 or OH
. .’ O :
Hole (h*)

oH’

. 0,
— <
\ e o,

Congucton bang
co)

Fig. 13 Schematic illustration of the photocatalytic degradation of
phenol by TiO,/AC.
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increases the probability of RhB contact with the TiO, surface.
Additional defect sites on TiO, have been generated,"** which
can increase the transition probability of e"/h" and decrease
e /h" recombination on the TiO, surface. The strong inter-
action between TiO, and AC can be explained by the substrate
transfer to titania where it is degraded photocatalytically.*** In
solution, the temperature of water and AC increases at
different rates under MW irradiation due to in-core heating
facilitated by MW energy which could generate locally higher
temperature in some micro-surfaces of the AC particles com-
pared to the water bulk.'*!

4.3 TiO,/activated carbon with magnetic properties

Magnetic activated carbon derived from biomass waste'**'*?

and soft magnetic ferrite activated carbon'** have been com-
monly deployed as a support for TiO, possessing high surface
areas and magnetic properties. Coconut shells or their ligno-
cellulosic fractions, waste plant by-products that constitute a
large fraction (~35%) of the total weight of coconut fruits, are
good candidate precursors for magnetic activated carbon
(MAC). Recently, magnetically separable TiO,/MAC photocata-
lysts with high activity under solar illumination were syn-
thesized and deployed for photocatalytic ozonation of meto-
prolol tartrate (MTP) in aqueous solution (50 mg L") with
high levels of photocatalytic mineralization (70-90%);'*> the
MTP mineralization (i.e. conversion into CO,) rate is highly
depended on the anatase content of the catalyst. This photo-
catalyst was easily separable due to its magnetic properties,
and its reusability and stability was successfully demonstrated
in a series of 10 consecutive photocatalytic ozonation runs.

4.4 TiO,/bamboo or wood charcoal

Bamboo is one of the most important non-timber forest pro-
ducts in the world and possesses high flexibility, high inten-
sity, low weight, a fast growth rate and low purchasing costs. It
has been extensively applied in a variety of daily applications
such as indoor decoration, handicrafts, flooring construction,
furniture, bamboo boats, and so forth.'*®'*” However, bamboo
is vulnerable to attack by fungi and termites on account of its
inherent hygroscopicity and therefore, prone to lose its dimen-
sional stability."*® When exposed to an outdoor environment,
unprotected bamboo shows bad decay resistance and is sus-
ceptible to attacks by fungi and insects, and degradation by
moisture, air, acid rain, and sunlight thus shortening its
service life and value."**"° The term charcoal generally refers
to the carbonaceous residue of wood, cellulose, bamboo,
coconut shells or various industrial wastes left behind after
incomplete combustion of organic matter in the absence of
oxygen;'®" usually it consists of carbon atoms, heteroatoms
(mainly hydrogen and oxygen) and mineral matter (usually
given as ash content). Wood charcoal is cheaper than AC
because it doesn’t need an activation process and has often
been used for phenol adsorption.'”* The basic feature of wood
charcoal is a highly aromatic matrix formed from layers of
polycyclic aromatic rings bearing a content of organic carbon
(53%) with a high C/N ratio; it can selectively adsorb hydro-
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phobic rather than polar pollutants due to its non-polar
nature.®® A TiO,/bamboo charcoal composite made by a dip-
dry method is a porous adsorptive material which has a high
specific surface area (359.8 m* g™"), pore volume (0.317 cm® g™')
and average pore diameter (3.526 nm)."** Porous bamboo
charcoal powder embedded in the matrix of TiO, particles has
facilitated dye absorption and the generation of electrons
during exposure to light.">® Biotemplated synthesis of TiO,/
wood charcoal composites developed for the synergistic
removal of bisphenol A (BPA) by adsorption and photocatalytic
degradation is a recent example;">" they displayed extraordi-
nary adsorption ability for hydrophobic BPA and good photo-
catalytic activity (80% and 78%).

4.5 TiO,/carbon waste and residues

Recently, Davila-Jiménez et al.'>® prepared a series of TiO,/

carbon composite materials from carbonized avocado kernels
and sols of TiO,; their short preparation in fewer steps uses
carbon with acidic groups that favors the interaction with
TiO,. The most efficient composites were obtained from
carbons with the largest specific surface areas and a suitable
micropore-mesopore ratio, favoring the immobilization of a
larger amount of TiO, particles, regardless of the pHPZC of
the carbon (pH where the carbon surface has neutral charge).
Antonio-Cisneros et al.*®” immobilized TiO, on carbon ema-
nating from residues of the plant Manihot, and this ensuing
composite eliminated nearly 100% of the dye upon UV
irradiation under optimal conditions; a similar investigation
has been reported using carbon from Manihot dulcis waste,"*®
and the TiO,/carbon composite decomposed ~50% of carmi-
nic acid under various conditions. Interestingly, the adsorp-
tion is reversible, and the dye can be partially recovered by de-
sorption, which can be advantageous in the case of artisanal
carpeting effluents.

4.6 TiO,/coal fly ash

Fly ash from coal, oil and biomass combustion are major con-
tributors to the solid waste which is currently discarded in
landfills or dumped at sea.’>® Coal fly ash (CFA) is a valuable
and desirable additive to cement concrete because of its
spherical shape and pozzolanic properties.'®>'®" In other
domains, coal fly ash is considered as a forerunner for several
applications in adsorption,'®*'%* material synthesis such as
zeolites,"®> %’ geopolymers, ceramics,"”"'”* and as a
catalyst support.””*"'”> Additionally, it has been shown that
the prepared TiO,/coal fly ash possesses potential advantages
over the starting materials’’® such as: (a) the microspherical
CFA particles are easy to precipitate in water, so photocatalysts
supported on CFA are easy to recycle from aqueous solution
after the reaction; (b) CFA, consisting primarily of Al,O; and
SiO, as support, can inhibit recombination of electrons and
holes effectively;'””'”® (c) a porous structure is formed by the
3D network with additional loading of TiO, photocatalyst in
its structure;'”® (d) the cost of preparation and the sources of
environment pollution can be reduced. However, it is difficult
to control uniform distribution of TiO, on CFA,'®*'8 which

168-170
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seriously restricts the activity of the photocatalyst and sub-
strate availability. TiO, immobilized on the surface of CFA, the
TiO,/CFA composite, separates without difficulty from the
treated wastewater by precipitation under quiescent con-
ditions."”® Since CFA particles are easy to precipitate in water
because of their larger size and heavier weight compared to
TiO, particles, the separation and recovery of the catalyst from
water is facilitated when TiO, is immobilized on CFA.
Therefore, TiO,/CFA may be a promising material for appli-
cations in the removal of organic pollutants from water in the
future.

4.7 TiO,/biomaterials for degradation of organic pollutants

A biomaterial, derived from an organism, should have the
inherent advantage to identify the majority of organic dye
molecules effectively due to the high biocompatibility and
structural complementarity of biomaterials towards organic
pollutants. Biomaterials or biomimetic materials can identify
dye molecules and selectively adsorb them as exemplified by
eggshell on the surface of TiO,-loaded composites.'®* Various
studies have shown that TiO, loaded composites (e.g. TiO,/
skeleton,'®* TiO,/DENs,'®* TiO,/eggshell,"®* TiO,/clamshell'®*
and TiO,/fish scale composites'®!) exhibited very high photo-
catalytic activity due to the synergistic effect of biomaterial
association and the TiO, photocatalyst. Basically, nature-based
biomaterials like fish scales are frequently used as adsorbents
in biosorption processes due to their high binding
capacities.'® The uptake abilities of scales from different fish
species should be similar because most fish scales contain sig-
nificant portions of organic protein (collagen), and the struc-
ture of collagen contains alluring functional groups, such as
phosphate, carboxyl, amine and amide, that are implicated in
the biosorption process.**®

5. Future prospects

This critical review summarizes most of the recent efforts on
the syntheses and applications of TiO,/carbon materials
derived from renewable resources that, until a few years ago,
were used as unique hybrid heterostructured photocatalysts
for environmental remediation. TiO,/carbon functional
materials, with well-designed physical and chemical pro-
perties, will not only bring many favourable features to
advanced oxidation processes but will provide a model system
for investigating and understanding the dependence of photo-
catalytic performance on materials composition and structure
at various scales, including fundamental studies on reaction
mechanism and kinetics. Such an attained knowledge base, in
turn, will greatly stimulate the better design of highly efficient
hybrid photocatalysts. There are optimistic future expectations
for the TiO,/carbon materials derived from renewable
resources in the field of photocatalysis and related fields of
science. However, there are still a number of aspects that need
to be addressed related to the rational and optimal design of
materials; understanding of interphase interactions, especially
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under solar light conditions; novel energy-efficient processes;
feedstock and production costs; issues related to carbon leach-
ing from hybrid photocatalysts; and environmental impact
concerns, to name a few. Despite much progress in photocata-
lysis, research on optimizing the properties of these photocata-
lysts is still in its infancy, as considerable challenges exist in
terms of improving accurate structure-property relationships
which need to be attended. Parallel to these advances, other
allied applications for a greener and sustainable future are
expected, namely in photodetectors, hybrid organic-inorganic
solar cells, self-cleaning materials, air purification filters,
photocorrosion-resistant materials, energy storage, CO,
reduction, selective organic transformations and water split-
ting for hydrogen generation. Developments in these associ-
ated fields may unveil their enhanced understanding thus har-
nessing the power of these fascinating nanostructured materials.

Disclaimer

The views expressed in this article are those of the authors and
do not necessarily represent the views or policies of the US
Environmental Protection Agency. Any mention of trade names
or commercial products does not constitute an endorsement or
recommendation for use.
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