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bstract

Various methods to prepare and characterize TiO2 photocatalyst loaded onto activated carbon (AC) support have been developed over the last
ecade. This photocatalyst has been used in a variety of investigations, i.e. from water decontamination to direct pollutant degradation in aqueous
nd gas phase systems using UV irradiation and lately with the assistance of ultrasonic sound waves. Chemical vapor deposition (CVD) method

s one of the most promising and well-researched methods for deposition of catalysts onto supports. Given its advantage, from an engineering and
undamental aspect, CVD method also has commercial applications. A detailed search of published reports of these investigations was carried out
nd analyzed in this paper with focus on CVD techniques, activated carbon support and sonication.

2008 Elsevier B.V. All rights reserved.
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. Introduction
TiO2 or titania is a very well-known and well-researched
aterial due to the stability of its chemical structure, biocom-

atibility, physical, optical and electrical properties. It exists in
our mineral forms that are, anatase, rutile, brookite and titanium
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ioxide (B) or TiO2(B). Anatase type TiO2 has a crystalline
tructure that corresponds to the tetragonal system (with dipyra-
idal habit) and is used mainly as a photocatalyst under UV

rradiation. Rutile type TiO2 also has a tetragonal crystal struc-
ure (with prismatic habit). This type of titania is mainly used as
hite pigment in paint. Brookite type TiO2 has an orthorhom-
ic crystalline structure. TiO2(B) is a monoclinic mineral and
s a relatively newcomer to the titania family. TiO2, therefore
s a versatile material that has applications in various prod-
cts such as paint pigments, sunscreen lotions, electrochemical
lectrodes, capacitors, solar cells and even as a food coloring
gent [1] in toothpastes. The preparation of TiO2 films has even
emonstrated futuristic application use such as thin dielectrics
n dynamic random access memory (DRAM) storage capacitors
2]. In the last decade, however, TiO2 has been developed and
sed as a photocatalyst for indoor and outdoor air purification
nd for the purification and remediation of contaminated waters
oaded with low concentrations of toxic organic pollutants [3–6].

.1. Characteristics of titania photocatalyst

The possible application for this material as a photocatalyst
n a commercial scale water treatment facility is due to several
actors:

(a) Photocatalytic reaction takes place at room temperature.
b) Photocatalytic reactions do not suffer the drawbacks of pho-

tolysis reactions in terms of the production of intermediate
products because organic pollutants are usually completely
mineralized to non-toxic substances such as CO2, HCl and
water (Eq. (7), Table 1) [7–10].

(c) The photocatalyst is inexpensive and can be supported on
various substrates such as, glass, fibers, stainless steel, inor-
ganic materials, sand, activated carbons (ACs), allowing
continuous re-use.

d) Photogenerated holes are extremely oxidizing and pho-
togenerated electrons reduce sufficiently to produce
superoxides from dioxygens [11].

In Green Chemistry, researchers [12,13] have also proven
hat TiO2 can be used to carry out selective photooxidations in
on-aqueous systems.

.2. Mechanism of photocatalytic reaction

The ability to degrade organic and inorganic pollutants comes
rom the redox environment generated from photo-activation of
he TiO2, which is a semiconductor material. The general mech-
nism of the photocatalytic reaction process on irradiated TiO2 is
hown in Table 1. The process of photodegradation of pollutants
y TiO2 starts by the absorption of UV radiation equal or higher
han the band gap value of 3.2 eV for anatase or 3.0 eV for rutile
nto the TiO2 particles. This creates a photogeneration of holes

nd electron pairs (Eq. (1), Table 1) in the semiconductor valence
and (hole) and conduction band (electron). It must be noted that
lthough both anatase and rutile type TiO2 absorb UV radiation,
utile type TiO2 can also absorb radiation that is nearer to visible
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ight. However, anatase type TiO2 exhibits higher photocatalytic
ctivity than rutile type TiO2 due to its conduction band posi-
ion which demonstrates stronger reducing power as compared
o rutile type TiO2. These energized holes and electrons can
ither recombine (Eq. (8), Table 1) and dissipate the absorbed
nergy as heat or be available for use in the redox reactions (Eqs.
2)–(4), Table 1). In the redox reactions, the energized holes and
lectrons will react with the electron donor or acceptor species
dsorbed on the semiconductor surface or simply be nearby in
he double layer surrounding the particle [14]. The solid side at
he semiconductor/liquid junction creates an electrical field that
eparates the energized holes/electrons pairs that fail to recom-
ine, allowing the holes to migrate to the illuminated part of the
iO2 and the electrons to migrate to the unlit part of TiO2 parti-
le surface [15]. Basically it is accepted that the initial step for
hotocatalytic degradation is the formation of extremely reac-
ive but short-lived hydroxyl radical (•OH) by hole trapping.
he •OH is formed either in the highly hydroxylated semicon-
uctor surface or by direct oxidation of the pollutant molecules
nder UV radiation. There is also a possibility that both methods
f forming •OH occur in these situations simultaneously. This
rocess is followed immediately by the reduction of adsorbed
xygen species, derived either from dissolved oxygen molecules
in the aqueous system), or by other electron acceptors available
n the aqueous system [16].

Although researchers are still studying the complex mecha-
ism involved in the photochemical system, due to the fact that
t is a heterogeneous system, commercial applications are avail-
ble on the market that demonstrate its applicability. On one
and researchers [17–19] have determined that slurry type pho-
ocatalytic reactors seem more efficient as compared to those
sing immobilized catalyst, but actual engineering application
ften rely on using TiO2 in immobilized form. This is due to sev-
ral reasons such as the difficulty and cost of catalyst recovering
nd re-use from a slurry suspension and to functionalization
f the support materials which could act as pollutant concen-
rator thereby speeding-up the purification process. However,
hotocatalytic purification processes utilizing supported TiO2
re often hindered by other problems such as mass transfer
imitations [20,21]. Therefore, due to the complex mechanism
hat occurs during the photocatalytic reactions and the num-
er of options that exist, it is not simple to determine a common
round for mobilized versus immobilized catalyst performances.
owever, it is not the intention of this paper to focus on the engi-
eering aspect of the mobility of the supported photocatalyst.

. Photocatalyst support

TiO2 powder, can by itself, photodegrade pollutant molecules
hen radiated with UV radiation. If titania powder is deposited

n a pool of polluted water under sunlight conditions, it will
egrade the pollutant in the water. However, researchers [22]
ave discovered that during the photodegradation process, inter-

ction by certain pollutant molecules or their intermediates
ould cause the TiO2 powder to coagulate, thereby reducing
he amount of UV radiation from reaching the TiO2 active cen-
ers (due to reduction of its surface area) and thus reducing its
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Table 1
The general mechanism of the photocatalytic reaction process on irradiated TiO2

Process Reaction steps

Electron-hole pair formation TiO2 + hv → TiO2
− + OH•(orTiO2

+) (1)

(Semiconductor valence band hole and conduction band electron) TiO2
− + O2 + H+ → TiO2 + HO2 (2)

TiO2
− + H2O2 + H+ → TiO2 + H2O + OH• (3)

Electron removal from the conduction band TiO2
− + 2H+ → TiO2 + •H2 (4)

Hole trapping H+ + H2O → OH• + H+ (5)
H+ + HO− → OH• (6)

Oxidation of organic pollutant molecules

OH• + O2 + CxOyH(2x−2y+2) → x

CO2 + (x − y + 1)H2O (7)

Non-productive radical reactions

TiO2
− + OH• + H+ → TiO2

+ H2O (recombination) (8)

2OH• → H2O2 (9)
2HO − → H O + O (10)
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atalytic effectiveness. In order to overcome this coagulation
roblem, some researchers have used different materials as a
upport for the titania photocatalyst.

Various substrates have been used as a catalyst support for the
hotocatalytic degradation of polluted water. For example glass
aterials: glass mesh, glass fabric, glass wool [23], glass beads

18,24] and glass reactors [19–21,25–32] were very commonly
sed as a support for titania. Other uncommon materials such
s microporous cellulosic membranes [33], alumina clays [34],
eramic membranes [35,36], monoliths [37,38], zeolites [39],
nd even stainless steel [40] were also experimented as a support
or TiO2. Many more materials were investigated to be used as
support for titania, but only some were mentioned above.

Therefore, from the literature survey we can establish certain
nderlying criteria for selecting an optimal catalyst support such
s:

(a) The supporting material should be transparent or at least
allow some UV radiation to pass through it and be chem-
ically inert or non-reactive to the pollutant molecules, its
intermediates and the surrounding aqueous system.

b) The supporting material should sufficiently bond either via
physically or chemically to the TiO2 without reducing the
titania’s reactivity.

(c) The supporting material should have a high surface area and
a strong adsorption affinity towards the pollutants (organic
or inorganic compounds) to be degraded. This criterion

reduces or eliminates the intermediates produced during
the photocatalytic degradation while further increasing mass
transfer rates and processes for an efficient photodegrada-
tion.

i
[
a
5

2 2 2 2

2OH• + H2O2 → H2O + O2 (11)
2OH• + HCO3

− → CO3
• + H2O (12)

d) The supporting material should allow for fast and easy pho-
tocatalyst recovery and re-use with or without regeneration.

Based on these criteria, activated carbon has also been exten-
ively researched and used as a support material for TiO2.

.1. Activated carbon

Activated carbon, which is sometimes called activated char-
oal or active carbon, is a porous, amorphous solid carbon mate-
ial, which is derived mainly from carbonaceous material, such
s coal [41] (bituminous, lignite) or plant based (lignocellulosic)
aterial [42–58] such as peat, wood, or nutshells (i.e. coconut,

il palm shells). Generally, the activated carbons are manufac-
ured in two stages that is, carbonization and activation processes
51–58]. The carbonization process, which includes drying and
hen heating, is done to eliminate by-products such as tars
nd other hydrocarbons (including volatile organic compounds),
rom the raw material, as well as to remove any gas produced
uring this first stage. This pyrolysis process is then completed
y heating the material at temperatures between 400 and 600 ◦C
n an oxygen-deficient, inert [51–55] or self-generated [56–58]
tmosphere that prevents combustion of the carbonizing mate-
ial. The carbonized material is then activated in the second stage
y exposing them to an activating agent, such as steam [59] or
O2 [51–55] at the same or higher temperature than that of

he first stage. More by-products from the first stage are further
urned off by the activation gas during this process, produc-

ng a highly porous, three-dimensional graphite lattice structure
60] material that has an exceptionally high surface area. Gener-
lly 1 g of activated carbon will have a surface area of between
00 and 2000 m2, which is typically determined by nitrogen
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as adsorption or a simple liquid adsorption, calculated using
angmuir isotherm for monolayer adsorption or BET (Brunauer,
mmett and Teller) isotherm for multilayer adsorption. The
pplications for this material are due to its naturally high surface
rea; although some researchers have used chemical treatment
o tailor-make the carbon for very specific applications.

.2. Activated carbon supported photocatalyst

Activated carbons have also been extensively researched to
e used as a support [22,61–65,67–71,79–100] for the TiO2
hotocatalyst including 182 scientific papers and 1341 patents
SCOPUS July 2007), e.g. Ref. [72]. Besides being used as a
atalyst support, some researchers use a combination of TiO2
nd activated carbon mixtures to treat pollutant. Some of these
tudies are listed in Table 2. However, greater understand-
ng of the supported catalyst dispersion in aqueous medium,
nchorage and the ideal TiO2 particle size; mounted on the
ctivated carbon is crucial in developing a suitably supported
hotocatalyst. Using activated carbon as a catalyst support
ill help increase the photodegradation rate by progressively

llowing an increased quantity of substrate to come in contact
ith the TiO2 through means of adsorption. This is important
ecause researchers [73] have established that the oxidizing
pecies (•OH) generated by the photocatalyst, does not migrate
ery far from the active centers of the TiO2 and therefore
egradation takes place virtually on the catalyst surface. In
his respect, activated carbon will prove to be an invaluable
upport in promoting the photocatalytic process [74–77] in
roviding a synergistic effect by creating a common inter-
ace between both the activated carbon phase and the TiO2
article phase. The synergistic effect can be explained as an
nhanced adsorption of the target pollutant onto the activated
arbon phase followed closely by a transfer through an inter-
hase to the TiO2 phase, giving a complete photodegradation
rocess.

Therefore from the literature survey, we can establish some
enefits of the activated carbon support in the preparation of the
itania photocatalyst such as:

a) Higher activated carbon content in the supported photocat-
alyst translates to a higher surface area for the supported
photocatalyst and higher adsorption capacity.

b) Activated carbon’s pore volume reduction [65] is directly
proportionate to its amount in the catalyst, indicating that the
TiO2 particles actually agglomerate on the carbon surface
without being adsorbed into the carbon’s pores. But pore
trappings may still occur to a small extent.

c) Activated carbon content of less than 13% [65] of the
supported photocatalyst weight will create a homogeneous
distribution of TiO2 on its surface. Heterogeneous distribu-
tion will occur if the percentage of the carbon is higher than
the 13% mentioned, causing both the activated carbon and

the TiO2 particles to form conglomerates.

d) Organic compounds are hydrophobic whereas TiO2 parti-
cles, when exposed to UV radiation, are hydrophilic. Using
activated carbons as a photocatalyst support will help bring
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the pollutant molecules near to the TiO2 active site (to come
in contact with the hydroxyl radicals) for an efficient and
effective photodegradation process (synergistic effect). Acti-
vated carbons can generate new adsorption centers to favor
approaching pollutant molecules.

e) Using activated carbon as a support will enable secondary
degradation of intermediates to take place in situ, further
enhancing the effectiveness of the photocatalyst.

f) Using activated carbon as a support, allows for fast and easy
photocatalyst recovery as well as provide ample room for
catalyst regeneration using various techniques [75]. This
is because the supported photocatalyst can be made into
granular form, hence providing an easy filtering option for
recovery from the slurry [78].

Besides having all the criteria and benefits for a catalyst sup-
ort as established in the literature survey, activated carbon is
on-polar, non-reactive, highly adsorptive and cheap to manu-
acture or purchase.

. Preparation techniques of loading TiO2 onto catalyst
upports

In order to deposit titania onto a suitable catalyst support,
esearchers have investigated and developed various techniques
nd methods. Numerous techniques such as anodization [101],
lectrodeposition [102], sol–gel [68,70–71], reactive dc mag-
etron sputtering [103], chemical vapor deposition (CVD)
61–64,66,79–80,104–106], electrostatic sol-spray deposition
107] and aerosol pyrolysis [108] were used for preparing sup-
orted titania catalysts. The process of selecting a suitable
eposition method depends on the type of catalyst support, the
ype of pollutant to be degraded, and the degradation environ-
ent, for example liquid or gas environment. This is because

oading the titania catalyst onto a support can have a profound
nd irreversible effect on the photocatalytic properties of TiO2.
he catalyst activity and active sites can be affected, to some

evel, quite severely, by several factors that occur when the cata-
yst is loaded onto a support. Alteration of the titania’s chemical
nd physical structure including its microcrystalline structure
due to the temperature of preparing the supported titania) plus
he chemical bond formed between the support and the titania
articles, can drastically change the TiO2 energy band gap. This
nergy band determines the effectiveness of the catalyst in pro-
ucing hydroxyl radicals in an aqueous system. Catalyst surface
rea reduction due particle bonding with the support and the
oss of some titania particles in pore trappings of some types
f support (for example, activated carbon), where UV radiation
annot reach, is also a cause for concern. However, the degrada-
ion ability of the titania particles trapped in the support’s pore
an still be effectively exploited by using sonication. This will
e explained in the last section of this paper.

In summary, there are two main routes for the preparation of

supported photocatalyst. In the first route, a previously made

itania powder is manipulated to procure coating of a suitable
upport material and in the second route an ‘in situ’ supported
atalyst generation is used. In this paper we shall review this sec-
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Table 2
Some of the latest works on TiO2/AC mixture/composite with photocatalyst/sonophotocatalyst combinations and the targeted pollutants

References TiO2/AC coupling Preparation method Degradation method Pollutant degraded Comments

[61–62,79] Composite MOCVD Lamp-type (300 W) UV-A Methyl Orange HNO3 modified AC effectively
increased surface TiO2 particle conc.
giving higher catalytic performance.

[63] Composite MOCVD, direct
air-hydrolysis and
high-temperature
impregnation
techniques

– – CVD gave more thermally stable
anatase TiO2 than direct air-
hydrolysis or high-temperature
impregnation technique prepared on
AC support.

[64] Composite MOCVD Lamp-type (8 W) UV-A Phenol Introducing water vapor during CVD
or adsorbing water before CVD was
vital for anatase TiO2 deposition
on supports. High surface hydroxyl
groups and macroporous surface area
crucial for coating and photocatalytic
reactions.

[65] Mechanical mixture – – – AC supports exerts a synergistic effect
in combination with TiO2 and modi-
fies catalyst characteristics.

[67] Composite Epoxy resin
calcinations

Lamp-type (500 W) UV-A b-Cyclodextrin Larger pores on the composite photo-
catalyst are vital for higher adsorption
and degradation reaction rates of the
targeted pollutants. The composite
pore size must be suitable for the cor-
responding pollutant molecule size.

[68] Composite Sol–gel Lamp-type (40 W) UV
range unspecified

Methyl Orange Higher calcination temperature causes
higher crystalline rutile TiO2 to form
on the AC support.

[69] Composite Carbon precursors
calcinations

Lamp-type (2 lamps 20 W
each) UV-A

Methylene Blue Carbon coating technique reduces
anatase to rutile transition, allow-
ing for higher temperature annealing
process.

[70] Composite Sol–gel Lamp-type (6 lamps 20 W
each) UV range unspecified

Phenol Surface area and porosity of photo-
catalyst changed drastically due to
pollutant adsorption.

[71,99] Composite Sol–gel Sonication (20 kHz, 75 W) Phenol Under sonication process, amount of
catalyst is proportionate to the degra-
dation rate.

[80] Composite MOCVD Visible light (LED) NOx oxidation High photocatalytic degradation
under visible light illumination.

[81] Hybrid mixture – Lamp-type (3 lamps 8 W
each) UV-C

Metsulfuron-methyl Pollutant was flowed through AC
column before being photocatalyzed.
This hybrid system had a 90% removal
rate within 10 min and a high degree
of flexibility in system operation.

[82] Composite Sol–gel Lamp-type (20 W) UV-A Methylene Blue Sonication was use as means of sam-
ple dispersion

[83] Mechanical mixture – Lamp-type (125 W) UV-A 4-Chlorophenol Synergistic effect observed. Increase
of H-type AC’s electronic density con-
tributed to titania’s photoactivity.

[84] Composite Hydrothermal method Lamp-type (8 W) UV-A Phenol, Methyl
Orange, Cr(IV)

This method provide for low deactiva-
tion and easy separation of supported
photocatalyst.

[85] Composite Acid-catalyzed
hydrolysis in NH3

atmosphere

Lamp-type (380 W) Vis
(8 W) UV-A

Phenol Composite (doped N) extended the
light absorbance edge to 500–560 nm
allowing generation of electron–hole
pairs under Vis irradiation.

[86] Composite Sol–gel Microwave (900 W):
electrodeless discharge
lamp (EDL) UV-A, B, C
range

Phenol EDL largely accelerated the photore-
actions causing a relatively faster and
effective degradation of phenol.

[87] Composite Sol–gel Lamp-type UV range
unspecified

Methylene Blue Titania was dip-coated on AC fiber
showed retained anatase crystalline
pattern.
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Table 2 (Continued )

References TiO2/AC coupling Preparation method Degradation method Pollutant degraded Comments

[88] Composite Microwave-assisted
digestion

– – This method provides fast preparation
of photocatalyst as ashing step was
not required, chemicals and sample
size were reduce and can be treated
simultaneously.

[90] Composite Epoxy resin
calcinations

Lamp-type (500 W) UV-A Paper mill
wastewater

Provided fast and efficient degradation
of pollutant (COD), however overuse
of catalyst had opposite effects.

[91] Composite Aqueous suspension Lamp-type (60 W) and 4
(15 W) fluorescent tubes
UV-A

Catechol, resorcinol Presence of activated carbon in
the photocatalyst enhances the com-
pound interaction and degradation
mechanism.

[92] Composite Hydrothermal method Lamp-type (8 W) UV range
unspecified

Indigo carmine dye Increasing the photocatalyst increases
the degradation rate but addition of
surplus catalyst reduces the rate due
to reduction of light penetration.

[93] Composite Sol–gel Lamp-type (3 W) UV-C Chromotrope 2R Results indicated that calcinations at
450 ◦C caused the titania agglomera-
tions in the AC pores enhancing metal
oxide and carbon interactions leading
to synergistic effect and high photo-
catalytic ability.

[96] Mechanical mixture – Lamp-type (125 W) UV-A Phenol,
hydroquinone
para-benzoquinone

Synergistic effect observed, effec-
tively degraded the pollutants

[97] Composite Aqueous suspension Lamp-type (150 W): UV
range unspecified (50 W):
visible light

Phenol, benzoic acid TiO2 was treated with 2,4,6-
triphenylpyrilium hydrogen sulfate
before mixing with AC, increasing
the photocatalyst sensitization to
visible light.

[100] Composite Sol–gel (sonochemical
method)

Lamp-type (15 W) UV-A Acetone Slow hydrolysis under sonication
promotes the formation of monodis-
persed TiO2 sol particles, which
agglomerates producing mesoporous
TiO2 particles with narrow pore size
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nd route, giving importance to the chemical vapor deposition
ethod.

.1. Chemical vapor deposition

Chemical vapor deposition is mainly an industrial chemical
rocess, which uses various deposition techniques to form thin
lms from different precursors onto a substrate (usually for semi-
onductor materials). In essence, in a CVD process, a substrate
s exposed to a single or multi component volatile precursor
in gaseous phase) in an inert atmosphere at controlled high
emperature and pressure. These volatile precursors will either
eact or decompose onto the surface of the substrate, creating
desired deposited thin-filmed material. Usually by-products

re also generated during this process and will be removed by
owing gas through the reactor. In the semiconductor indus-

ry, this technique is used in the fabrication process to deposit

lms such as SiO2, silicon (polycrystalline, amorphous and
xpitaxial), silicon–germanium, silicon nitride, titanium nitride,
arbon (fiber, filaments and nanotubes), tungsten and various
ther materials [109–115].

r
d
e
d

distribution.

.2. Metal-organic chemical vapor deposition (MOCVD)

The type of CVD technique used will depend on both the
ype of substrate and precursors used as well as the desired
egree of thin film uniformity. The liquid or gas phase of
he precursor is also taken into account when choosing a
VD technique. In preparing TiO2 photocatalyst supported
n activated carbon using CVD method, most researchers
61–62,79,104] choose MOCVD. This preference is due to the
etallo-(organic/inorganic) precursors used such as titanium

etra-isopropoxide (TTIP), tetrabutyltitanate (TBOT), titanium
etrachloride or tetranitratotitanium and the activated carbon
upport. The schematic diagram of a basic MOCVD system is
hown in Fig. 1. The carrier gas (for example, N2) is used to
ransport the vaporized precursor to the activated carbon sup-
ort, while at the same time maintaining an inert atmosphere at
specific pressure. The flow pressure generated from the car-
ier gas is also important in removing gasses generated from the
eposition reaction. This is important to prevent ‘in situ’ gen-
rated gasses from causing uneven film uniformity during the
ecomposition process on the support. Silica gel is used to ensure
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ig. 1. Schematic diagram of MOCVD system: (1) carrier gas; (2) precursor; (3)
ertical tubular furnaces; (4) quartz reactors; (5) silica gel; (6) catalyst support
AC); (7) cold trap.

hat the carrier gas is 99.9% dry. This is important because some
recursor becomes unstable when wet such as TTIP. The vertical
ubular furnaces are used to maintain a specific reaction temper-
ture for vaporizing the precursor and the deposition reaction.
he exhaust gasses and ‘extra’ precursor vapors are removed via
cold trap. The cold trap apparatus can be as simple as flowing

he gasses through a beaker of water, allowing almost 90% of
he exhaust gasses to dissolve in it.

.3. Titania deposited on activated carbon support via
OCVD technique

The purpose of using the MOCVD system is to eliminate
arious steps used in the traditional method of supported photo-
atalyst preparation such as drying, calcinations and reductions,
hich can seriously affect catalyst performance. The MOCVD

ystem also provides certain benefits such as the ability to con-
rol the titania crystal structure and growth on the support. The
rocess is continuous with relative ease in controlling reaction
ressure and temperature, plus a relatively low-cost and sim-
le apparatus is needed for this technique. Catalysts prepared
y MOCVD technique have demonstrated higher catalytic effi-
iency in the degradation of phenol in aqueous system than the
wo-step method [62,78]. Various benefits can be derived by
sing this technique in preparing a photocatalyst on activated
arbon support such as:

a) Metallo-organic compounds used as precursors, have rela-
tively low decomposition temperatures and high volatilities,
therefore low temperature and pressure are required for the
reaction.

b) Reduction and activation of the catalyst can be carried out
simultaneously in the reactor before the catalytic reaction
takes place, providing an efficient decomposition reaction;
while various unnecessary steps in other traditional tech-
niques are eliminated.

c) Carrier gas flow rate and source temperature can be adjusted
with ease. This is important as researchers have shown that
higher flow rate and higher temperature, up to 900 K, will
give a higher deposition rate. This is due to the fact that
a higher source temperature will create an enhanced con-
centration of precursor in the gas phase leading to higher

deposition rate. However, once the peak temperature has
been achieved, the deposition rate will plateau due to lim-
itations of its surface chemical kinetics. Higher deposition
temperature, above 1073 K will also cause the percentage of
s Materials 157 (2008) 209–219 215

rutile content to increase, therefore reducing the percentage
of anatase content. Other researchers [66], via XRD analy-
sis, have determined that the temperature for anatase to rutile
transition depends on the type of precursors and substrates
used and is therefore, not the sole effect of temperature.
This phenomenon is known as the source effect. Neverthe-
less a high source temperature of about 448 K, creates better
dispersion of the supported titania with fine particle sizes
ranging from 10 to 20 nm. Researchers [62] also reported
that MOCVD process did not affect the structure and texture
of the catalyst support.

. Sonication and photocatalytic reactions

During deposition process in preparing an activated carbon
upported photocatalyst, some titania particles get trapped in
he pores of the carbon. This phenomenon is known as ‘pore
rapping’ and UV radiation is blocked by these carbon particles
hich are unfortunately opaque unlike glass support. This prob-

em somewhat limits the catalytic efficiency to the surface of
he carbon particle with the exception to the adsorptive powers
f the activated carbon (to remove the organic pollutant from
he aqueous system). However, in the last 5 years, researchers
71,116–120] started experimenting with a combination of UV
nd ultrasonic irradiation processes to enhance the effectiveness
f the supported photocatalyst. It was discovered that ultra-
onic irradiation can be used as an alternative energy source for
iO2 to generate positive holes. Sonication of water results in

he formation and collapse of millions of microscopic bubbles.
hen these bubbles collapse, extreme localized high temper-

ture is generated; producing hydroxyl radicals. Nevertheless,
esearchers [71,99] have determined that with the presence of
iO2, the hydroxyl concentration is increased and the degrada-

ion process takes a shorter time to complete. Also UV irradiation
ay not be able to penetrate the opaque carbon walls but ultra-

onic waves will propagate throughout the entire reactor, thus
he shielding effect is no longer a cause for concern even in
igh particle concentration slurry. Therefore sonication process
llows researchers to increase particle concentration in the pho-
ocatalytic reactor. In summary, from the literature survey, we
an establish some benefits of using sonophotocatalytic degra-
ation process in treating pollutants in an aqueous system such
s:

a) Pore trappings from loading or depositing titania onto
opaque substrate, no longer reduces photocatalyst efficiency.

b) UV irradiation obstructed by high particle concentration
slurry can be overcome by using sonication process.

c) Irradiation intensity (UV and ultrasonic) can be adjusted
with ease to optimize the sonophotocatalytic reaction.

d) The synergy effect of UV and ultrasonic irradiation
used in waste water treatment will enable more high

energy hydroxyl radicals to be generated, further com-
plementing the adsorptive powers of the activated carbon
support to adsorb and degrade the generated intermediate
by-products.
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e) Researchers [118,120] have also determined that the posi-
tive effect of sonication, influence both the oxidation and
reduction reaction processes of the targeted pollutant. But
some pollutant may exhibit temperature dependence for an
efficient degradation process.

f) Researchers [22] have demonstrated that sonication as
means of stirring as compared to mechanical stirring was
effective in preventing coagulation of the photocatalyst.

. Conclusion

In conclusion, titania photocatalyst supported on activated
arbon by means of chemical vapor deposition, appears to have
arious benefits and advantages for providing a cheap and effec-
ive waste water treatment and remediation option. The high
urface area, large pores (macroporosity) and the presence of
urface hydroxyl groups, makes activated carbon, an ideal pho-
ocatalyst support. However, it might be important to note that
hile certain metallo-organic precursors such as TTIP [64]
o not efficiently deposit onto activated carbon support via
OCVD technique, other metallo-(organic/inorganic) precur-

ors may be substituted in order to produce an efficient coating.
he use of ultrasonic sound waves in combination with UV irra-
iation, further contributes to the effectiveness of the activated
arbon supported photocatalyst reaction by resolving problems
elated to the opaque and porous catalyst support. However,
umerous aspects and understanding from an engineering point
f view still warrant further investigation before large scale com-
ercialization is possible. In our efforts to stem back the tide of

nvironmental degradation, it is only prudent that we continue
o explore known technologies and improve our understanding
f it.
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