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This  paper  studies  the  photocatalytic  degradation  of  phenol  using  zirconia-doped  TiO2 nanoparticles.  ZrO2

was  chosen  due  to  its  promising  results  during  preliminary  studies.  Particles  smaller  than  10  nm  were
synthesised  and  doped  with  quantities  of  ZrO2 ranging  from  0.5  to 4% (molar  metal  content).  Particles
were  calcined  at different  temperatures  to alter  the  TiO2 structure,  from  anatase  to  rutile,  in order  to
provide  an  ideal  ratio  of  the  two  phases.  Powder  X-ray  diffraction  (PXRD)  analysis  was  used  to examine
the  transformation  between  anatase  and  rutile.  Degradation  of phenol  was  carried  out  using  a  40  W UV
bulb at  365  nm  and  results  were  measured  by  UV–vis  spectrometry.  TEM  images  were  obtained  and  show
the particles  exhibit  a highly  ordered  structure.  TiO2 doped  with  1%  ZrO2 (molar  metal  content)  calcined

◦

anoparticles
henol degradation

at  700 C  proved  to  be  the  most  efficient  catalyst.  This  is  due  to an  ideal  anatase:rutlie  ratio  of  80:20,  a  large
surface  area  and  the existence  of  stable  electron–hole  pairs.  ZrO2 doping  above  the  optimum  loading  acted
as  an  electron–hole  recombination  centre  for electron–hole  pairs  and  reduced  photocatalytic  degradation.
Synthesised  photocatalysts  compared  favourably  to  the  commercially  available  photocatalyst  P25.  The
materials  also  demonstrated  the  ability  to be  recycled  with  similar  results  to  those  achieved  on  fresh
material  after  5 uses.
. Introduction

Since Fujishima and Honda (1972) discovered photoelectroly-
is of water, TiO2 has been used to decompose pollutants without
he application of an external voltage [1].  Single crystal n-type TiO2
rutile) semiconductor electrodes with a positive valance band edge
ere shown to oxidize water to oxygen [2].  This discovery led Frank

nd Bard, in 1977, to use TiO2 for the oxidation of cyanide in water
3]. Since then, TiO2 has being used in a wide variety of applica-
ions such as a photocatalyst in solar cells for the production of
ydrogen and electric energy, in electronic devices and in optical
oatings [2]. Much recent attention has been focused on the use
f TiO2 for environmental remediation. Commercial products such
s self-cleaning glass, air purification filters and disinfectant tiles
how a market for the environmental applications of photocataly-
is [4].  The reasons for so much attention being given to TiO2 is that
t is an extremely stable material and relatively inexpensive, it is
lso thought to be environmentally friendly, non-toxic and poses

ittle threat to humans [2].  The optimum catalytic performance of
iO2 depends on a number of parameters which include particle
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size, surface area, light intensity and the ratio between the anatase
and rutile crystal phases present in the actual material [5].

Phenol is an extremely toxic organic compound which is highly
soluble in water and a major pollutant. It is used in the manufac-
ture of polymeric resins, herbicides and fungicides it is also used
in oil refining, paper mills and in the pharmaceutical industry [6].
Phenol has also become one of the most widely used petrochem-
ical products and demand is increasing and global production of
phenol reached 8 million tonnes in 2009 [7].  Since 2001 there has
been a 45% increase in demand for the phenol derivative bisphenol
A for the production of polycarbonate resins used in the manufac-
ture of CDs, CD-ROMs and DVDs [8].  42% of the global production of
phenol is for bisphenol A synthesis, followed by phenolic formalde-
hyde resins at 28% used in the production of circuit boards, coatings
and adhesives [9].  Phenol is a protoplasmic poison and poses a
major concern to both drinking water and the aquatic environ-
ment. It is hazardous to humans as it is corrosive and cellular
uptake is rapid after exposure and mainly affects the liver and
kidneys but can also affect the respiratory, nervous and cardiovas-
cular systems. Depending on concentration, both short term and
long term exposure can cause death [10]. Phenol also inhibits the

growth and survival of micro-organisms in biological treatment
plants which in turn hinders the degradation of other pollutants
[11]. As a result, there are strict guidelines for levels of phenol in
drinking and bathing water. The threshold for taste and odour of
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henol has been reported as 150 �g l−1, however, when water is
hlorinated in the presence of phenol chlorophenols are formed
12]. These are 2- and 4-chlorophenol, 2,4- and 2,6-dichlorophenol,
,4,6-trichlorophenol and the taste thresholds are reduced to 0.1,
.3 and 2 �g l−1, respectively. Due to the risk of chlorophenols at

ow levels it is recommended by the EU that only 1 �g l−1 of phe-
ol is acceptable in drinking water. The EU has set a guide level of
5 �g l−1 and a mandatory level of ≤50 �g l−1 for bathing waters

Directive 2006/7/EC) [13].
As phenol is an organic compound, photocatalytic decomposi-

ion is a popular and economically viable method of degradation
10]. The most common method is the use of a catalyst under a
adiation high pressure UV lamp. Chiou and Juang [6] removed
0 mg  l−1 of phenol over 2 h with a 400 W UV lamp using Pr-doped
iO2. Akbal and Nur Onar [14] used a commercial photocatalyst
rom Merck Chemical Company and a 300 W UV lamp to remove
9% of phenol, from wastewater, in the presence of H2O2. The
ost popular and worldwide photocatalyst is Evonik’s (formally
egussa) P25. This is because of its availability and the fact that

t has an almost ideal composition of rutile to anatase (80%:20%)
5]. The photocatalytic properties of P25 on 100 mg  l−1 of phe-
ol degradation were studied by Laoufi et al. [11] using a 15 W
nd a 400 W UV lamp. It was shown that over 2 h the 15 W lamp
emoved only 2% of the phenol while the 400 W lamp removed
9%. Photo-oxidation is not the only technique used for phenol
emoval from wastewater. More recently the use of activated car-
on and other catalysts as a support for TiO2 has also attracted
uch attention as the support can increase uptake [15]. How-

ver, activated carbon is a less effective method, with average
esults of between 50 and 80% removal over 4 h [16]. Phenol
an also removed by adsorption on polymeric resins, membrane-
ased solvent extraction and pervaporation with hydrophobic
embranes [7].
In this paper we report on attempts to produce a more effec-

ive photocatalyst for removal of phenol from water by engineering
igh surface area, a desired anatase to rutile ratio and the use of

 dopant to improve photocatalytic properties. ZrO2 was  chosen
ecause it appeared to be the most promising of a series of dopants
sed in trial results [17].

. Experimental

.1. Synthesis of ZrO2 doped TiO2

TiO2 was synthesised according to a modified method by
eidy et al. [18]. Pluronic P123 (3 g) was dissolved in anhydrous
thanol (30 ml), HCl (2.5 ml)  and H2O (0.5 ml)  at room tempera-
ure. The triblock co-polymer P123 is preferred for its combination
f hydrophobic and hydrophilic molecules which form a corona
n solution. When the temperature and P123 concentration is
ncreased, the structure moves from cubic to hexagonal ordering
s a result of the external hydrophobic character of the co-polymer
19]. Titanium (IV) butoxide (14 ml)  was then added with acetylace-
one (acac) at a molar ratio of 10:1 (Ti:acac) to adjust the titanium
xide precursor hydrolysis rate. This sol–gel was  aged in air for 5
ays and was calcined for 6 h at temperatures ranging from 400 to
000 ◦C depending on the desired anatase:rutile ratio. Although it

s generally accepted that anatase has greater photocatalytic activ-
ty than rutile a mixture of both phases is required for efficient
hotocatalysis.

In situ zirconia doped TiO2 was prepared with Ti:ZrO2 molar

atios of 25:1, 50:1, 100:1 and 200:1. These are called Zr 25/1, Zr
0/1, Zr 100/1 and Zr 200/1, respectively. The precursor used for
he ZrO2 doping was zirconium acetylacetonate (Zr(acac)4) and was
dded at the same time as the titanium (IV) butoxide.
us Materials 193 (2011) 120– 127 121

2.2. Characterization methods

Powder X-ray diffraction (PXRD) profiles were recorded on a
PANalytical X’Pert diffractometer, equipped with a Cu K� radiation
source and X’Celerator detector. Anatase and rutile percentages
were calculated from the resulting diffractograms by using the
Spurr equation [20]:

%R = 1
1 + 0.8[IA(1 0 1)/IR(1 1 0)]

× 100 (1)

where IA is the intensity of the anatase (1 0 1) peak and IR is the
intensity of the rutile (1 1 0) peak. The surface areas of the cal-
cined TiO2 catalysts were measured using nitrogen BET isotherms
at 77 K on a Micromeritics Gemini 2375 volumetric analyzer.
Each sample was degassed for 5 h at 473 K prior to a BET mea-
surement. TEM images were obtained using a FEI TITAN TEM
operating at 80–300 kV. Diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) were recorded on a Bio-Rad FTS 3000
IR Spectrometer.

The Scherrer equation was  used to determine rutile crystallite
size from the PXRD data:

D = k�

 ̌ cos �
(2)

where D is the crystallite size, k is a constant, � is the wavelength
of the X-ray radiation,  ̌ is the line width (obtained after correction
for the instrumental broadening) and � is the diffraction angle [18].

2.3. Phenol degradation

Phenol concentrations of between 5 and 40 mg  l−1 were pre-
pared using redistilled phenol from 99+% purity chemicals from
Sigma–Aldrich. Photocatalytic reactions were carried out under a
40 W UV lamp at 365 nm wavelengths. Analysis was done using
UV–vis spectroscopy at a maximum absorption peak of 270 nm.
A calibration curve was  constructed and degradation results were
obtained from the equation given below. Undoped TiO2 and ZrO2
doped TiO2 of metal molar ratios (Ti:Zr) 200:1 (Zr 200/1), 100:1
(Zr 100/1) and 50:1 (Zr 50/1) were tested for phenol degradation.
The data for Zr 25/1 was  omitted as it displayed extremely poor
catalytic results. Dark studies were also tested and showed very
little phenol adsorption. Evonik’s commercially available P25 was
also tested for comparative results. The degradation rate of phenol
could be obtained by:

De = C0 − Ct

C0
× 100% (3)

where De is the degradation rate of phenol after t min of reaction,
Ct is the concentration of phenol after t min  of reaction, and C0 is
the initial concentration. The reaction can be explained as follows
[1]:

TiO2 + hv → e− + h+ (4)

e− + O2 → O2
−• (5)

h+ + TiO2 → OH• + h+ (6)

Phenol + OH• → CO2 + H2O (7)
where hv is the light source and e− represents excited electrons in
the conduction band and h+ represents positive hole pairs in the
valance band. This results in the production of free radicals which
decompose phenol production CO2 and H2O.
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ig. 1. (a) PXRD of TiO2 calcined at 500 C (lower) and 800 C (upper). Reflection
ssignment shown: A = anatase and R = rutile. (b) Effect of ZrO2 loading and temper-
ture on anatase to rutile transformation.

. Results and discussion

.1. PXRD

The PXRD data shows only an anatase phase up to 500 ◦C after
hich the transformation to the rutile phase begins. Fig. 1(a) shows

he two distinct phases at 500 ◦C and at 800 ◦C between which there
s a rapid conversion in the crystalline polymorph (see Fig. 1(b) for

etails). This is accompanied by a large decrease in surface area due
o a rapid growth of crystallites (Table 1). Table 1 also shows that
he incorporation of ZrO2 “strengthens” the porous TiO2 structure
nd reduces the rate of pore collapse as higher surface areas are

able 1
hysiochemical properties of TiO2 and ZrO2-doped TiO2 at selected temperatures of 40
approx.) (*material used in degradation tests).

Catalyst Temp. (◦C) % Anatasea % Rutile

TiO2 400 98.2 1.8 

*  625 79 21 

800  16 84 

TiO2 (Zr 200/1) 400 98 2 

*  600 78.3 21.7 

800 4.2  95.8 

TiO2 (Zr 100/1) 400 96.7 3.3 

*  700 83.6 16.4 

800  27.8 72.2 

TiO2 (Zr 50/1) 400 98.3 1.7 

* 800 81 19 

900 2.6  97.4 

a As determined by PXRD.
b As determined by nitrogen adsorption (BET method).
Fig. 2. DRIFTS data for TiO2 at 400–800 ◦C.

observed for the ZrO2 containing samples. There are two possible
mechanisms for the anatase to rutile transformation. The undoped
TiO2 particles can agglomerate rapidly at higher temperatures via
a grain growth process. With the doped materials, grain growth is
inhibited and particle growth occurs due to a “ripening” process
where smaller structures are added to the larger grains. In both
cases, because of the difference in thermodynamic stability of the
two  phases at the surface and the bulk, once a critical crystalline size
is reached a spontaneous phase change occurs. These mechanisms
are described in detail elsewhere [18].

3.2. DRIFTS

IR data were also consistent with the PXRD data. Fig. 2 shows
typical data for the TiO2 samples calcined at different temperatures.
Similar data was observed for all other materials. In all data, a broad
peak between 2600 and 3600 cm−1 can be seen and this is caused by
the stretching vibrations of hydrogen bonded hydroxyl groups and
surface water molecules. There is also the presence of some weaker
bands at 1700 cm−1 due to vibrations from coordinated water as
well as from the Ti–OH group. These bands are eradicated upon
calcination at higher temperatures as a result of the removal of the
hydroxyl groups from the surface of the TiO2 [21]. Calcination at

higher temperatures also displays a peak at 450 cm−1 which can
be attributed to a Ti–O vibration in the rutile crystalline phase. The
large peak at 900 cm−1 is a band common to all TiO2 materials [22].

0 ◦C, 800 ◦C and the optimum temperature for ideal anatase:rutile ratio of 80:20

a Surface areab (mg2 g−1) Rutile crystallite sizea (nm)

115 3.5
34.6 43.1

8.3 55.3
137.3 3.2

49.5 26.5
6.5 52.4

161.18 2.7
37.2 30.6
13.3 43.6

140.4 1.8
24.7 41.4
13.5 45.8
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as the level of doping does not affect the surface charge of the cata-
Fig. 3. Typical BET isotherm of TiO2 as a function of temperature.

.3. BET

Fig. 3 shows typical BET isotherm data for TiO2 calcined at
00–800 ◦C. Other samples showed similar data. According to the

UPAC isotherm classification the graph displays a type V isotherm.
his is usually indicative of a mesoporous structure and probably
esults from a strong affinity between the particles resulting in
esoporous “cavities” amongst the agglomerated nanoparticles.

his is supported by TEM imaging in Fig. 4 where the particles

re seen to form agglomerates with well-defined free-volumes
etween them. As the temperature is increased, the free volume

s reduced due to sintering mechanisms.

Fig. 4. TEM of undoped TiO2 calcined at 400 ◦C: (a) agglomeration of TiO2 particles, (
us Materials 193 (2011) 120– 127 123

3.4. TEM

A TEM image of TiO2 calcined at 400 ◦C (Fig. 4) shows that
all particles appear to be less than 10 nm in size and the images
are consistent with the formation of inter-particulate pores as
described above. Fig. 4(a) shows a high degree of agglomeration
present. Closer imaging shows some uniform angstrom sized struc-
tures of the nanoparticles (Fig. 4(b)). This appears to be an image of
a small crystallite where lattice spacing can be clearly seen. How-
ever, in Fig. 4(c) the structure seems to show an unusual “track”
structure. This may  be due to the presence of P123 which provides
a form of molecular templating and results in micropore channels.

3.5. Effect of pH on degradation of phenol

Materials were calcined to provide an optimum anatase:rutile
content and were used for phenol degradation (see Table 1 for
details). The pH of the solution in which phenol is dissolved has
a major role in the photocatalytic degradation of phenol as the
surface charge state of TiO2, the flat-band potential and the dis-
sociation of phenol are all pH dependant [23]. Industrial wastes,
unlike municipal wastewater, may  be basic or acidic and, as this
is the source of most environmental phenols, it is an important
parameter to be considered. The flat-band potential is an essential
part of any semiconductor electrolyte system on which the band
gap energy of the valance band and conduction band are depen-
dent [24]. The isoelectric point (IEP) is the pH at which the surface
of a material has no charge due to an equal amount of positive and
negative charges. Fig. 5 shows the IEP of TiO2 and ZrO2-doped TiO2
to be at pH 6.2. There is no change in the pH of the doped materials
lyst. A positive surface charge is predicted at a pH below this point
while a negatively charged surface is expected under more alkaline
conditions [25]. Under acidic conditions phenol is primarily nega-

b) small crystallite displaying lattice spacing and (c) shows a “track” structure.
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Fig. 5. IEP of ZrO2-doped and undoped TiO2.

ively charged and this allows for easier adsorption to the surface
f the positively charged TiO2. Additionally, at a more acidic pH
henol is not dissociated and this allows for a maximum number
f phenol molecules adsorbed onto the TiO2 surface [26].

Typical data of the decomposition of phenol (20 mg  l−1) at vary-
ng pH levels is shown in Fig. 6. ZrO2 doped materials display the
ighest rates of degradation when compared to the undoped TiO2
nd P25. Degradation below pH 3 and above pH 7 does not favour
he oxidation of phenol with pH 5 displaying the best results. It is
uggested that at pH levels below 3 the TiO2 surface is covered in
+ ions which reduces the formation of OH radicals. Between pH 3
nd 7 the surface of the TiO2 is less able to hold protons, the release
f these protons causes a reaction with hydroxyl ions and produces
ore radical hydroxide but can also alter the pH of solution by up to

 units [27]. At higher pH levels the formation of hydroxyl radicals
s reduced due to competition from phenoxide species for adsorp-
ion sites [11]. Thus, about pH 5 is the optimum value for the rapid
eneration of OH radicals as well as their unhindered regeneration

n the absence of either phenoxide ions or H+ ions. This gives the
iO2 a positive charge which attracts the negatively charged phenol
nto the surface of the catalyst resulting in efficient degradation.
t a higher pH, the loss of H+ ions from the hydroxyl group of ions

ig. 6. Effect of pH on phenol degradation (20 mg  l−1) using 0.5 wt%  of catalyst over
 period of 60 min.
Fig. 7. Degradation of phenol using ZrO2 doped and undoped TiO2 over time at pH
5.

forms a negative phenolate ion which repels the negatively charged
TiO2. This is consistent with many studies in literature, Bekkouche
et al. [28] found optimum decomposition just below the isoelectric
point at pH 5–6. The isoelectric point (IEP) is the pH at which the
surface of a material has no charge due to an equal amount of pos-
itive and negative charges. Kashif and Ouyang [29] also observed
highest degradation efficiency at pH 5 corresponding to a pHpzc of
6.8. The authors go on to suggest that carbonate ions are the limiting
factor at high pH as they act as scavangers for OH− ions.

Further analysis of the degradation of phenol with time at pH 5
again shows that Zr 100/1 obtains the best results by decomposing
20 mg  l−1 of phenol in 75 min  (Fig. 7). The next highest sample was
Zr 50/1 followed by Zr 200/1 all of which were considerably better
than the P25 which only achieved 75% degradation after 75 min.
The undoped TiO2 sample also performed poorly indicating that
the incorporation of zirconia is crucial in achieving high rates of
degradation. It is suggested that photocatalytic enhancement can-
not be attributed to the ability of ZrO2 to hinder the aggregation
of the TiO2 particles and increasing the number of surface active
sites [30]. Instead, it is proposed that the replacement of Ti lattice
ions with Zr ions creates a space charge region creating an electric
force which improves the separation efficiency of the electron–hole
pairs [2].  This also acts as an electron trap slowing down the rate of
recombination lengthening the lifetime of the hydroxyl radicals. As
there are two types of recombination (a) surface recombination and
(b) volume recombination both mechanisms require consideration.
Doping reduces surface recombination whereas volume recombi-
nation can only be reduced by particle size synthesis. However,
excess doping reduces the mobility of the charge carriers which
increases the surface recombination rate resulting in a shortened
life span of the hydroxyl radicals [31].

3.6. Effect of phenol concentration on photocatalytic
decomposition

The effect of phenol concentration on degradation, at equilib-
rium time (75 min), is represented in Fig. 8. Concentrations were
tested between 5 and 40 mg  l−1 using 0.5 wt%  of catalyst. The initial
increase of concentration gives a significant increase of decompo-
sition using the same amount of TiO2. Degradation of phenol peaks

at 25 mg  l−1 meaning that this is the maximum level for efficiency.
As the concentration of phenol is increased, using the same mass of
TiO2, there is a greater number of phenol molecules. These attach to
the surface active sites occupying them to capacity forming a “pas-
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ig. 8. Effect of phenol concentration on phenol degradation (see text for details).

ivating” monolayer [28]. This inhibits additional phenol molecules
eing adsorbed onto the TiO2 surface, hence, the reduction in pho-
ocatalytic degradation.

The maximum amount of phenol decomposed per gram per
our per watt is displayed in Table 2. The values compare well
o other studies in this area. Chiou and Juang [6] decomposed
henol at a rate of 0.1075 mg  g−1 h−1 W−1 using Pr-doped TiO2
nder a much higher light intensity at 400 W.  Similarly, Mu  et al.
32] degraded 0.112 mg  g−1 h−1 W−1 of phenol from solution using

 125 W high pressure mercury lamp. While Zhang and Gao [5]
sed undoped TiO2 nanoparticles to decompose phenol at a rate of
.075 mg  g−1 h−1 W−1. This suggests that the ZrO2-doped samples
chieve a very high level of phenol degradation under a 40 W lamp
nd better results are likely at exposure to greater light intensity.

.7. Effect of catalyst loading on degradation of phenol

The catalyst loading for ZrO2-doped TiO2 was varied from 0.1
o 1 wt% using a 25 mg  l−1 phenol solution to find optimum load-
ng and avoid an ineffective excess of catalyst within the system. It

as observed that the maximum degradation, unsurprisingly, was
btained as the quantity of catalyst increased. However, 0.5 wt%
ppears to be about the most efficient at decomposing phenol with
he ZrO2-doped samples. Zr 200/1, Zr 100/1 and Zr 50/1 decompose
4%, 61% and 62%, respectively, in 60 min  and only an extra 40%,
9% and 33% decomposition is achieved by doubling the quantity
f the catalyst. The possible explanation for this is that increased
atalyst loading generates more electron–hole pairs forming OH•

adicals leading to the enhancement of photocatalysis. In spite
f this, decomposition is not doubled due to the excess of cata-
yst decreasing the light penetration through the solution and so

educing the maximum efficacy of the TiO2. Particles also tend to
gglomerate under these conditions reducing the accessibility of
oth phenol molecules and radiation to the surface active sites of
he catalyst [33] (Fig. 9).

able 2
aximum degradation of phenol (mg  g−1 h−1 W−1).

Catalyst Degradation rate

P25 0.155
TiO2 0.117
TiO2 Zr 200/1 0.210
TiO2 Zr 100/1 0.249
TiO2 Zr 50/1 0.229
Fig. 9. Effect of catalyst loading on degradation of phenol at equilibrium time.

3.8. Kinetics

The Langmuir–Hinshelwood kinetic model was  initially devel-
oped to quantitatively describe gaseous–solid reactions and is now
the most commonly used method of expressing the heterogeneous
catalytic process [34]:

r = −dc

dt
= krKc

1 + Kc
(8)

where r is the rate of reaction that changes with time
(mg  l−1 min−1), K is the equilibrium constant for adsorption of the
substrate onto catalyst, C is the concentration at any time during
degradation (mg  l−1), kr is the limiting rate constant of reaction at
maximum coverage under the given experimental conditions and
t is the time. This can be simplified to a first-order reaction and
expressed as follows:

ln
C0

C
= k(app) × t (9)

where C0 is the initial concentration of the pollutant, C is the con-
centration at any time during degradation (mg l−1) and t is the
irradiation time. By plotting ln(C0/C) versus t (time), the apparent
rate constant k(app) can be determined from the slope of the curve
obtained. This then means the kinetic of phenol degradation is of
pseudo first-order, at t = 0 and C = C0 becomes:

r0 = krKC0

1 + KC0
(10)

This equation can then be rearranged into linear form:

1
r0

= 1/krK

1/C0 + 1/kr
(11)

where 1/r0 is the dependent variable, 1/C0 is the independent vari-
able, 1/kr is the linear coefficient and 1/krK is the angular coefficient
of the straight line. From this model, the Langmuir–Hinshelwood
adsorption constant and the rate constant were obtained by plot-
ting 1/r0 versus 1/C0 (Fig. 10)  [11].

The representation of 1/r0 versus 1/C0, as shown in Fig. 10 in the
presence of different concentrations of phenol at time versus ini-
tial phenol concentration yields a straight line indicating a pseudo
first-order reaction. The reaction rate constants for photocatalytic

degradation of phenol were evaluated from experimental data
using a linear regression. For all the materials the R2 (correlation
coefficient) value was higher than 0.999 which confirms the pro-
posed kinetics for degradation of phenol in this process (Table 3).
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Fig. 10. Plotted data using linearization of Langmuir–Hinshelwood’s equation.

Table 3
First-order rate constants k(app) and linear regression coefficients.

Material k(app) (ln(C0/C) versus t) R2

TiO2 0.016 0.999

3

i
w
i
2
a
d
c
1
2
s
b
a

Zr 200/1 0.028 0.999
Zr 100/1 0.039 0.999
Zr 50/1 0.035 1

.9. Reuse of TiO2

An important factor on the economic viability of this material
s its ability to be reused. The reuse of the best sample (Zr 100/1)

as tested and shown in Fig. 11.  There is an expected decrease
n photocatalytic activity from 25 mg  l−1 removed after 75 min  to
2.1 mg  l−1 removed after 75 min  upon 5th use. The decrease in
ctivity could be assigned to either loss of surface area or due to
eposition of reaction products at the catalyst surface. However,
hanges in activity are small and the reused catalyst will decompose
00% of the 25 mg  l−1 over a slightly longer period of time. The

.3% reduction upon each use of the material is a result of a loss in
urface active sites. This is mainly due to poisoning of the catalyst
y reaction by-products formed in the pollutant breakdown which
re adsorbed onto the surface of the catalyst Another reason is the

Fig. 11. Reuse of Zr 100/1.

[

[

[

[
[

ous Materials 193 (2011) 120– 127

impossibility of restoring the initial dispersity of the particles of the
catalyst on repeated use [35]. These results compare favourably to
previous studies [14,36].

4. Conclusions

Presented in this paper is a simple method of synthesising
anatase (>99%) titanium dioxide nanoparticles. Calcination of the
powders at temperatures above 500 ◦C resulted in the transforma-
tion to the rutile phase of TiO2. The incorporation of zirconia helped
stabilize the anatase phase up to higher degrees. This allowed for
an ideal anatase to rutile ratio and larger surface area. TEM images
showed sub 10 nm relatively uniform particles. The most promis-
ing samples were used to decompose phenol, an extremely toxic
chemical, under UV radiation. TiO2 doped with 1% (molar metal
content) of zirconia (Zr 100/1) at pH 5 proved to be the best cat-
alyst removing 0.0249 mg  g−1 h−1 W−1. This compares extremely
well to the 0.155 mg  g−1 h−1 W−1 achieved by Evonik’s commer-
cial catalyst P25. It was determined that the optimum amount of
ZrO2-doping has number of advantages over undoped TiO2 but
excess dopant reduces the efficiency of the catalyst. Optimum dop-
ing allowed for a quicker separation of electron–hole pair and this
also resulted in slower recombination. The Langmuir–Hinshelwood
kinetic model was applied to degradation data, from all synthesised
catalysts, to obtain the rate of reaction. The R2 correlation coeffi-
cient values were higher than 0.999 showing a good fit. The reuse
of the catalyst Zr 100/1 was  also tested and was found to achieve
very high decomposition rates after repeated use.
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