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� Akadémiai Kiadó, Budapest, Hungary 2011

Abstract Titania (TiO2) nano-photocatalysts, with dif-

ferent phases, prepared using a modified sol–gel process

were employed in the degradation of rhodamine at

10 mg L-1 concentration. The degradation efficiency of

these nano-photocatalysts was compared to that of com-

mercial Degussa P25 titania. It was found that the nano-

catalysts calcined at 450 �C and the Degussa P25 titania

had similar photoreactivity profiles. The commercial De-

gussa P25 nanocatalysts had an overall high apparent rate

constant of (Kapp) of 0.023 min-1. The other nanocatalyst

had the following rate constants: 0.017, 0.0089, 0.003 and

0.0024 min-1 for 450, 500, 550 and 600 �C calcined cat-

alysts, respectively. This could be attributed to the phase of

the titania as the anatase phase is highly photoactive than

the other phases. Furthermore, characterisation by differ-

ential scanning calorimetry showed the transformation of

titania from amorphous to anatase and finally to rutile

phase. SEM and TEM characterisations were used to study

the surface morphology and internal structure of the

nanoparticles. BET results show that as the temperature of

calcinations was raised, the surface area reduced margin-

ally. X-ray diffraction was used to confirm the different

phases of titania. This study has led to a conclusion that the

anatase phase of the titania is the most photoactive nano-

catalyst. It also had the highest apparent rate constant of

0.017 min-1, which is similar to that of the commercial

titania.

Keywords Nanocatalyst � TiO2 photocatalyst �
UV photodegradation � Rhodamine B (Rh B)

Introduction

The use of nanocatalysts (especially titanium dioxide or

titania or TiO2) has gained wide recognition since they

have the potential to tackle the ‘difficult-to-remove’ con-

taminants and thus are expected to play an important role

in solving many serious environmental and pollution

problems. In addition, the conventional water treatment

methods fail to adequately deal with water quality prob-

lems hence aggravating the scarcity of potable water. This

has resulted in the need for the development of new and/or

improved cost-effective technologies that can effectively

address the challenges of providing sufficient water of an

acceptable quality.

The provision of clean water by municipalities and

water-governing bodies is essential for human health and in

South Africa the demand is fast exceeding the supply [1].

The effects of global warming, effluents from domestic,

agricultural and industrial works as well as the failure of

the conventional water treatment methods to adequately

deal with water quality problems have aggravated the

scarcity of potable water [1]. This has resulted in the need

for the development of new and/or improved cost-effective

technologies that can effectively address the challenges of

water quality. The use of nanocatalysts (especially titanium

dioxide or TiO2) has gained wide recognition since they

have the potential to tackle the ‘difficult-to-remove’ con-

taminants like chlorinated phenols and industrial dyes and
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are thus expected to play an important role in solving many

serious environmental and water pollution problems [2].

Titanium dioxide (TiO2 or titania) is a metal oxide

semiconductor that has been extensively studied as a

photocatalyst. As a photocatalyst titania has been used in

coating self-cleaning surfaces, environmental purifiers and

antifogging mirrors [3]. TiO2 has gained more prominence

than most semiconductors because of its properties which

include, amongst others, long-term stability, non-toxicity,

low price and superior photo-reactivity [4–13]. This pho-

tocatalytic activity is dependent on various parameters like

crystallinity, impurities, surface area and density of surface

reactive sites; however, the most important factor is crys-

tallinity [13–16]. The photocatalytic reactions are initiated

when the TiO2 semiconductor absorbs energy (a photon or

hm) and an electron is excited from the valence band to the

conduction band, a gradual second order transition [17].

This happens if the energy of the photon is equal to or

exceeds the band gap (Eg = 3.0–3.2 eV) [18, 19]. The

electron (e-) and the hole (h?) act as the redox pair, and if

these charges do not combine, they are prone to oxidation

and reduction, respectively [12, 19]. The separated two

charge carriers (e- and h?) drive the photo-electrochemical

oxidation–reduction reactions with the redox molecules at

the semiconductor surface [20].

In addition, because of these redox properties, titania has

been used for the degradation of various toxic organic

pollutants; the photocatalyst ‘attacks’ pollutants and con-

verts them into benign compounds (e.g., water and CO2), it

also converts heavy metal ions (in solution) into less toxic

ones and water photosplitting into H2 and O2 [5, 20].

Generally, it is widely accepted that the anatase phase of

the titania is more reactive than the rutile phase and this

enhanced photoreactivity is attributed to the higher Fermi

level (by approximately 0.1 eV) of the anatase compared to

that of the rutile phase [17, 21]. This therefore means that

the synthesis of a controlled phase composition is essential

for highly photocatalytically active nanocatalysts. How-

ever, a combined phase titania phase has not been exten-

sively studied. Most articles report exclusively either on

anatase or rutile titania phases, none report on the com-

parison on the photoactivity between two phases or more

so a combined titania phase.

Recent studies on the applications of TiO2 include,

amongst others, its use as imprinted binary oxides, e.g.,

SiO2–TiO2 to photocatalytically degrade 2,4-dichlorophe-

nol [12] or TiO2–Fe2O3 to enhance the thermal behaviour

of haematite ceramic systems [22] as well as an in situ

coating of MWCNTs with sol–gel TiO2 nanoparticles to

enhance its visible light sensitivity [23]. Moreover, TiO2

has been used to coat cellulosic fabric to enhance flame-

retardancy in the synthesis of a new framework of products

known as intelligent textiles [24]. Also, the semi-conductor

thermochromic properties of TiO2 have been exploited and

used to study the semiconductor-to-metal phase transitions

at a critical temperature, Tc [17]. This is useful in the

synthesis of commercial window coating with TiO2 thin

films [17]. The presence of HOMO and LUMO energy

levels in TiO2 semiconductors helps in the fabrication of

solar cells based on organic semiconductors since these

cells can absorb a photon and convert it into electrical

energy [25]. And finally, due to the extraordinary high

dielectric constant of titanium compounds, titanium prod-

ucts have a promising role for capacitor applications,

microelectronic devices, microwaves and mobile phones

since it makes it possible to miniaturize passive microwave

devices [26].

This study is therefore aimed at the comparison on the

photodegradation activity of these titania phases on an

industrial dye [Rhodamine B (Rh B)]. Also, a study on a

mixed phase (calcined at 500 and 550 �C, which had less

and much rutile phases of the titania, respectively) was

studied. Rh B was chosen because it is one of the major

pollutants obtained from textile and photographic industry

effluents [27]. It is part of the xanthene group dyes and has

achieved its prominent use due to its good stability as a

laser material hence its photodegradation is important with

regards to textile effluents. Also, photodegradation kinetics

has been studied to understand the nature of the degrada-

tion mechanism of the dye. The photocatalytic reactions

are initiated when the TiO2 semiconductor absorbs energy

(a photon or hm) and an electron is excited from the valence

band to the conduction band. This happens if the energy of

the photon is equal to or exceeds the band gap

(Eg = 3.0–3.2 eV) [18, 19]. This therefore means that the

correct phase composition is essential for the synthesis of

highly photocatalytically active nanocatalysts that can

overcome the chances of electron–hole recombination and

thermal instability.

Experimental

Materials and methods

Titanium (IV) tetraisopropoxide (TTIP) (99%) was

obtained from Sigma-Aldrich (Germany) and used without

further purification. Formic acid (98%) was purchased at

Merck and AR grade n-propanol was sourced from SD’s

Fine Chem (Pty) Ltd., and was distilled before usage.

Synthesis of the nanocrystalline photocatalysts

For the synthesis of the anatase-rich titania nanocatalysts,

TTIP was hydrolysed through an esterification reaction

between formic acid and propanol [28]. TTIP (10 mL,
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0.334 mol) was dissolved in propanol (48 mL, 0.642 mol)

and the reaction mixture was stirred for 20 min. Formic

acid (13 mL, 0.535 mol) was gradually added whilst stir-

ring gently. After stirring the reaction mixture for about

20 min, a white precipitate (titanium hydroxide) was

gradually formed. This mixture was then stirred for further

2 h period, aged at room temperature for another 2 h and

filtered. The filtered residue was then repeatedly washed

with copious amounts of propanol and Millipore water;

thereafter it was dried overnight in an oven at 80 �C. It was

then ground into fine powder in a mortar and pestle and

then calcined at 450, 500, 550 and 600 �C to obtain

nanosized TiO2 photocatalysts. All experiments were car-

ried out at room temperature.

Characterization of the nanocatalysts

TG/DTA analysis

A METZSCH STA 409 PC/PG instrument was used to

study the thermal properties of the synthesized nanogels.

The TG part of the instrument measures the heat stability

(mass loss) of the nanoparticles whilst the DTA accounts

for the transformations that the nanoparticles undergo as a

function of temperature. Samples were calcined in a muffle

furnace. Heating was done under nitrogen with a flow rate

of 20 mL min-1 and the heating rate was 10 �C min-1 at a

temperature range of 25 and 1000 �C.

X-ray diffraction (XRD) measurements

The different phases of TiO2 were determined using

powder XRD. The XRD measurements were carried out

using an X’Pert Pro MPD PANalytical powder diffrac-

tometer operating in the reflection mode with Cu-Ka
radiation. The XRD chromatograms were recorded over an

angular range of 10–90 �C (2h) and with a step size of

0.02� and a collection time of 0.3 s (k = 0.154060 nm). A

shape factor K is used in XRD and crystallography to

correlate the size of sub-micrometre particles, or crystal-

lites. The Debye–Scherrer equation, D = Kk/Bcosh, was

used to correlate the particle size, where the constant

K = 0.89, k = 0.154060 nm is the X-ray wavelength, B is

the full width half maximum (FWHM) of the catalyst, and

h is the diffracting angle. The JCPDS XRD library software

was used to confirm the Miller planes of the titania

nanoparticles.

BET surface area analysis

To study the surface area of the synthesized nanoparticles,

a Smart Sorb 92/93, which is an automated gas adsorption

analyzer, was used. The samples were degassed at 100 �C

under nitrogen flow for 90 min before the determination of

their surface area. Surface area is believed to be an

important parameter when studying the catalytic efficiency

of the nanocatalysts since a high surface area means more

active sites for extensive catalysis.

TEM, SEM and EDX spectroscopy

The spectroscopic measurements of the synthesized nano-

particles were studied using a JEOL J2100 F TEM, and a

FEI-SIRION SEM to analyse and visualise the quality and

morphology of the synthesized catalysts, respectively. The

SEM was coupled with an EDX detector and this was used to

determine the chemical composition of the nanoparticles.

Evaluation of photocatalytic activity

The photocatalytic activity of these TiO2 nanophotocatalysts

was studied using 100 mL (10 mg L-1) Rh B. The red dye

was poured into a beaker and placed in an UV photoreactor

which was set inside a 1 m 9 70 cm-wooden box. The

solution was stirred using a magnetic stirrer for 30 min

before irradiation with the UV light (dark, i.e., control

experiment). This was done to establish an adsorption–

desorption equilibrium between the dye and the catalyst

surface. The UV irradiation lamp was about 10 cm away

from the reactant solution and aliquots of 2 mL were

extracted from the reaction chamber at 30 min interval to

study the extent of the degradation. To establish the amount

of Rh B degraded by the titania photocatalysts, an UV/Vis

spectrophotometer (T60U Spectrophotometer, PG Instru-

ments Ltd., UK) was used (Fig. 1).

The UV photoreactor used throughout this study had a

jacketed quartz beaker with dimensions of 3.4 cm inner

diameter, 4 cm outer diameter and 21 cm length. A high-

pressure 125 W mercury vapour lamp (Samson, India) was

used as the UV irradiation source. The suspended titania

nanoparticles [100 mg, 5 mg L-1 dye (100 mL)] were

O N ClN

CH2CH3

H3CH2C

CH2CH3

CH2CH3

COOH

Rhodamine B

Fig. 1 Structure of Rh B
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used to study the photoreactivity of the nanoparticles. The

entire photoreactor setup was enclosed in a wooden box

(1 m 9 70 cm).

Results and discussions

Thermal analysis of titania nanoparticles

Figure 2 shows the differential scanning calorimetry (DSC)

and TG thermograms whilst Fig. 3 shows the derivative

curves of the thermograms. The TG thermogram can be

divided into two stages. In the first stage, i.e., from 100 to

300 �C there is a constant mass loss of about 16%. This is

due to dehydration and removal of organic residues (n-

propanol) from the titania gel [22]. There is a further 4%

mass loss between 300 and 400 �C which is associated with

the transformation of the titania from the amorphous to the

anatase phase (i.e., the combustion of TiOH to form TiO2

nanoparticles) [28]. From above 400 �C up to 1000 �C

there was no further mass loss. This is confirmed by the

derivative curve in Fig. 3, which shows a negative peak at

about 100 �C, another negative peak at 220 �C, and a

constant straight line between 400 and 1000 �C.

The DSC thermogram also exhibits similar peaks, i.e.,

two stages. It shows an endothermic peak at about 100 �C

and another endothermic peak at about 682 �C (Fig. 2).

However, to fully understand the transformation that the

titania undergoes, a derivative curve of the DSC thermo-

gram was studied (Fig. 3). From the derivative curve, four

distinct peaks were observed. The first two were observed

at about 100 �C (dehydration and removal of organic res-

idues) and at about 216 �C (phase transformation from

amorphous to anatase phase) [28]. The other two peaks

were observed at about 290 �C (combustion of chelating

esters) and finally at about 682 �C which is associated with

the transformation of the titania from the anatase to the

rutile phase [22, 29]. Both the anatase and rutile titania

phases usually grow from TiO6 through the rearrangement

of the octahedral shape. It is widely accepted that the

rearrangement of the phase through the edge sharing

favours the formation of the rutile phase (i.e., above

520 �C) whilst the anatase phase is favoured by rear-

rangement through the face sharing below 520 �C [28, 30].

These observations are further explained by the XRD data.

XRD characterization

The XRD patterns obtained at different calcination tem-

peratures are shown in Fig. 4. The amorphous phase (gels

dried at 80 �C) show broad peaks which indicate less

crystallinity. The XRD peaks obtained at calcination tem-

peratures of 450 and 500 �C corresponds to the tetragonal

anatase titania phase of the JCPDS CAS No. 21-1272
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(JCPDS catalogue). The peaks that were observed at

2h = 25.21 (101), 37.53 (004), 47.87 (200), 53.53 (106)

and 2h = 62.37 (215) indicate the successful synthesis of

the anatase phase of TiO2. Of note is the absence of the

peaks 2h = 27.5 (a rutile-phase peak) due to the (110)

reflection and 2h = 30.8 (121) which is a brookite phase,

and this is an indication of the absence of these phases in our

synthesized titania [31].

However, as the calcination temperature was increased

to above 500 �C, the rutile phase developed (2h = 27.5)

and became more pronounced at 600 �C. At 550 �C an

almost equal amount of the anatase and rutile phase is

observed. These results are consistent with the DSC and

TGA results obtained and further confirm that as the tem-

perature is raised to above 520 �C, the rearrangement of

the phase through the edge sharing favours the formation of

the rutile phase [22, 29, 30].

The average crystal size of the TiO2 nanoparticles was

estimated using FWHM (B in the Debye–Scherrer equa-

tion, D = Kk/Bcosh), and were found to increase with

increasing temperature. For the amorphous phase the

crystal size was found to be 8.63 nm. As the calcination

temperature was increased particle sizes of 22.63, 23.35,

35.43 and 49.80 nm were recorded for the titania calcined

at 450, 500, 550 and 600 �C, respectively. This therefore

indicates that as the calcination temperature is increased,

the crystal size of the nanoparticles also increases.

BET surface area analysis

The effect of the calcination temperature on the surface

area of the nanoparticles was also studied and it was found

to decrease with an increase in calcination temperatures.

The decrease in the surface area was expected as the

increase in crystal size should result in the decrease in

surface area. The results of the BET surface area analysis

are shown in Table 1 and they indicate that the calcination

temperature is inversely proportional to the surface area. It

is well known that the amorphous phase of the titania has a

large surface area; however, it has a low photoreactivity

because of surface defects [32]. It was therefore no surprise

that the amorphous titania exhibited a large surface area

which decreased with an increase in calcination

temperatures.

SEM, TEM and EDX analysis

The SEM micrographs shown in Fig. 5 indicate that the

TiO2 nanoparticles synthesized were relatively spherical

in shape. Although, the nanoparticles appear agglomer-

ated, the agglomeration is irrespective of the calcination

temperatures. The TEM images (Fig. 6) were also studied

to further study the nanoparticles. From the TEM images,

it can be seen that the nanoparticles are also agglomer-

ated, disordered yet still spherical (Fig. 6b). From the

corresponding electron diffraction (ED) patterns (a) and

(b), it can be observed that the rings (a) suggest a

nanocrystalline form of the anatase titania phase (101)

whilst the disordered pattern (b) is characteristic of the

rutile phase (110).

The EDX pattern (Fig. 7) was used to determine the

elemental composition of the synthesized titania and it

gave evidence of the presence of Ti4? and O2- ions that

make up the titania matrix [33]. It further showed the

absence of impurities in the titania crystal, providing evi-

dence of the successful synthesis of pure titania

nanoparticles.

UV–Vis analysis—band gap studies

The UV–Vis spectrophotometry was used to determine

the band gap (Eg) of the titania nanoparticles (Table 1).

The equation, Eg = h(c/k), was used where Eg is the band

gap, h is the Planck’s constant, c is the speed of light

(m s-1) and k is the wavelength (nm). A tangent of the

plot of hm versus (ahm)2 gives an estimate of the band gap

where a is the absorbance and m is the wave number.

Figure 8 shows the plot of hm versus (ahm)2, and the

extrapolated tangent indicates an estimate Eg, i.e., band

gap.

The indirect method (from UV–Vis spectrophotometry)

for the determination of the band gap was used and its plot

is shown in Fig. 7. The band gap for the titania calcined at

450 �C was found to be 3.18 eV which is comparable to

the value of 3.2 eV reported in the literature for the anatase

phase [31, 34, 35]. The band gaps of the TiO2 nanoparticles

calcined at 500, 550 and 600 �C were found to be 3.19,

3.16 and 3.10 eV, respectively (Table 1). This decrease in

band gap is expected because the rutile phase is reported to

have a smaller band gap than the anatase phase [35].

Therefore, as the calcination temperature is increased,

more anatase titania is converted to rutile, hence the

decrease in band gap.

Table 1 BET surface area, band gap and particle size analysis of the

TiO2 nanoparticles

Nanoparticle Surface

area/

m2 g-1

Band

gap/

eV

Particle

size/nm

Amorphous titania 281.5 – 8.63

TiO2 calcined at 450 �C 86.83 3.18 22.63

TiO2 calcined at 500 �C 52.5 3.19 23.35

TiO2 calcined at 550 �C 22.72 3.16 35.43

TiO2 calcined at 600 �C 7.78 3.10 49.8
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Degradation studies

The degradation of Rh B by the synthesized nanocrystal-

line titania nanoparticles under UV light was studied for

the commercial (Degussa P25), 450, 500, 550 and 600 �C

calcined titania nanocatalysts. The results obtained are

presented in Fig. 9. For the photocatalytic degradation

experiments, 10.0 mg L-1 (ppm) Rh B and 100 mg L-1

TiO2 concentrations were used. These were done in a

photoreactor chamber at room temperature. As a control

experiment, the dye was exposed to UV irradiation for 5 h

without the catalysts to establish whether any degradation

had occurred and it was observed that there was no deg-

radation in the absence of titania nanoparticles. These

experiments were done using titania nanoparticles in the

form of a suspension and the reaction mixture was stirred

constantly; 2 mL aliquots of Rh B was taken at 30 min

interval and analyzed the amount of Rh B degraded.

Fig. 5 SEM micrographs of the

titania calcined at different

temperatures: a amorphous,

b 450, c 500, d 550 and

e 600 �C

Fig. 6 TEM micrographs of

titania calcined at a 450 and

b 600 �C
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From these analyses it was observed that the commer-

cial, i.e., Degussa P25 titania had degraded about 54% of

the dye within the first 30 min itself (Fig. 9). The titania

nanocatalysts calcined at 450 �C had degraded 59%, whilst

the titania calcined at 500, 550 and 600 �C had the slowest

degradation of Rh B at 9.5, 2.4 and 1.4%, respectively,

within the first 30 min. The 450 �C calcined titania show a

high degradation rate than even the commercial Degussa

P25 titania within the first 30 min of degradation. This

however decreases as the degradation time is increased. A

general trend observed is that the Degussa P25 had the

fastest degradation rate (it completely degraded the dye

within 180 min) followed by the titania calcined at 450 �C

(270 min) and finally the titania calcined at 600 �C

(510 min) (Table 2).

Reaction kinetics

From the results obtained, the Degussa P25 showed the

highest reaction rate. This is confirmed by the linear

transform of the TiO2 degradation graphs (Fig. 10). It had

an apparent rate constant (Kapp) of 0.023 min-1. The other

nanocatalyst had the following rate constants: 0.017,

0.0089, 0.003 and 0.0024 min-1 for 450, 500, 550 and

600 �C calcined catalysts, respectively. The apparent rate

constant was chosen as the basic kinetic parameter for the

photocatalysts because it allows for the determination of

photocatalytic activity independent of the previous

adsorption period in the dark and the concentration of the

Rh B remaining in the solution [18]. The apparent first

order kinetic equation ln(C0/C) = Kappt was used to fit the

experimental data. Kapp is apparent rate constant, C is the

solution phase concentration and C0 is the concentration at

t = 0 [36].

The slow degradation rate shown by the titania synthe-

sized in our laboratory could be due to synthetic defects,

especially because some agglomeration of particles was

evident (SEM images), hence less surface area was avail-

able resulting in fewer reaction sites for the degradation to

take place. Also, the titania calcined from between 500 and

600 �C was less photoactive than the titania calcined at

450 �C. This could be due to the fact that as the calcination

temperature is increased, there is an increase in the particle

size (Table 1) hence a decrease in the surface area resulting

2.00

Ti

Ti

Ti

O

4.00 6.00

keV

In
te

ns
ity

/a
.u

.

8.00 10.00

Fig. 7 EDX pattern of titania nanoparticles

1
0

5

10

15

20

25

30

35

40

2 3 4

Band gap/Ev

In
te

ns
ity

/a
.u

.

5 6 7

Fig. 8 Band gap estimation of the synthesized TiO2 nanoparticles

(calcined at 450 �C)

0
0

2

4

6

8

10 Degussa P:25
TiO2 450°
TiO2 500°
TiO2 550°
TiO2 600°

30 60 90 120

Irrdiation time/mins

C
on

ce
nt

ra
tio

n/
m

g 
L–1

150 180 210 240 270

Fig. 9 Graph showing degradation of Rh B by titania nanoparticles

(average of 3 experimental counts)

Table 2 Summary of the degradation of Rh B with respect to time

TiO2 nanoparticle % Rh B degraded

after 30 min

Time taken for complete

Rh B degradation/min

Degussa P25 54 180

Calcined at 450 �C 59 270

Calcined at 500 �C 9.5 360

Calcined at 550 �C 2.4 420

Calcined at 600 �C 1.4 510
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in a decrease in the photocatalytic activity of the

nanoparticles.

Conclusions

The crystalline titania nanoparticles, which were success-

fully synthesized using a modified sol–gel technique, were

found to effectively degrade 10 mg L-1 concentration of

Rh B. The anatase phase of the titania had the highest

photoactivity and this photoactivity was found to decrease

as the content of the rutile phase increased. This was fur-

ther confirmed by the apparent rate constants which were

found to have the following rate constants: 0.017, 0.0089,

0.003 and 0.0024 min-1 for 450, 500, 550 and 600 �C

calcined catalysts, respectively.

The degradation studies showed that the commercial

titania (Degussa P25) had the fastest degradation rate fol-

lowed by the titania calcined at 450, 500, 550 and 600 �C

had the slowest degradation rates. This is attributed to the

fact that as the calcination temperature is increased, there is

an increase in the particle size resulting in a decrease in the

surface area, hence a decrease in the photocatalytic activity

of the nanoparticles. This can be as a result of the decrease

in the photocatalytic sites as the crystallite particles

increase in size due to rutilation on heating. We therefore

propose that by optimizing the synthesis conditions of the

anatase phase of the titania nanoparticles enhanced pho-

toreactivity would be achieved.
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