This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

e STEVEN . CEANER Separation Science and Technology
Publication details, including instructions for authors and subscription information:
SEPARMEUN SCIENCE

http://www.informaworld.com/smpp/title~content=t713708471

Preparation and Characterization of Titanium Dioxide (TiO,) from Sludge
b s 1 ~_| produced by TiCl, Flocculation with FeCl,, Al(SO,), and Ca(OH),
Coagulant Aids in Wastewater
H. K. Shon?; S. Vigneswaran? J. Kandasamy?; M. H. Zareie?; J. B. Kim® D. L. Cho J. -H. Kim®
@ Faculty of Engineering Science, University of Technology, Sydney, Broadway, Australia ® School of

Applied Chemical Engineering & Center for Functional Nano Fine Chemicals, Chonnam National
University, Gwangju, Korea

To cite this Article Shon, H. K. , Vigneswaran, S. , Kandasamy, J. , Zareie, M. H. , Kim, J. B., Cho, D. L. and Kim, J. -
H.(2009) 'Preparation and Characterization of Titanium Dioxide (TiO,) from Sludge produced by TiCl, Flocculation with
FeCl,, AL(SO,), and Ca(OH), Coagulant Aids in Wastewater', Separation Science and Technology, 44: %7, 1525 — 1543

To lmk to this Article: DOI: 10.1080/01496390902775810
URL: http://dx.doi.org/10.1080/01496390902775810

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conmplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496390902775810
http://www.informaworld.com/terms-and-conditions-of-access.pdf

09: 02 25 January 2011

Downl oaded At:

Taylor & Francis
Taylor & Francis Group

Copyright © Taylor & Francis Group, LLC
ISSN: 0149-6395 print/1520-5754 online

DOI: 10.1080,/01496390902775810

Separation Science and Technology, 44: 1525-1543, 2009 e

Preparation and Characterization of Titanium
Dioxide (TiO,) from Sludge produced by TiCl,
Flocculation with FeCl;, Al,(SO4)3; and Ca(OH),
Coagulant Aids in Wastewater

H. K. Shon,' S. Vigneswaran,l J. Kandasamy,1 M. H. Zareie,!
J. B. Kim,2 D. L. Cho,? and J.-H. Kim?
'Faculty of Engineering Science, University of Technology, Sydney,
Broadway, Australia
2School of Applied Chemical Engineering & Center for Functional Nano
Fine Chemicals, Chonnam National University, Gwangju, Korea

Abstract: In this study, TiCl; coagulant together with coagulant aids such as
FeCls, Al,(SOy4)3, and Ca(OH), were investigated to improve the photoactivity
of titanium dioxide (TiO,) produced from sludge and to increase the resulting
low pH value. After TiCl, flocculation with three coagulant aids, the settled floc
(sludge) was incinerated at 600°C to produce TiO, doped with Fe, Al, and Ca
elements. Fe-, Al-, and Ca-doped TiO, was characterized in terms of structural,
chemical, and photo-electronic properties. All the coagulant aids used together
with Ti-salt flocculation effectively increased the pH values. The surface area of
TiO,-WO (without any coagulant aids), Fe/TiO,, Al/TiO,, and Ca/TiO, was
122 mz/g, 77 mz/g, 136 mz/g and 116 mz/g, respectively. The TiO,-WO, Fe/TiO,,
Al/TiO,, and Ca/TiO, was found to be of anatase phase. The XRD pattern on
the Fe/TiO, included an additional peak of hematite (0-Fe,O3). The majority
of gaseous acetaldehyde with TiO,-WO and Ca/TiO, for photocatalytic activity
was completely removed within 40 minutes under UV irradiation.
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INTRODUCTION

Sludge disposal is one of the major problems in sewage treatment plants
(STP). Chemical flocculation produces a large amount of sludge (settled
floc) which is generally disposed of in landfills. However, landfills
are becoming less acceptable in view of growing community resistance.
An appropriate method of efficient sludge recycling is thus required.
Flocculation of wastewater with Ti-salt and production of TiO,
from flocculated sludge was investigated (1). This work used titanium
tetrachloride (TiCly) as an alternative coagulant instead of more com-
monly used salts of iron (FeCl;) and aluminium (Al»(SO4);) to remove
organic matter from wastewater. The alternative coagulant (TiCly) suc-
cessfully removed organic matter and nutrients (phosphorus) to the same
extent as Fe and Al salts. The floc size of the settled floc with the titanium
salt was bigger than that of the Fe and Al salts and this led to faster and
more effective settling. After flocculation with titanium salt, the settled
floc was incinerated to produce functional TiO,, which had the same
qualities as that of commercial TiO,. The TiO, was found to be mainly
doped with C- and P-atoms. The atomic percentage of the TiO, was
TiO1 4oCo44Pg.14- This results in an efficient and economical process
not only in terms of removal of organic matter, but also reduction of
the large amount of sludge that requires disposal. The amount of TiO,
recovered by this process from STP can potentially meet the current
demand of TiO, used in all major applications. However, the treated
water after flocculation had the low pH.

The pH value of the supernatant at the optimum concentration of 8.4
Ti-mg/L of TiCl, flocculation was very low (pH 3.25), and was much
lower than those of Fe and Al salt flocculation (1). The problem could
be solved by post-treatment after TiCly flocculation. The post-treatment
could be an addition of sodium hydroxide (NaOH) to neutralize the
pH value. Alternatively, coagulant aids such as FeCl;, Al,(SOy);, and
Ca(OH), could be simultaneously added during flocculation with
TiCly. Incineration of co-flocculated sludge would produce Fe-, Al- and
Ca-doped TiO».

TiO, is the most widely used metal oxide for environmental applica-
tions, cosmetics, paints, electronic paper, and solar cells (2-4). Metal ions
have been widely used as dopants to improve the photocatalytic effi-
ciency of TiO,. As metal ions are doped into TiO,, impurity energy levels
in the band gap are formed. This leads to an alteration of the electron
hole recombination. Metals are either deposited or doped on the TiO,
surfaces as metallic nanoparticles or as ionic dopants. Fe-doped TiO,
improved photocatalytic activity under visible light irradiation (5,6).
Fe’" cations acted as shallow traps in the TiO, lattice. Fe ions trapped
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not only electrons but also holes, which led to an increase in photoactivity
(7). The maximum photoactivity appeared with 0.5 wt.% of Fe** due to a
decrease in the density of the surface active centres (8). Al-doped TiO,
has been used for potential thermal shock applications due to its stable
thermal expansion coefficient and physical property (9). Al,O; and
Al TiOs were observed at AICI;/TiCly ratios larger than 1.1 at 1400°C
(10). They found that a new structure connected with Al-O-Ti framework
was generated. For Al/TiO,, the anatase structure was stable after incin-
eration at 800°C, while pure TiO, was easily transferred to the rutile
phase after incineration above 700°C. The optical property of Al/TiO,
prepared by a thermal plasma method responded to visible light (11).
They also found that the size of the synthesized powder decreased with
an increase in the amount of Al because Al species inhibited the particle
growth. Al/TiO, has been applied as a gas sensor, which needs high con-
ductivity of TiO, (12). Ca-doped TiO, is an important material known
for its use in ferroelectric ceramics, communication equipment for micro-
wave frequencies, and a host matrix for the fixation of lanthanides and
actinides for the immobilization of high-level radioactive wastes
(13,14). CaTiOj3 has high dielectric loss, is a thermally-sensitive resistor
element due to its negative temperature coefficient and is a refractory
material with high corrosion receptivity against caustic solutions. The
compound is mostly synthesized by

a solid state reaction between CaCO5; or CaO and TiO, at 1350°C,
sol-gel processing,

thermal deposition of peroxo-salts, and

mechano-chemical synthesis.

el o

In this study, we tried to improve photoactivity TiO, produced from
sludge and to increase the low pH after TiCly flocculation by the use of
coagulant aids. The TiCl, coagulant was added with coagulant aids such
as FeCls, Aly(SOy4); and Ca(OH),. The flocculation produced Fe/TiO,,
Al/TiO,, and Ca/TiO,. The metal-doped TiO, was characterized in
terms of structural, chemical and photo-electronic properties.

EXPERIMENTAL

Organic Removal by TiCl, Flocculation with Coagulant Aids in
Synthetic Wastewater

Flocculation of synthetic wastewater was carried out with TiCl, (2.1 — 8.4
Ti-mg/L) together with different doses of coagulant aids of FeCly
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(3.4-13.8 Fe-mg/L), Aly(SO4); (4.0-16.0 Al-mg/L), and Ca(OH), (5-15
Ca-mg/L). The composition of the synthetic wastewater is presented else-
where (15). This synthetic wastewater represents the biologically-treated
sewage effluent. Tannic acid, peptone, sodium lignin sulfornate, sodium
lauryle sulfate, and arabic acid represent the larger molecular weight por-
tion, while peptone, beef extract, and humic acid comprise the organic
matters of lower molecular weight (16). The wastewater with TiCly
coagulant and coagulant aids was stirred rapidly for 1 minute at
100 rpm, followed by 20 minutes of slow mixing at 30rpm, and 30
minutes of settling. Organic matter in terms of dissolved organic carbon
(DOC) was measured using a Dohrmann Phoenix 8000 UV-persulphate
TOC analyzer equipped with an autosampler. All samples were filtered
through 0.45 um membrane prior to organic measurement. The pH was
measured using a pH meter (Orion, model 920A).

Characterization of TiO,

Visual microscopy was used to measure the shape and aggregated
particle size of TiO,. Scanning electron microscopy/energy dispersive
X-ray (SEM/EDX, Rigaku, Japan) and a Digital Instruments Multi-
mode Nanoscope III scanning force microscope were used. Each ima-
ging was conducted in tapping mode, with 512 x 512 data acquisitions
at a scan speed of 1.4 Hz at room temperature in air. Oxide-sharpened
silicon nitride tips with integrated cantilevers with a nominal spring
constant of 0.38 N/m were used for atomic force microscopy (AFM).
The roughness of the particles was assessed by measuring the roughness
parameters.

Nitrogen adsorption—desorption isotherms were recorded using a
ASAP 2020 model (Micromeritics Ins., USA) and the specific surface
areas were determined by the Brunauer-Emmett-Teller (BET) method.
X-ray diffraction (XRD) images (Rigaku, Japan) of anatase and rutile
TiO, photocatalysts were investigated to identify the particle structure.
All the XRD patterns were analyzed with MDI Jade 5.0 (Materials
Data Inc., USA). The crystallite size of powders was determined from
the broadening of corresponding XRD peaks by Scherrer’s formula.
UV-VIS-NIR spectrophotometer (Cary 500 Scan, Varian, USA) was
used to identify the absorbance range. The photocatalytic activity test
of TiO, was investigated under UV irradiation (Sankyo, F10T8BLB,
three 10 W lamps) and visible light (Kumbo, FL10D, three 10 W lamps)
using the method of photodecomposition of gaseous acetaldehyde. The
concentration of acetaldehyde was measured by gas chromatography
with flame ionization detector (Youngin, M600D, Korea).
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RESULTS AND DISCUSSION
DOC Removal and pH Variation by TiCl, with Coagulant Aids

DOC removal and pH variation after flocculation of synthetic waste-
water at different TiCl, concentrations were studied. At 8.4 Ti-mg/L
(the optimum concentration), the DOC removal and pH were 70% and
pH 3.25, respectively. To increase the pH value, the use of coagulant aids
FeCls, Aly(SO4); and Ca(OH), with TiCly was explored.

Table 1 presents DOC removal and pH variation with different con-
centrations of TiCl, and FeCl; coagulant aid. Here, the optimum concen-
trations were chosen by the measured turbidity and DOC removal. When
the turbidity value of the effluent after flocculation was less than 2 NTU,
the optimum concentration was considered.

The optimum concentration of Ti and Fe salts was 4.2 Ti-mg/L and
6.9 Fe-mg/L, respectively. The pH value and DOC removal at the opti-
mum concentration of Ti and Fe salts were 4.7 and 70%, respectively.
DOC removal and pH were also studied with different concentrations
of TiCly and Aly(SOy4); (Table 2). The optimum concentration of Ti
and Al salts was 4.2 Ti-mg/L and 8.0 Al-mg/L, respectively. The pH
value and DOC removal at the optimum concentration of Ti- and Al-salt
were 4.5 and 72%, respectively. Table 3 shows DOC removal and pH
variation with different concentrations of TiCl4 and Ca(OH); in synthetic
wastewater. The optimum concentration of Ti- and Ca-salts was 6.3

Table 1. DOC removal and pH variation with different concentrations of TiCly
and FeCl; in synthetic wastewater (initial concentration of DOC =10.05mg/L;
initial pH of synthetic wastewater before the addition of TiCl,=7.3)

Ti concentration Al concentration DOC removal
(Ti-mg/L) (Al-mg/L) pH (%)
4.0 48 53
2.1 < 8.0 47 55
16.0 45 58
4.0 4.7 65
42 < 8.0 4.5 7
16.0 4.1 7
4.0 4.1 65
6.3 < 8.0 4.1 73
16.0 3.9 75
4.0 3.2 75
8.4 < 8.0 3.1 75
16.0 3.0 75
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Table 2. DOC removal and pH variation with different concentrations of TiCl,
and Aly(SOy4); in synthetic wastewater (initial concentration of DOC=
10.05mg/L; initial pH=17.3)

Ti concentration Al concentration DOC removal
(Ti-mg/L) (Al-mg/L) pH (%)
4.0 438 53
2.1 < 8.0 47 55
16.0 45 58
4.0 4.7 65
42 < 8.0 45 72
16.0 4.1 7
4.0 4.1 65
6.3 < 8.0 4.1 73
16.0 3.9 75
4.0 3.2 75
8.4 < 8.0 3.1 75
16.0 3.0 75

Ti-mg/L and 15.0 Ca-mg/L, respectively. The pH value and DOC
removal at the optimum concentration of Ti and Ca were 7.6 and 70%,
respectively.

All the three coagulant aids increased the pH value. The Fe- and Al-
salt coagulants aids increased the pH range only by a small amount

Table 3. DOC removal and pH variation with different concentrations of TiCl,
and Ca(OH), in synthetic wastewater (initial concentration of DOC=
10.05mg/L; initial pH=17.3)

Ti concentration Ca concentration DOC removal
(Ti-mg/L) (Ca-mg/L) pH %)
5 7.8 40
2.1 < 10 8.2 45
15 8.9 50
5 7.7 53
4.2 < 10 8.0 55
15 8.7 59
5 6.3 63
6.3 < 10 7.2 65
15 7.6 70
5 6.1 72
8.4 < 10 6.7 73
15 7.8 75
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(about pH 5), while the Ca-salt coagulant significantly increased the pH
(close to neutral pH value). This is due to the input of OH™ ions from
Ca(OH),. The DOC removal increased with the increase in concentration
of the coagulant aids. The DOC removal was 70% to 72% for Fe and Al
salt concentration of 6.9 Fe-mg/L and 8 Al-mg/L, respectively. Ca-salt
concentration of 15 Ca-mg/L achieved DOC removal of 70%. This can
be explained in terms of the charge of the cations. The higher the charge
of a cation, the stronger is its effect on the zeta-potential. The higher
the valance, the higher the coagulative power (17,18). Here, the coagula-
tive power is defined as “‘the given volume of colloidal solution added
to a quantity of electrolyte just sufficient to produce coagulation of the
particles.”

To investigate the properties of TiO, obtained from flocculation
sludge, the settled flocs after flocculation were collected and incinerated
at 600°C. TiO, without any coagulant aids is called as TiO,-WO in this
study. TiO, obtained from TiCl, coagulant together with Fe-, Al-, and
Ca-salt coagulant aids at the different optimum concentrations are here-
after expressed as Fe/TiO,, Al/TiO, and Ca/TiO,, respectively.

Surface Area of TiO,-WO, FelTiO,, AlITiO,, and Ca/TiO,

N, adsorption—desorption isotherms were used to investigate the surface
area, average pore diameter and pore volume of TiO,-WO, Fe/TiO,,
Al/TiO, and Ca/TiO, (Fig. la). Table 4 summarizes the results of the
surface area, average pore diameter, and pore volume of TiO,-WO,
Fe/TiO,, Al/TiO; and Ca/TiO,. The BET specific surface area of all
the TiO, (produced in this study) was higher than that of the P-25
TiO, (50 m?/g) which is the most widely used photocatalyst (19). The sur-
face area of Fe/TiO, was lower than that of TiO,-WO. Previous studies
also found a lower surface area for Fe/TiO, (20-22). Adan et al. (20)
observed an appreciably lower surface area and mesopore volume at
0.7-1.5 wt.% of iron content. This correlates with the attainment of the
solubility limit for Fe*" ions into the TiO, structure and could be related
to the onset of the generation of some iron aggregates at the TiO, surface.
In contrast, Neri et al. (23) found that by increasing the Fe content, the
BET surface area was significantly increased, showing a maximum
(49.5 mz/g) for the sample with 50 wt.% —Fe/Ti.

The surface area of Al/TiO, showed the highest values (136.0 m?/g).
This may be due to a porous structure of Al-O-Ti (10). Choi et al. (12)
reported that an increase in Al dopant concentration up to 5 wt.%
resulted in an increase in crystallite size. This size decreased at 7.5
wt.% Al Lee et al. (10) reported that with the increase of the Al dopant,
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Figure 1. (a) N, adsorption—desorption isotherms and (b) pore size distribution
of incinerated TiO,-WO, Fe/TiO,, Al/TiO,, and Ca/TiO,.

the size of TiO, particles decreased due to the suppression of particle
growth by an introduction of Al atoms into TiO, crystal. The surface
area of Ca/TiO, was similar to that of TiO,-WO.

Figure 1 (b) and Table 4 show the average pore diameter and pore
size distribution. The intra-particle pore size and volume were measured
as the pore size distribution of incinerated TiO,-WO, Fe/TiO,, Al/TiO,,
and Ca/TiO, as calculated by the Barrett-Joyner—Halenda method (24)
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Table 4. Surface area, average pore diameter and pore volume
of 'I‘i()z-\v()7 FE/Ti02, Al/T102 and Cd/TlOz

Surface area Average pore Pore volume
(m*/g) diameter (nm) (cm?/g)
TiO,-WO 122.0 9.7 0.30
Fe/TiO, 76.8 7.4 0.14
Al/TiO, 136.0 4.2 0.14
Ca/TiO, 115.7 8.0 0.23

showed less than 10nm. Yu et al. (25) reported that biomodal pore
size distribution consists of small intra-particle pores (4-10nm) and
larger inter-particle pores (20-200nm). The average pore diameter
decreased in the following order: TiO,-WO > Ca/TiO, > Fe/TiO, >
Al/TiO,. The pore volume also decreased in the following order:

Ti0,-WO > Ca/TiO, > Fe/TiO, = Al/TiO,.

XRD Results

Figure 2 presents the XRD patterns of TiO,-WO, Fe/TiO,, Al/TiO,, and
Ca/TiO; incinerated at 600°C. The XRD patterns were made to identify

2000 +

1500

1000 -

Intensity

500

0 20 40

2 theta (°)

— TiO-WO

60 80

Figure 2. XRD patterns of TiO,-WO, Fe/TiO,, Al/TiO,, and Ca/TiO, produced
from incineration of the settled floc at 600°C (A: anatase phase (TiO,); H:

hematite (o-Fe,03)).
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the particle structure and size. The TiO,-WO, Fe/TiO,, Al/TiO,, and
Ca/TiO, exhibited the majority of the anatase phase. The XRD pattern
on the Fe/TiO, showed a peak of hematite (a-Fe,O3). The peak of low
intensity, due to an iron-TiO, mixed phase, of composition Fe,TiOs,
crystallized poorly in very small grain sizes evidenced by the remarkable
enlargement of the diffraction peak, as detected on the Fe/TiO,. Neri
et al. (23) reported that for iron content >50%, the XRD patterns showed
only the strong reflections of a-Fe,O3, whose intensity increased with a
larger Fe content. The pattern on the Fe/TiO, also suggests a decrease
of crystallinity compared with other TiO,. This may be due to high iron
concentration. In contrast, Zhang et al. (26) demonstrated that when iron
concentration was less than 10 wt.%, the TiO, was all in anatase phase
and there was no peak of iron oxide in the XRD patterns.

A crystalline phase containing Al atoms (a-Al,O3 and Al,TiOs) was
not observed in the Al/TiO,. This is due to low concentrations of Al,O3
and/or a substitute site (A13+) for a Ti*" ion (26). Since the ionic radius
for Al and Ti are similar (0.68 A for APP™), Al can occupy a regular cation
position, forming a substitutional solid solution. In addition, Al species
dissolve well into the TiO, crystal (11). The crystalline phase containing
Ca atoms (CaO and CaTiO3) was not observed on the Ca/TiO,. To sum
up, different crystalline phases such as a-Al,O; and Al,TiOs from
Al/TiO, and CaO and CaTiO; from Ca/TiO, were not found. On the
other hand, the XRD pattern of o-Fe,Os from Fe/TiO, was observed.

The crystalline size of different TiO, was calculated using Scherrer’s
formula (28). The crystallite size of TiO,-WO, Fe/TiO,, Al/TiO,, and
Ca/TiO, was approximately 11 nm, 6 nm, 8 nm, and 11 nm, respectively.
The intensity of the anatase phase on Fe/TiO, and Al/TiO, significantly
decreased. This suggests that the Fe and Al species inhibited a crystalline
growth (11). On the other hand, the intensity of the anatase phase on the
Ca/TiO, was similar to that on the TiO,-WO.

SEM/EDX Results

Figure 3 shows the SEM images and EDX spectra of TiO,-WO, Fe/TiO,,
Al/TiO,, and Ca/TiO,. The SEM images of TiO,-WO, Fe/TiO,,
Al/TiO,, and Ca/TiO; consisted of a different size, shape, and dimension
of the particles. The majority of the particles were found to be less than
1 pum, which were constituted by aggromerates of 0.05 um particles. The
SEM image of Fe/TiO, particles included very irregular shape and smal-
ler dimensions of 0.1 pm size compared to other particles observed by
SEM images of TiO,-WO, Al/TiO, and Ca/TiO,. Navio et al. (22)
reported that Fe/Ti samples (less than 3 wt.% Fe) gave deposits irregular
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Figure 3. EDX spectra and SEM images of TiO,-WO, Fe/TiO,, Al/TiO,, and

Ca/TiO; nanoparticles.

in shape and dimensions, while the Fe/Ti samples (more than 5 wt.% Fe)
showed deposits homogeneous in shape and dimensions. Adan et al. (20)
reported that the presence of iron in the samples apparently affected the
particle size. A maximum effect on the particle size is observed at around
1 wt.% doping level. The SEM image of Al/TiO, particles indicated that
the size of the irregular shape and dimensions in Al/TiO, were smaller
than those in Fe/TiO,. Lee et al. (11) reported that with the increase
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Table 5. Atomic (%) fraction of TiO,-WO, Fe/TiO,, Al/TiO,, and Ca/TiO,
powders after incineration at 600°C

Element TiO,-WO Fe/TiO, Al/TiO, Ca/TiO,
Ti atomic % 20.9 18.1 20.7 20.4
O atomic % 65.6 64.3 65.3 67.2
C atomic % 10.9 8.2 7.8 8.3
P atomic % 2.7 2.9 2.7 3.7

Fe atomic % - 6.52
Al atomic % - -

3.5 -
Ca atomic % - _ _

0.4

*Trace elements found in TiO,-WO: Si (0.2%), Fe (0.02%), S (0.01%), Al
(0.01%), V, Ca, Na, Cr, Cl, Ni, and Br.

of Al dopant, the size of TiO, particles decreased due to the suppression
of particle growth by an introduction of Al atoms into TiO, crystal.

EDX analysis was performed to determine the presence of the differ-
ent elements in TiO,-WO, Fe/TiO,, Al/TiO, and Ca/TiO, (Fig. 3). EDX
mapping technique showed that different elements were uniformly spread
in/on TiO,-WO, Fe/TiO,, Al/TiO, and Ca/TiO,. Table 5 shows the
atomic fraction of different elements. The constitutive elements of
Ti0,-WO were mainly Ti, O, C, and P, Fe/TiO, were mainly Fe, Ti,
O, C, and P, Al/TiO, were mainly Al, Ti, O, C and P and Ca/TiO, were
mainly Ca, Ti, O, C, P. Here, the C atom came from the remaining
organic carbon of the settled organic matter. The P atom was from phos-
phorus nutrients present in wastewater. It is well known that flocculation
removes the majority of organic matter and phosphorus from waste
sludge (1). Most C and P atoms were doped as a substitute site for an
O atom, while the Fe, Al, and Ca atoms were doped as a substitute site
for a Ti atom (1,29). Although a relatively small amount of Fe concentra-
tion (6.9 Fe-mg/L) was added with TiCl flocculation compared to Al
(8.0 Al-mg/L) and Ca (15 Ca-mg/L) concentration, the atomic percen-
tage of Fe, Al, Ca atoms in Fe/TiO,, Al/TiO,, and Ca/TiO, was
6.5%, 3.5%, and 0.4%, respectively. This suggests that flocculation of
Ti-salt with Fe-salt coagulant was more favorable than with the
Al- and Ca-salts.

Optical Absorbance

The optical property of TiO,-WO, Fe/TiO,, Al/TiO,, and Ca/TiO, was
investigated using the ultra violet-visible-near infrared (UV-VIS-NIR)
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Figure 4. Optical absorbance of TiO,-WO, Fe/TiO,, Al/ TiO,, and Ca/TiO,.

spectrophotometer (Fig. 4). Generally, the absorption band of Ti*"
tetrahedral symmetry appears around 300 nm. The absorption bands of
Fe/TiO; and Al/TiO, were significantly shifted to the visible range, while
that of Ca/TiO, was not shifted. The red shift associated with the
presence of Fe ions may be attributed to

1. a charge transfer transition between the Fe ion electrons and the TiO,
conduction or valence band and/or
2. a dark reddish color with the increase of Fe concentration (30).

Swanepoel (31) found that the red shift of the absorption edge by
Fe/TiO, was attributed to the excitation of 3d electrons of Fe’" to the
TiO, conduction band. When Al/TiO, was prepared using a thermal
plasma method, the band edge of the powders shifted from UV region
to visible light, suggesting that the shift of absorption spectrum was
attributed to the band gap narrowing relating to the interstitial Al species
in the TiO, crystal (11).

AFM Results

Figure 5 shows AFM images of TiO,-WO, Fe/TiO,, Al/TiO,, and
Ca/TiO; nanoparticles. Surface morphology of different nanoparticles
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FelTiO,

Figure 5. AFM images of TiO,-WO, Fe/TiO,, Al/TiO,, and Ca/TiO, nanopar-
ticles. All images are 1 x 1 um and the insets in all images are 300 x 300 nm.

was determined using tapping mode AFM. TiO, powders prepared by
the addition of different metals evidently consisted of a spherical shape
and the size of the secondary particles was quite uniform. The results
are contradictory to the previous finding (32). They reported that Al-
doped TiO, had a positive ionic radius that was greatly different from
Ti** and was not uniform due to severe agglomeration and had the larger
secondary particle sizes. The image of Al/TiO, obtained in this study
clearly shows the particles with different sizes from 34-80 nm. The varia-
tion of the sizes was observed in all images (TiO,-WO, Fe/TiO»,
Al/TiO,, and Ca/TiO,). The higher resolution of this image is given in
the inset with a scan area of 300 x 300 nm. The shape features of Fe/TiO,
particles consisted of particle size in the range of 33 to 70 nm. Ca/TiO,
particles included the size from 18.9 nm to 39.7 nm. The crystalline parti-
cle size measured by AFM was different from that of XRD (measured
using Scherrer’s formula). This may be due to aggregation of particle
as the secondary particles (33).

Table 6 presents the roughness values of TiO,-WO, Fe/TiO,,
Al/TiO,, and Ca/TiO, nanoparticles. The preparation method of TiO,
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Table 6. Roughness measurements of TiO,-WO, Fe/TiO,, Al/TiO, and Ca/TiO,
nanoparticles (average roughness (S,), root-mean-square roughness (Sq), surface
area (Sqr), peak-peak count (Sy) and ten point height (S,))

S, (nm) Sq (nm) Sar (%0) Sy (nm) S, (nm)
TiO,-WO 8.7 12.2 18.8 101.0 65.9
Fe/TiO, 11.1 14.2 20.0 88.3 78.0
Al/TiO, 8.1 10.3 13.1 59.9 54.0
Ca/TiO, 9.6 12.1 45.5 83 62.7

produced in this manner was difficult to produce the TiO, thin film so
that the aggregated particles were measured. This measurement of each
roughness could be affected by the aggregated structure. They were mea-
sured in terms of average roughness (S,), root-mean-square roughness
(Sy), surface area (Sq4;), peak-peak count (Sy), and ten-point height (S,).
Here, the peak-peak count is an estimate of the shape of the overall
distribution of z-values which is short or wide and tall or narrow. The
ten-point height is defined as the average height of the five highest local
maximums plus the average height of the five lowest local minimums. The
average roughness (S,) of TiO,-WO, Fe/TiO,, Al/TiO,, and Ca/TiO,
was 8.7nm, 11.1nm, 8.1 nm and 9.6nm, respectively. Sankapal et al.
(31) also found that the root mean square roughness of 9nm (which
was calculated with contact mode for TiO; film).

Photocatalytic Activity

The photocatalytic property of TiO,-WO, Fe/TiO,, Al/TiO,, and
Ca/TiO, was examined under irradiation of UV and visible light
for the photodecomposition of gaseous acetaldehyde (Fig. 6). P-25
TiO, was used to compare the photocatalytic activity with other TiO».
The concentration of acetaldehyde was measured by gas chromato-
graphy. The removal by adsorption showed the following order: Al/
TiO, (136m?/g) >>Ca/TiO, (116m?/g)>TiO, (122m?/g) > Fe/TiO,
(77m?/g) >=P-25 (50m?/g). The majority of acetaldehyde with TiO,-
WO and Ca/TiO, was completely removed under UV irradiation within
40 minutes. P-25 TiO, and Al/TiO; led to a high photoactivity with the
removal of 90%. However, at a high iron concentration (6.5at.%),
acetaldehyde removal by photo-oxidation under UV irradiation was mar-
ginal. Wang et al. (34) reported that the formation of Fe,O5 and Fe,TiOs
at high incineration temperature (600-800°C) resulted in a decrease
of photocatalytic activity. Hung et al. (21) reported that the optimum
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Figure 6. Variation of CH3;CHO concentration with UV irradiation time (TiO,
concentration = 1 g; initial concentration of CH;CHO =2000mg/L; UV irradia-
tion = black light three 10 W lamps).

concentration of iron ions was 0.005% (Fe/Ti) and this enhanced gaseous
dichloromethane removal. When the concentration of iron ions was high,
the iron ions became recombination centers for the electron-hole pairs
and reduced the photocatalytic activity. Under visible light, the photo-
decomposition of acetaldehyde using TiO,-WO, Fe/TiO,, Al/TiO,,
Ca/TiO,, and P-25 was marginal.

CONCLUSIONS

TiCl; coagulant was added together with a predetermined quantity of
coagulant aids such as FeCl;, Al,(SOy)3, and Ca(OH), to improve photo-
activity of TiO, increase the pH values after TiCl, flocculation. A
detailed investigation was examined with Fe/TiO,, Al/TiO, and
Ca/TiO; produced from TiCly co-flocculation. This led to the following
conclusions:

1. All the coagulant aids helped to increase the pH values. The pH value
and DOC removal at the optimum concentration of Ti and Fe salts
were 4.7 and 70%, respectively as compared to 3.2 and 70% with TiCl,



09: 02 25 January 2011

Downl oaded At:

Preparation and Characterization of Titanium Dioxide 1541

without any coagulant aids. The pH value and DOC removal at the
optimum concentration of Ti- and Al-salt were 4.5 and 72%, respec-
tively. The pH value and DOC removal at the optimum concentration
of Ti and Ca were 7.6 and 70%, respectively.

2. The surface area of TiO,-WO, Fe/TiO,, Al/TiO,, and Ca/TiO, was
122m?/g, 77m?/g, 136 m?/g and 116 m?/g, respectively. The surface
area was higher than that of P-25 (50 m?/g).

3. TiO,-WO, Fe/TiO,, Al/TiO,, and Ca/TiO, predominantly had
anatase phase. However, the XRD pattern of the Fe/TiO, showed
an additional peak of hematite («-Fe,>O3).

4. The SEM images of TiO,-WO, Fe/TiO,, Al/TiO,, and Ca/TiO,
consisted of different size, shape, and dimension of the particles.
The majority of the particles were found to 0.05um. The average
roughness of TiO,-WO, Fe/TiO,, Al/TiO, and Ca/TiO, was
8.7nm, 11.1 nm, 8.1 nm and 9.6 nm, respectively.

5. The removal of acetaldehyde by adsorption was in good agreement
with surface area of TiO,-WO, Fe/TiO,, Al/TiO,, Ca/TiO,, and
P-25. With TiO,-WO and Ca/TiO, as photocatalyst, the majority
of acetaldehyde was completely removed under UV irradiation
within 40 minutes. However, at a high iron concentration (6.5%),
acetaldehyde removal was marginal. Under visible light, the photo-
decomposition of acetaldehyde using TiO,-WO, Fe/TiO,, Al/TiO,,
Ca/TiO,, and P-25 was not identified.
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