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ABSTRACT

Anatase nanofibers (TiO,—N) were synthesized as photocatalyst for the application in an annular slurry
photoreactor (ASP). The unique properties of TiO,-N have facilitated its high reactivity and suitability
for water treatment. The influence of operational variables: TiO,-N loading, pH, aeration rate and dye
concentration on the photo-degradation kinetics and efficiency to remove a model compound of Congo
Red (CR) were investigated. The photo-degradation kinetics of CR followed the Langmuir-Hinshelwood
regime at lower pH. The Langmuir adsorption constant, K,y was determined as 7.695 x 102> dm? mol~'.

{F;z(])/;n/ords: The optimal photo-degradation rate of 3.47 x 10~2 moldm—3 min~! was achieved at 60 ppm CR, pH 3,
Nanofibers aeration rate of 5dm? min~! and TiO,-N loading of 4 g dm~3. Batch settling tests based on Kynch'’s theory
Congo Red revealed that the TiO,-N photocatalysts could produce a settling velocity of 8.38 x 10~*ms~'. It was
Annular reactor expected that these novel TiO,-N particles can deliver a true engineering solution as an industrial process
Photocatalysis for photocatalytic water treatment.

Degradation Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction

Water remediation employing semiconductor titanium diox-
ide (TiO,) photocatalysts has been widely regarded as the “ideal”
and eco-sustainable solution to current water practices [1-7]. The
highly reactive oxygen species (ROS) generated as a result of the
photo-induced charge separation in TiO, particles can mineralise
toxic and recalcitrant organic compounds without creating any sec-
ondary pollution [3]. To date, the commercialisation of such water
abatement technology is still impeded by a series of technical chal-
lenges. The separation of the TiO, particles after water treatment
(post separation) remains as the major problem for scaling up such
a novel technology into an industrial process. This is owing to the
fine particle size of the commercially available TiO, particles (i.e.
10-30 nm) and its tendency to agglomerate under such particle size
range that reduced its practicality [3,4].

Numerous researches have been devoted in search of suitable
strategies to alleviate the post separation problem. Immobilisation
of the fine TiO, particles onto a range of larger support materials is
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one of a few solutions that have been examined. The immobiliser
materials used include Rashig rings, stainless steel, ferromagnetic
materials, different types of clay mineral, glass matrix, fiber optics
and synthetic membranes [5-10]. Although such immobilising
techniques ease the TiO, downstream separation, various scien-
tific issues associated with such techniques need special attention.
For instance, when the immobilised layer of TiO5 (i.e. on ferromag-
netic or clay material) is subjected to high temperature processing,
the impurities that present on the support materials can diffuse into
the TiO; layer and affect its photocatalytic efficiency [11,12]. In addi-
tion, immobilising TiO, onto supporting materials will decrease the
overall specific surface area. Such an event is highly undesirable as
the photocatalysis is a surface-oriented reaction.

Continuing efforts have been made to develop alternative
approaches in the fabrication of TiO, photocatalysts with high
specificity and tailored characteristics for water treatment. In
this paper, a newly synthesized anatase nanofiber (TiO,-N) with
ideal characteristics for water treatment was used for the photo-
degradation of Congo Red (CR) in an annular slurry photoreactor
(ASP). The TiO,-N synthesized was measured with thickness of
40-100nm and length up to 30 pwm long. Such fibril structure of
TiO,-N is expected to be separated easily and possesses superior
photocatalytic performance owing to its anatase crystal phase. The
photocatalytic performance of the TiO,-N was investigated in the
ASP under different operational factors, which include the TiO,-N
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loading, pH, aeration rate and initial CR concentration. Since post
separation remained a crucial step in the commercial success in
using TiO, water treatment, numerical quantification on the degree
of separation for TiO,-N will be essential. Results from a com-
parison study using anatase fibers with different photocatalysts
revealed that the fibers could be easily separated by sedimenta-
tion from an aqueous solution within 1 h [13]. In present study, the
settling rate of the anatase fibers was numerically quantified for
the first time based on Kynch’s theory. The hindered settling rates
under the influences of different solid TiO,-N concentration were
also estimated.

2. Materials and methods
2.1. Materials

Anatase particles (~325 mesh from Aldrich) were used as
received. Nitric acid HNO3 (AR grade, Aldrich), hydrochloric acid
HCl (Labserv Pronalys Australia), sodium hydroxide NaOH (AR
grade, Aldrich) and Congo Red (C33Hy;NgNa;0gS,, Labchem Ajax
Finechem, Australia) were prepared to a designated concentration
by the addition of double deionised water.

2.2. Wet chemical synthesis of H-titanate nanofibers

Hydrogen titanate nanofibers were synthesized through a
hydrothermal reaction between concentrated NaOH and TiO, and a
post-synthesis ion exchange [13]. Generally, 3 g of anatase particles
(~325 mesh from Aldrich) was mixed with 80 mL of 10 M NaOH.
The obtained suspensions were sonicated in an ultrasonic bath for
0.5 h and then transferred into an autoclave with a PTFE container
inside. The autoclave was maintained at hydrothermal temperature
of 180°C for 48 h. The precipitate (sodium titanate nanofibers) was
recovered, washed with distilled water (to remove excess NaOH),
exchanged with H* (using a 0.1 M HCI solution) to produce hydro-
gen titanate nanofibers, and washed again with distilled water until
pH ~7 was reached. The hydrogen titanate product was dried at
80°C for 12 h and then calcined at 700 °C for 3 h to prepare anatase
nanofibers.

Anatase TiO, is often regarded as the best photocatalysts for
the mineralisation of organic substrates [13,14]. In this study,
the anatase nanofibers obtained from sodium titanate nanofibers
retained the fibril morphology of the titanates. The BET specific sur-
face area of the anatase nanofibers was found to be 15.7 m2 g~ 1. The
resultant anatase nanofibers are shown by the SEM images in Fig. 1.
The measured zeta potential using the Malvern Nano ZS Series Zeta-
sizer (Worchestershire, UK) for the hydrogen titanate nanofibers
was found to exhibit a shift towards pH 4.6 as shown in Fig. 2.

2.3. Setup of annular slurry photoreactor

The ASP, a self-designed system, was setup for this study. The
ASP was fabricated using stainless steel with a 256 nm peaked UV
light (11 W) positioned at the central core (z-axis) to ensure limited
external disturbances. An air sparger with pore size of 45 wm was
fitted to the conical base of the ASP for providing adequate oxygen
scavengers and buoyancy force for suspending TiO,-N particles.
The purpose of the conical shape bottom is to prevent the existence
of areaction dead-zone for the TiO,-N particles. Optional sampling
ports were available at a few elevated positions to allow efficient
sample collection when the reaction fluid level decreased. In-situ
measurement probes for pH and dissolved oxygen were fitted for
datalogging during the study. All the fluid connection lines were fit-
ted with appropriate sized Tygon tubes for a complete ASP system.
The experimental setup of the ASP is shown in Fig. 3.

| m— R

Anatase nanofiber

Fig. 1. SEM images for the H-titanate nanofibers at different magnifications. (a)
6500x and (b) 20,000x.

2.4. Experimental and analysis techniques

The reaction solution of CR was prepared prior to each exper-
imental run. A specific amount of CR was first measured and
mixed with the double deionised water. The pH of the solution
was adjusted using sodium hydroxide (NaOH) and hydrochloric acid
(HCl) as the pH corrective chemicals and a pH meter (TPS, Australia).
A small flow of compressed air was allowed to run through the ASP
to prevent direct sedimentation of TiO,-N prior to the introduc-
tion of TiO,—N/CR aqueous mixture. The compressed air flow rate
was changed to the determined value once the TiO,-N/CR aqueous
mixture was added and further allowed for 0.5 h dark adsorption.
The UV light was then turned on and samples were collected every
1hforupto6h.
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Fig. 2. Measured zeta potential for the titanate nanofibers.
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Fig. 3. Experimental setup for the annular slurry photoreactor system: (1) UV light, (2) recirculation water line, (3) fresh cool water line, (4) cooling water vessel, (5) cooling
water pump, (6) temperature meter, (7) compressed air supply line, (8) compressed air regulation valve, (9) sampling ports, (10) pH meter, (11) dissolved oxygen meter and

(12) photoreactor.

To analyse the CR content of the samples, monochromatic
UV-vis spectrophotometer wavelength of 496.5nm and 567 nm
were employed for solution pH above 5.2 and below 3.0, respec-
tively. The samples were centrifuged and the supernatant was
decanted for analysis purpose. Prior to analysis, the samples were
filtered using the Millex VX filter (Millipore 0.45 wm) to ensure
the samples were free of TiO,-N particles. The CR content of the
samples was estimated from the calibration curve of the CR concen-
tration versus absorbance intensity. Simultaneously the chemical
oxygen demand (COD) for the samples was measured to compare
the relationship with the spectrophotometric values using a COD
measurement kit (Hach, United States). The COD measurement kit
comprises of the 0-1500 ppm COD digestion solution, a Hach DRB
200 digestion chamber and a Hach DR890 COD calorimeter. Two
mL of the previously filtered samples were first added into the
0-1500 ppm COD digestion solution in duplicate. All the digestion
solution was then subjected to the digestion chamber at 150 °C for
120 min. After digestion, the solution was allowed to cool down
prior to COD measurements using the calorimeter.

3. Results and discussion
3.1. Effects of titanate nanofiber loading

TiO,-N loading is a crucial operational parameter, which affects
significantly the removal efficiency and process cost for a pho-

tocatalysis process. Previous investigations have reported that
the optimum loading for Degussa P-25 TiO, was in the range
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Fig. 4. First order kinetics for the photo-degradation of 40 ppm CR under different
TiO,-N loading. pH 7; aeration rate=5dm3 min~'. UV irradiation starts at t=0h.

of 0.5-2.0gdm3, depending on the reactor configuration and
contaminant level [15,16]. In this study, the TiO,-N loading of
0.5-4gdm~3 was employed for the photo-degradation of 40 ppm
CR at natural pH. Since the photo-degradation profiles exhibit a
relatively linear relationship between the rates of disappearance
of CR with irradiation time, a first order reaction rate model was
applied. Fig. 4 shows that the kinetic profiles of different TiO,-N
loading linearly fitted well with the first order reaction rate model
(InGo/C against reaction time). Fig. 5 shows the plot of the first
order rate constant, k with its corresponding TiO,-N loading. It
could be observed that when the TiO,-N loading was increased
from 0.5gdm3 to 3.0gdm™3, the changes in the rate constant
was rapid (i.e. 0.1389-0.5406 min—1). However, when the TiO,-N
loading was ramped from 3.0gdm3 to 4.0 gdm~3, the change in
rate constant was modest from 0.5406 min~! to 0.5685 min~!. This
trend suggested that the photo-degradation rate of CR in the ASP
reached its optimal and the onset of plateau for TiO,-N loading was
approximately between 3.5 gdm~3 and 4.0 gdm~3. The appearance
of such plateau in photo-degradation rate of CR with increasing
TiO,-N loading can be attributed to the decrease in photon effi-
ciency. As the nanofiber loading was increased, the absorption of
photon by the fibers in the reaction system approached saturation.
As the reaction is driven by the absorbed photons, which are one
of the reactant, the saturation leads to the plateau [17-20]. Thus, a
further increase in the TiO,-N above 4.0 gdm~3 will not enhance
the photocatalytic performance but has adverse effects on costs.
Thus all the subsequent investigations on the photo-degradation
of CR in the annular photoreactor had its TiO,-N loading set at
4.0gdm3.
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Fig. 5. Effects of TiO,-N loading on the first order rate constant.
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Fig. 6. Langmuir-Hinshelwood kinetic isotherms for the effects of different initial
pH on its photo-degradation rate of 40 ppm CR. TiO,-N loading of 4gdm=3 and
aeration rate of 5dm~3 min~'. UV irradiation starts at t=0h.

3.2. Effects of pH

Quantifying the effects of different solution pH for the applica-
tion of TiO»—N in water treatment is of practical importance [17,18].
This is because the pH of the water in the treatment plants will
have a pH range of 5.5-8.3. By knowing the photocatalytic per-
formance of the fibers under different pH, the photo-degradation
rate of CR can be predicted. In this study, the photo-degradation
of CR in the ASP under different initial pH conditions (i.e. pH 3,
5, 7 and 9) were investigated. When the pH was altered from pH
7 to pH 3, it could be seen that the concentration-time profile
did not obey the linear first order reaction rate equation. The ini-
tial degradation rate was significantly affected by the adsorption
of CR onto the surfaces of TiO,-N. This was evidenced from the
abrupt decrease in CR concentration during the 0.5 h dark adsorp-
tion period. The initial adsorption ability gradually decreased when
the solution pH increased up to 9.0. Since the linearity of the first
order reaction was strongly affected by initial adsorption, the con-
ventional Langmuir-Hinshelwood (L-H) reaction model (Eq. (1))
was applied to model the photo-degradation kinetics. Fig. 6 shows
the L-H model fitted photo-degradation profiles of CR in the annu-
lar photoreactor under different pH conditions.

_ d[CR] _ kKi_u[CR]
T77dr T 1+KnlCR]

(1)

The inception of adsorption in the photocatalysis reaction is often
associated with the changes in surface charge of the TiO,-N used.
This is related to the point of zero charge (PZC) for the TiO,-N
used. The PZC for TiO, was reported to lie in the range of 5.6-6.8,
depending on both the materials and fabrication method used to
synthesize the TiO, particles [18-21]. However the PZC for titanate
nanofibers was found to exhibit an acidic shift to pH lower than 5
as shown in Fig. 2. The PZC is a condition where the surface charge
of the TiO,-N is zero or neutral. In the co-existence of TiO,-N in the
aqueous solution, when the pH was lower than the PZC (TiO5-N),
the TiO,-N surface will be positively charged [20,21]. The opposite
trend will be observed where the particle surface will be nega-
tively charged when pH is higher than the PZC (TiO,-N) [21]. This
explained the strong tendency for adsorption at a low pH (i.e. pH 3)
with the anionic CR model organic used. At a low pH, the positively
charged TiO,—-N will create a strong electrostatic attraction force on
the CR molecules. This is particularly beneficial for the photocatal-
ysis reaction using TiO;-N. When the pH increases, the adsorption
will be gradually retarded and a small repulsive force was observed
when the solution pH was at 9.0. Thus, it can be concluded that
operating the ASP at a low pH will enhance the degradation effi-
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Fig. 7. Effects of different aeration rate on the photo-degradation rate of 40 ppm CR.
TiO>-N loading of 4gdm~3 and pH 3. UV irradiation starts at t=0h.

cacy for removal of 40 ppm CR in the ASP. For this reason, all
subsequent investigations were conducted at the lower optimal —
pH 3.

3.3. Effects of aeration rate

Since the annular photoreactor used is operated as a slurry
typed reactor, the total delivered aeration rate was significant for
this study. Compressed air was used as the aeration source to
not only maintain adequate suspension and better mixing con-
dition, but also provide sufficient amount of dissolved oxygen.
In this study, different aeration rates varying from 2.5 dm3 min~!
to 10dm3 min~! were investigated. Based on the L-H model fit-
ted results as shown in Fig. 7, it could be observed that the
ultimate reaction rate of 0.0239 moldm—3 min~! was achievable
for the degradation of 40 ppm CR at 5dm3min~'. The photo-
degradation rate decreased at a high aeration rate for TiO,-N
loading of 4 g dm~3 and pH 3. The hypothesis for such deterioration
in photo-degradation rate is owed to the aeration-induced mixing
turbulences of TiO,-N in the ASP. Since the density of the TiO,-N
is approximately 400 g cm?, a low aeration rate (i.e. 2.5 dm3 min~1)
would be insufficient to maintain the TiO,-N particles in suspen-
sion in the ASP. The increase in the aeration rate creates turbulence
of the reaction aqueous mixture, resulting in a “shadow” effect that
attenuates the light distribution in the ASP [18].

In addition to the achievable optimal rate under aeration rate of
5dm3 min~1, itis also viable to examine whether the dissolved oxy-
gen is sufficient for the photo-mineralisation of CR. For a complete
mineralisation of CR, the theoretical amount of oxygen required for
1 mol of CR corresponds to 42.5 mol of oxygen as shown in Eq. (2)
[22].

C32H22N6065227 +2Na* +42.50, — 32C0, +11H,0
+6NO; + 250, (2)

To verify the adequacy of 5dm3min~! of aeration in provid-
ing dissolved oxygen, Henry’s law was applied. Assuming normal
atmospheric conditions, the concentration of oxygen dissolved
in the air saturated water as calculated using Henry's law
is 0.2768 mmoldm~3. As determined by stoichiometry relation,
2.44 x 10~3 moldm~3 of dissolved oxygen will be required when
40 ppm CR (i.e. 5.742 x 10-> moldm~3) is used. Since the annu-
lar photoreactor was aerated for 6.5h, the ideal total amount
of dissolved oxygen was approximately 0.5mol and multiplying
with the gas hold-up fraction in the ASP, dissolved oxygen will
be in excess for the photo-mineralisation of CR. Thus the aera-
tion rate of 5dm3 min~! was found sufficiently optimal in this
study.
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Fig. 8. Effects of different initial CR concentration on the photo-degradation rate.
TiO>-N loading of 4gdm~3, initial pH 3 and aeration rate of 5dm? min~"'.

3.4. Effects of initial Congo Red concentration

In the photocatalysis study, the reaction rate was strongly influ-
enced by the initial amount of organic substrates present in the
water matrix [23-25]. Thus the CR concentration will vary from
20mgdm—3 to 60mgdm~3 to visualise the ultimate effect on its
photo-degradation rate. The L-H fitted kinetic isotherms for the dif-
ferent CR concentration were as shown in Fig. 8. To estimate the rate
constant, k and Langmuir adsorption constant, K; _y, the reciprocal
plot of reaction rate against different initial CR concentration was
plotted according to Eq. (3). From Eq. (3), both k and K;__y could be
obtained from the intercept and slope of the straight line formed. It
was estimated from Fig. 10 that the rate constant, k is 0.5198 min~!
and K;_y is 7.695 x 102 dm3 mol-1.

1 1 1

Ro k * kK1 _y[CR]o 3)
The photo-degradation rate of CR at 60 ppm was the highest with
rate equal to 3.477 x 10~2 moldm~3 min~!. Such reaction rate dic-
tates that the TiO,-N could degrade higher initial CR concentration
with constant operating conditions of TiO,-N loading of 4 gdm™3,
pH 3 and aeration rate of 5dm3 min~!. Previous studies on photo-
catalytic degradation of CR have also been conducted using TiO,
prepared from different synthesis methods [26,7,27-30]. Wahi et
al. [28] prepared nine different nano-sized TiO, photocatalysts and
found that the anatase nanorods were able to completely degrade of
14 mmoldm~! in 10 h. In this study, the use of titanate nanofibers as
a photocatalyst was capable to degrade 60 ppm (ca. 86 mmoldm~1)
of CR in 6h of UV irradiation. This shows the anatase hydrogen
titanate nanofibers as an efficient and highly potential as a photo-
catalyst the application in water industrial.

3.5. COD monitoring for the photo-degradation of Congo Red

Mineralisation refers to the photo-degradation of the organic
compound used (i.e. CR in this study) to the innocuous final prod-
ucts of carbon dioxide and water. This is usually a time-consuming
reaction as it involves the formation and subsequent breakdown of
intermediate by-products, as a result of the hydroxylation and rup-
turing of the aromatic rings along the photocatalytic reaction in the
annular slurry photoreactor [17].

In this study, the photo-degradation and mineralisation of CR
was monitored through the measurement of both spectropho-
tometer and COD measurements at the optimised batch operating
conditions. Fig. 9 shows the change in both the CR concentration
and its corresponding COD values under the operating conditions
of pH 3, of TiO,-N loading of 4gdm—3 loading, aeration rate of
5dm3 min~! and initial CR concentration of 60 ppm. From the-
oretical calculation, the initial CR concentration of 60 ppm was
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Fig. 9. Comparison for the rate of disappearance of COD against the
spectrophotometric-measured CR concentration at optimum batch condi-
tions. (TiO2-N loading of 4 gdm~3, pH 3, aeration rate of 5dm3 min-! and initial CR
concentration of 60 mgdm~3). UV irradiation starts at t=0h.

equivalent to 117 mg L~ COD from the stoichiometric relationship
in Eq. (2). Fig. 9 shows that the spectrophotometric determinations
of CR concentration are strongly correlated to the mineralisation
of CR in terms of its COD values. Under the optimised batch oper-
ating conditions in the ASP system, a 90% reduction in COD was
achievable within 6 h of irradiation time.

3.6. Kynch’s analysis on titanate nanofibers

Post separation of TiO, particles constitutes the major challenge
in photocatalytic water treatment [3]. The TiO,-N could be sep-
arated via several methods, such as sedimentation, filtration and
centrifugation. Separation by means of sedimentation is recognised
as the most cost-effective method. To visualise the practicality of
the newly synthesized TiO,-N, hindered settling based on Kynch'’s
theory was carried out in this study. This is because the particle
concentrations will be high with increasing particle interactions in
the majority of industrial processes [31,32]. The assumption of free
particle settling condition is invalid.

In order to find the hindered settling velocity (v) of TiO,—-N, batch
settling tests for the TiO,-N have been conducted. Several TiO,-N
concentrations of 0.05g, 0.1g, 0.15g and 0.2 g in 25 mL of double
deionised water have been carried out. The aqueous mixture was
sonicated for 15 min prior to analysis. During analysis, the change in
TiO,-N interface level with time was noted. The settling zones were
distinctly seen to involve three different zones, which are the clear
supernatant liquid, hindered settling zone and sediment [31,32].
The interface height (Z) measured at different time intervals for
each TiO,-N concentrations was then used to construct the settling
curve, as shown in Fig. 10.

From the settling curves, the batch settling velocity could be
estimated from the initial slope of the plot. It was observed that
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Fig. 10. Settling curves for different TiO,-N loading in 25 mL of water.
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when the TiO,-N concentration increased, the settling velocity
decreased. This is owing to the increase in overall upward flux of
the water that occurs when the TiO,-N displaces the water as it
settles into the sediment zone [32]. The particle terminal velocity
(v¢) could be estimated by Eq. (4), where c is the volume fraction of
the TiO,-N [32].

v=v(1-0c) (4)

Kynch found that the instantaneous concentration at the interface
of different zones do not remain constant. Instead, it is dependent
on height, time and initial concentration, given by Eq. (5) [31,32].

coZo
- Z + 1t (5)
log(vt) = log(vto) + (N)log(1 —¢) (6)

With the v values found for the different TiO,-N, the linearised
Richardson-Zaki correlation (i.e. Eq. (6)) is used to ultimately esti-
mate the single particle terminal velocity vy [31,32]. Based on
Fig. 11, the vy for TiO,-N was found to be 8.38 x 10~*ms~!. This
shows that the fibril morphology of TiO,-N can facilitate the post
separation sedimentation process and are highly promising for
application in water treatment.

4. Conclusion

Application of anatase nanofibers for the photo-degradation of
Congo Red has been demonstrated. The superior photocatalytic per-
formance of the newly synthesized fibers in the annular slurry
photoreactor has been optimised under the operating conditions
of 4gdm~3 anatase nanofibers loading, pH 3, and aeration rate
of 5dm3min~'. It was interesting to note that under the same
operating conditions, the rate of photo-degradation could achieve
3.47 x 10~2 moldm—3 min~! for 60 ppm of CR. Such reaction rate
was achieved via co-adsorption of CR onto the long titanate fibers.
With the specific dimensions of the anatase nanofibers, the post
separation of TiO,-N after water treatment has been resolved.
The anatase nanofibers permit ease of separation, where its hin-
dered settling rate was found to be 8.38 x 10~4 ms~1. All this shows
promising application of anatase nanofibers as an ideal photocatal-
ysis in the photocatalytic water treatment.
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