Separation and Purification Technology 67 (2009) 355-363

Contents lists available at ScienceDirect

Separation
BPurification

Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

Optimisation of an annular photoreactor process for degradation of Congo Red
using a newly synthesized titania impregnated kaolinite nano-photocatalyst

Meng Nan Chong?:P, Shaomin Lei¢, Bo Jin-4-* Chris SaintP-4, Christopher W.K. Chow ¢

2 School of Chemical Engineering, The University of Adelaide, Adelaide, SA 5000, Australia

b School of Earth and Environmental Sciences, The University of Adelaide, Adelaide, SA 5000, Australia

¢ School of Resource and Environment Engineering, Wuhan University of Technology, Wuhan 430070, China
d Australian Water Quality Centre, SA Water Corporation, Bolivar, SA 5110, Australia

ARTICLE INFO ABSTRACT

Article history:

Received 3 June 2008

Received in revised form 31 March 2009
Accepted 2 April 2009

In this study, an annular photocatalytic reactor (APR) system was designed and operated to optimise the
photocatalytic degradation of Congo Red (CR) using a newly synthesized titania impregnated kaolinite
photocatalyst (TiO,/K). The design parameters of the APR: reactor configuration, mass transfer, mixing
and hydrodynamics were discussed. The influences of the operation parameters: pH, critical TiO, /K load-
ing, aeration rate and initial CR concentration on the photocatalytic performances were studied in a batch

’lffllt’)‘;‘;ocr:;l s operation mode. Results showed that the initial pH was the most crucial operation parameter that sig-
Tio, v nificantly affected both the adsorption and photocatalytic reactions in the APR-TiO,/K system. The point
Congo Red of zero charge for TiO,/K was found to shift towards pH 9.5. The complete degradation of 40 ppm CR was
Kaolinite attained in 4 h. Possible intermediates and by-products during the CR degradation were identified using

the LC/MS technique. The TiO,/K reactivation study showed that the TiO,/K particles are highly stable
and have a modest improvement in photoactivity for every recycle trial up to at least five cycles. The
overall results revealed that the APR-TiO,/K system has promising application for the development of a

Annular reactor
Degradation

technically feasible and cost-effective industrial water and wastewater treatment process.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Water treatment utilising semiconductor titanium dioxide
(TiO3) has been the centre of research owing to its high photocat-
alytic efficiency in degrading a wide range of organic contaminants
[1-8]. When the TiO, particle absorbs a photon with energy greater
than the band gap energy (E,, >3.2eV), the lone electron in the
valence band will be excited to the conduction band and thus cre-
ating the electron-hole pair [9-11]. Whilst the electron-hole pair
remains separated, the valence band hole will oxidise the hydroxyl
groups that are present in the aqueous environment to the highly
oxidative hydroxyl radicals (*OH) [8-10]. Simultaneously, the con-
duction band electron will capture the electron scavengers (e.g.
dissolved oxygen) creating the superoxide radical (*0) [5,6,9,10].
It was reported that only incomplete mineralisation of s-triazines
was examined in the non-aqueous solvents [9]. Thus the presence
of water molecules plays an important role in an effective photo-
catalysis process.
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The mechanism for the generation of an electron-hole pair
depicted that TiO, photocatalysis is a surface-oriented reaction
[12]. The main oxidation process for the organic compounds in
an aqueous environment takes place on the surface of the TiO,
particles. Herrmann [9] proposed that the heterogeneous pho-
tocatalysis can be proceeded in five independent steps. Initially
the transferred organic compounds will adsorb onto the pho-
ton activated TiO, surface, proceeding with the surface reaction
and desorption of the intermediates or final photodegradation by-
products and finally the removal of these by-products from the
interface region. This indicates that the photocatalysis process
is mass transfer limiting and further efforts should be empha-
sized in the development of appropriate photocatalytic reactor
system.

Two common types of photo-reactors: a slurry reactor or a fixed
bed reactor, were usually used in the previous investigations [13,14].
The fixed bed reactor has the advantage in downstream separation
after water treatment [17-19]. However, there are a number of key
issues associated with the application of a fixed bed reactor that
need further consideration, including poor mass transfer, severe
light attenuation over the coated TiO, film, decrease in specific
surface area for reaction and the increasing difficulties in photo-
catalyst reactivation and reuse [14,17]. Ideally the slurry reactor
would be the most suitable photo-oxidation system due to its large
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Nomenclature

APR annular photocatalytic reactor

C concentration at time, ¢t (ppm or mg/dm?3)

Co initial concentration (ppm or mg/dm?3)

COD chemical oxygen demand

Cu viscosity correction factor

CR Congo Red

DO dissolved oxygen

dt diameter of the reactor (cm)

Ey bandgap energy

k reaction rate constant, k (min—1)

K kaolinite

LC/MS liquid chromatograph/mass spectrometry

°0 superoxide radical

*OH hydroxyl radical

PzC point of zero charge

St surface tension of liquid (dyne/cm)

t irradiation time (h)

TiO, titanium dioxide

TiO,/K titania impregnated kaolinite

Ug superficial gas velocity in the reactor (cm/s)

Ugp terminal settling velocity of particles (cm/s)

uv ultraviolet light

Whax critical solid loading (g/cm3)

Greek letters

y wettability factor

&g gas holdup

oc, oL density of gas and liquid respectively (g/cm3)

G, iy viscosity of gas and liquid phases respectively
(g/cm/s)

reaction surface area in the reactor, leading to high oxidation and
degradation efficiency [14,15]. However, the efficient application
of a slurry reactor should be coupled with a photocatalyst or a
separation unit that permits ease of separation after the pho-
tocatalytic reaction [12,15,16]. Recovery of the photocatalysts for
the reactor system is one of a few technical challenges associated
with the application of the slurry reactor for water/wastewater
treatment.

In this study, a newly synthesized titania impregnated kaolin-
ite (TiO,/K) nano-photocatalyst was utilised for the photocatalytic
degradation of Congo Red (CR) in an newly designed annular
photocatalytic reactor (APR) system. The application of TiO,/K
was expected to take full advantage of the enhanced adsorption,
structurally rigid and separable properties provided by kaolinite
(K) particles, while maintaining a high specific surface area for
enhanced mass transfer and photocatalytic reaction. The influences
of operational parameters: initial pH, TiO,/K loading, aeration rate
and initial CR concentration will be optimised in the APR sys-
tem. Degradation mechanisms will be assessed by chemical oxygen
demand (COD) and possible intermediates formed during the CR
degradation. For the first time, the reclaimed and subsequent reac-
tivation of the slurry TiO,/K photocatalyst was carried out in this
study.

2. Materials and methods
2.1. Materials
Titanium (IV) butoxide (tetrabutyl orthotitanate, purum grade

>97% gravimetric, Sigma-Aldrich) was used as received. Raw kaoli-
nite (K) materials were obtained from Unimin, Australia. Congo

Red (C33Hy;NgNay0gS,, Labchem Ajax Finechem, Australia) was
prepared to a designated concentration by the addition of Milli-Q.

2.2. Preparation of titania impregnated kaolinite (TiO,/K)
photocatalyst

The preparation of TiO, /K nano-photocatalyst has been reported
in our previous study [20]. The TiO, /K photocatalyst is synthesized
via a modified two-step sol-gel method. In the first step, 25 mL of
titanium (IV) butoxide was hydrolysed in 30 mL of absolute ethanol.
The mixture was stirred for 30 min to allow homogenous mixing
and the resultant hydrolysed mixture was denoted as mixture A.
Then the mixture A was slowly mixed into 0.28 M HNOs for the
condensation reaction. The resultant mixture denoted as mixture B
was stirred for 4 h. Concurrently a 10% (w/v) of pre-treated K sus-
pension was prepared in a three-necked round bottom flask kept
in a water bath at 37°C. The K particles were pre-treated by sedi-
mentation, filtration, base treatment and were finally outgassed at
750°C for 1h. The resultant mixture B was then added drop wise
with the aid of a separatory funnel into the flask and then stirred
rigorously with an overhead stirrer. Stirring of the contents in the
three-necked flask (mixture C) was extended for 30 min after the
total addition of mixture B. The resultant mixture C was then fil-
tered and washed repeatedly with distilled water up to three times
before being dried in a conventional oven at 65-70°C for 3 h. The
resultant filtrate cake was then brushed off from the filter paper into
the crucibles and further subjected to calcination at 600 °C for 3 h.

2.3. Annular photocatalytic reactor system set-up

A self-designed APR with an interchangeable diameter of a
quartz thimble was used in this study. The design of the reactor
allowed the option of inserting additional UV lamps into the z-axis
during the operation. The annular reactor was fabricated from stain-
less steel with a detachable conical bottom for ease of cleaning and
scheduled maintenance. The quartz thimble located in the core axis
of the reactor was used to protect the UV lamp from direct contact
with the reaction fluid. The quartz thimble allows maximum UV
transmission into the reaction zone without any impedance. The
bottom portion of the reactor was conical to prevent the existence
of a dead zone during the gas bubbling of the slurry TiO,/K photo-
catalyst. A gas sparger was fitted to the detachable conical bottom,
with an average pore size of 45 pm. There are four sampling ports
hosted on the reactor. Three ports are located in an elevated row
while the other port was an optional for base dosing purposes. The
three elevated sampling ports on the same row allow for ease of
sampling when the volume of the reaction fluid dropped during
the experimental period. A cooling water jacket was fabricated at
the top of the reactor in order to maintain or cool down the tem-
perature if the UV light over-generated heat energy. An 11 W UV
light (Davis Ultraviolet, Australia) that peaks at 256 nm was inserted
between the quartz thimble during the experiment. The detailed
design of the reactor and the experimental set-up for the APR sys-
tem are sketched in Fig. 1. The APR system consists of the annular
reactor, cooling water recirculation line, cooling water pump, water
storage tank and compressed air line fitted with a regulator valve.
The pH, dissolved oxygen (DO) and temperature probes and meters
(TPS, Australia) were connected to the specially designed ports in
the annular reactor. All the other fluid connection lines in the APR
system were fitted in accordance to their diameter size by Tygon
tubes.

2.4. Experimental set-up

Initially a stock solution with 40 mg/dm? of CR was prepared.
The pH of the solution was adjusted using 2 M of hydrochloric acid
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Fig. 1. Experimental set-up for the annular photocatalytic reactor 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.

(HCI) and sodium hydroxide (NaOH), respectively, as per experi-
mental requirement. Using a correlation for the CR concentration
with the UV-vis absorption spectra at 496.5 nm, a calibration curve
was obtained by series dilution of the stock solution. Then the deter-
mined TiO,/K loading for the experiment was measured. Prior to
the introduction of the CR solution into the reactor, the reactor was
aerated at a 0.5dm3/min. When the gas flowrate achieved steady
state, both the CR solution and TiO, /K was introduced into the reac-
tor. The slurry mixture was mixed and aerated for 30 min before
the UV lamp was turned on at t=0 h. Sampling of the reaction fluid
was then carried out for every hour from the three sampling ports.
The samples were then centrifuged (Eppendorf Centrifuge 5415R,
Germany) at 5000 rpm for 10 min. The supernatant was decanted
and filtered using Millex VX filter (Millipore 0.45 um) to ensure it
was free of TiO,/K particles. The filtered solution was then used
to measure CR concentration by UV-vis spectrophotometer (Helios
Gamma, England).

2.5. Analysis methods

Chemical oxygen demand (COD) for the samples was mea-
sured using a COD measurement kit (Hach, United States). The
COD measurement kit comprises of the 0-150, 1500, 15000 ppm
COD digestion solution, Hach DRB 200 digestion chamber and Hach
DR890 COD calorimeter. Two milliliter of the filtered samples were
added into the digestion solution. The digestion solution was then
subjected to the digestion chamber at 70°C for 120 min. After the
digestion, the solution was allowed to cool down prior to the COD
measurements using the calorimeter.

The degradation of CR and its intermediate products were ver-
ified using a liquid chromatograph/mass spectrometry (LC/MS).
The LC separation was provided by a Waters liquid chromatograph
(Waters, Milford USA), which consists of a 2695 Separation Module
and 2487 dual wavelength UV detector. The operating conditions
were as follows: HPLC column (SGE Wakosil 2 mm x 150 mm C18);
ammonium acetate-acetonitrile; flow rate of 0.2 mL/min; injection
volume of 20 wL; UV detector at 235 nm and 350 nm. The entire flow
from LC was then directed into a Micromass Quattro micro tandem
quadrupole MS (Waters, Manchester UK). Data were acquired by
the Masslynx data system for both the MS and UV data. The MS
analysis was operated in both positive and negative ion electro-
spray mass spectrometry (ESI). The operating conditions for one of
the negative ion ESI was as follows; capillary of 3.5 kV; source tem-
perature of 80°C; desolvation temperature and gas flow of 350°C
and 500 L/h, respectively; scan duration of 1s; mass range scanned
of 80-800; cone of 30-70V.

3. Results and discussion
3.1. Operation of the annular photocatalytic reactor (APR) system

The APR system was an internally irradiated photocatalytic reac-
tor with UV light being placed in the central core axis of the reactor.
This reactor configuration resulted in minimising the stray UV light
from the reactor by capturing all the photons with the stainless
steel reactor core [3,21]. With such a reactor core, the net effect of
the light intensity on the overall rate of photodegradation for the
model compound (i.e. Congo Red) could easily be quantified [22].
Both the direct and diffuse UV light photons could be utilised in
the APR system by varying the UV light configuration in the core
quartz thimble [7]. Romero et al. [23] reported that the maximum
effective annular radius for the utilisation of the diffuse UV photons
could only occur at 5cm from the internal reactor wall to the UV
light source.

To improve the operation efficiency of the APR system in terms
of its hydrodynamics, mixing and mass transfer, the TiO, /K particles
needed to be remained in homogeneous suspension by air bubbling
instead of mechanical agitation. Bubble sparging with compressed
air could provide a cost effective agitation and sufficient DO to pre-
vent “electron-hole pair” recombination. However the knowledge
of complete suspension of the photocatalyst particles during reac-
tor design is essential. Two different states of suspension exist for
the APR system; homogeneous suspension where the photocata-
lyst particles are uniformly distributed throughout the reactor and
non-uniformly distributed but in complete suspension [24]. The
correlation as in Egs. (1) and (2) was proposed to predict the min-
imum gas velocity required for complete suspension in terms of
critical TiO, /K photocatalyst loading [24].

-0.23 -0.18
Wnax —6.8x10-4 Cudrugpg Stég Eglitp (1)
oL MG Ugltr Ug

Cu=23x10"1-1.8x10"" log p. +1.03 x 10 2(log 1> (2)

The correlation as in Eq. (1) provides a basis for reactor design, as
it interrelates the important parameters such as the critical TiO, /K
photocatalyst loading (Wmax), reactor diameter (dr), velocity of
compressed air delivered (ug) and the gas hold-up (&g). The Wiax
would then be optimised in Section 3.2 and the &g was known to
be dependent on the sparger type, solid concentration, velocity of
compressed air delivered and the prevailing flow regime [25]. The
dependence of &g on ug is of the form of following equation [24]:

sg~Ug (3)

where n is 0.4-0.7 for churn turbulent flow or transition regime
and 0.7-1.2 for bubble flow regime [3,24]. With such a basis, the
hydrodynamics of the APR system could be easily predicted to give
a minimal operating condition.

3.2. Effects of TiO»/K photocatalyst loading

The influences of TiO,/K photocatalyst loading on the pho-
todegradation rate of CR were studied in a TiO,/K dosage range
of 2-10g/dm?3. The investigation was carried out in the APR with
40 ppm CR at natural pH. The photodegradation profiles of CR with
respect to the TiO, /K loading are shown in Fig. 2. It was observed
that the photodegradation rate of CR increases with an increase
in TiO,/K loading. The degradation profile became a plateau when
the TiO,/K loading was higher than 6 g/dm?3 (Fig. 3). The reasons
for the plateau in photodegradation rate at elevated TiO,/K load-
ing are suggested to be owing to (i) the inception of aggregation
that leads to a decrease of active sites; and (ii) the increase in
TiO,/K that promotes active light scattering resulting in severe light
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Fig. 2. Effects of TiO,/K photocatalyst loading on CR degradation rate (pH = natural;
Co =40 mg/dm3; compressed air flow rate=10dm3/min). Dark adsorption start at
=-0.5h. UV irradiation starts at t=0h.

attenuation through the entire reactor space [8,12,19,26]. The opti-
mum TiO,/K loading was found to be 6 g/dm?3. It was noted that
the optimum TiO,/K loading appeared to be much higher than
for previous investigations using the commercial pure TiO,. This
is due to the weight contribution by the core kaolinite particles.
From previous X-ray diffraction (XRD) study of the TiO,/K photo-
catalyst, the weight ratio for the surface-attached TiO, crystallite
to kaolinite by zinc oxide spiking method was determined to be
0.08:1.00. According to this result, it was estimated that 6 g/dm3
of TiO, /K may only be equivalent to 0.48 g/dm? of TiO,. Some pre-
vious investigations reported that the optimum pure TiO, loading
was in the range of 0.5-2.0 g/dm?3, depending on the reactor con-
figuration used [27-29]. Therefore, the application of TiO,/K with
the APR system was proven to have better photo-efficiency, as it
requires lower TiO, /K loading. The degradation efficiency might be
enhanced by the adsorption capability of K as the core platform,
which increases the probability of surface reaction with CR. This
dictates that the ultimate TiO,/K photocatalyst should only have
the 0.08 weight fraction taken into account when making direct
comparison with the commercially available pure TiO5.

3.3. Effects of initial pH

The effects of pH on photocatalytic water remediation were
reported by several researchers [8,12]. Since it is impractical to
maintain the pH level throughout the course of photodegradation,
most of the study focussed on the simulation of initial pH for the
as-received water [12]. Figs. 4 and 5 illustrate the photodegradation
profiles of CR degradation in the variation of initial pH 5-12. At the
initial pH ranging from 5 to 9, the photodegradation of CR was dom-
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Fig. 3. Effects of TiO,/K catalyst loading on the optimum CR degradation rate.
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Fig. 4. The influences of different initial pH conditions (pH 5-9) on the photodegra-
dation rate of CR. Batch operating conditions: TiO, /K loading of 6 g/dm?, compressed
air flow rate of 10dm3/min and initial CR concentration of 40 ppm. UV irradiation
starts at t=0h.

inated by the adsorption of CR at the initial stage. The photocatalytic
efficiency of the TiO,/K was found to be inflexed at pH 9.5 as the
low adsorption and photodegradation rates of CR were found to be
associated with pH 10-12. This can be explained by the occurrence
of point of zero charge (PZC) for the TiO; /K photocatalyst at pH 9.5
as shown in Fig. 6. PZC is the condition where the surface charge
attained by the photocatalyst particles is zero or neutral [8,12]. As
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Fig. 5. The influences of different initial pH conditions (pH 10-12) on the pho-
todegradation rate of CR. Batch operating conditions: TiO/K loading of 6g/dm3,
compressed air flow rate of 10dm3/min and initial CR concentration of 40 ppm. UV
irradiation starts at t=0h.
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Fig. 6. Correlated plot of initial adsorption against initial solution pH for the deter-
mination of TiO, /K surface potential.
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Fig. 7. The change in pH values during the photodegradation of CR for aqueous
CR solution with different initial pH range of pH 5-9. Batch operating conditions:
TiO, /K loading of 6 g/dm?3, compressed air flow rate of 10dm?/min and initial CR
concentration of 40 ppm. UV irradiation starts at t=0h.

the surface charge at pH lower than PZC, the particle surface would
be positively charged while negatively charged at pH higher than
the PZC [8,12]. For most TiO, particles, the PZC was reported to
be in the range of pH 5.6-6.8 [7,8,12]. The significant deviation of
the PZC for TiO/K over most commercial TiO, is proposed to be
owing to either the differences in TiO,/K preparation conditions
or the ionic adsorption interaction between the TiO,/K with the
aqueous [26]. Since CR is an anionic dye, it is anticipated that the
negatively charged dye molecules will have enhanced adsorption
and photocatalytic reaction with TiO, /K at a pH lower than the PZC
[30].

A significant dissimilarity between the applications of com-
mercial pure TiO, with the TiO,/K particles should be noted. The
TiO, /K particles could react efficiently at a broader range of pH with
further anionic molecules owing to the occurrence of its PZC at
a higher pH of 9.5. This has certainly added value to the TiO;/K
photocatalyst. For instance, the TiO, /K photocatalyst could be suit-
ably applied to tertiary wastewater treatment since the pH of the
treated water from the secondary biological treatment process was
reported to fall in the range of 6.8-8.3 [26]. The use of conven-
tional TiO, particles would require pH adjustment to maintain pH
below pH 5.6 (i.e. nominal TiO, PZC) by the addition of chem-
icals [11]. This can generate an additional operation cost for the
efficient operation of such photocatalysis process at an industrial
scale.

In this study, the monitoring of pH during the photodegrada-
tion reaction was carried out. Figs. 7 and 8 show the variation in
PH, corresponding to the different initial pH conditions. It could be
seen that the addition of TiO, /K has an effect on the initial pH value
for the TiO,/K/CR mixture. Fig. 7 shows that for a lower initial pH
value for the aqueous CR, the resultant TiO,/K/CR mixture would
attain a pH value close to the PZC value of TiO, /K as could be seen
for initial pH 5. Subsequently the photodegradation of CR at a low
initial pH (i.e. pH 5) resulted in a large change of pH range, with
2.45 drop in pH value. When the initial pH increases to 9, the pho-
todegradation rate of CR was gradually decreased. The occurrence
of PZC for TiO;/K at 9.5 was proposed to be the main reason for the
gradual decrease in the photodegradation rate. This is owing to the
presence of weak electrostatic attraction force between the water
molecules and TiO, /K surface charge, which resulted in a lower gen-
eration rate of hydroxyl radicals (OH*) as justified by the small pH
change at initial pH 9 [5,6]. The amount of hydroxyl radicals (OH*)
generated was observed to strongly correlate to the decrease in pH
(i.e. amount of H* concentration generated), as described by the
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Fig. 8. The change in pH values during the photodegradation of CR for aqueous CR
solution with different initial pH range of pH 10-12. Batch operating conditions:
TiO, /K loading of 6 g/dm?3, compressed air flow rate of 10dm?3/min and initial CR
concentration of 40 ppm. UV irradiation starts at t=0h.

following equation:

TiO
Tzﬂ)vsmz,,( +H,0 — *OH + H* (4)

Fig. 8 shows that when the initial pH value increases to pH > PZC
(TiOy/K), the pH change during the photodegradation of CR became
relatively small when UV irradiation started at t=0h. Simultane-
ously the photodegradation rate at pH>PZC (TiO,/K) appeared to
be impeded. Winterbottom et al. [31] proposed that this is owing to
the competitive reaction of saturated hydroxyl molecules at the sur-
face of TiO,. The pH change might be attributed to the formation of
CR associated by-products, such as the degradation products orig-
inated from the benzyl and phenyl groups of CR, and its transient
formation of aliphatic acids [31,33]. Further study related to the
possible formation of by-products associated with the photodegra-
dation of CR will be discussed in Section 3.6. Since the influences of
initial pH <PZC (TiO,/K) were observed to give an analogous pho-
todegradation rate, pH 7 was chosen for all the subsequent studies.

3.4. Effects of aeration rate

For an air-bubble agitated reactor, the knowledge of the minimal
aeration rate is essential for complete suspension of the particles
[12]. The Eq. (1) as given in Section 3.1 could be used to predict the
minimal aeration rate required for complete suspension of TiO, /K
particles in the APR system. Prediction of the minimal aeration rate
was calculated in terms of the critical TiO,/K loading, which was
6 g/dm3 from Section 3.2. Fig. 9 shows the predicted range of min-
imal aeration rate for complete suspension of TiO,/K in the APR, in
terms of different TiO, /K loadings. Results showed that for TiO; /K
loading of 6 g/dm3, the theoretical minimal aeration rate required
was 5dm?3/min. In the present work, the impact of the aeration rate
on the photocatalysis reaction was studied by varying the aeration
rate. Fig. 10 shows the photodegradation rate of CR at different aer-
ation rate from 5dm?3/min to 15 dm3/min. Practically it was found
that at the predicted aeration rate of 5dm?3/min, the buoyant force
provided by the air sparging was insufficient to keep the TiO,/K in
complete suspension. This could be observed from the amount of
settled TiO,/K particles on the air sparger after the study.

The results also suggested that the external mass transfer resis-
tance exists in the APR system, as the photodegradation rate was
observed to depend on the aeration rate [32,33]. A 2.5 dm3/min step
increase in the aeration rate resulted in a reduction of the external
mass transfer resistance and, simultaneously increased the pho-
todegradation rate of CR. This might be owing to the change in the
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fluid mixing induced by the increase in both the aeration rate and
dissolved oxygen to enhance the photodegradationreaction [12,33].

The dissolved oxygen in the liquid phase and the gas hold-up
for the reactor need to be taken into consideration for determining
the optimum aeration rate [3]. For a complete mineralisation of CR,
the theoretical amount of oxygen required was determined from
the stoichiometry of the balanced chemical reaction as in Eq. (5)
[12]. From Eq. (5), 42.5 mol of oxygen was required for the complete
degradation of 1 mol of CR.

C32H5Ng06S22~ + 2Nat +42.50, — 32C0; + 11H,0
+ 6NO, + 250, (5)

Taking the operation factors of technical operability, mass trans-
fer resistance, gas hold-up, complete suspension of TiO,/K and
dissolved oxygen into consideration, the optimum aeration rate in
this study was determined to be 7.5dm3/min. This optimum aer-
ation rate was found practically as a compromise of each of the
factors that affects the photodegradation of CR in the APR system.
When this optimised aeration rate was compared to the theoret-
ical predicted values, it could be observed that the correlation as
given by Eq. (1) was quite conservative and not well-defined for the
current APR-TiO;/K coupled system used. A correction factor of 0.4
was further required to sufficiently define this APR-TiO, /K coupled
system.

3.5. Effect of initial CR concentration

Most photocatalytic studies have reported the dependency of
the reaction rate on the initial concentration of the surrogate
organic substances [8,9,12]. The effects of initial CR concentration

0.025- .
e
je—
€
¥ 0.015
c
©
8
g
§ 0.1 ‘
1)
[
' 0.005/
So.
n T T T 1
0 5 10 15 20

Aeration Rate (dmalmin)

Fig. 10. Effects of different compressed air flow rate on the photodegradation rate
of CR. Batch operating conditions: initial pH of 7, critical TiO»/K loading of 6 g/dm?,
initial CR concentration of 40 ppm.
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Fig. 11. Effects of different initial CR concentration on the photodegradation rate of
CR. Batch operating conditions: initial pH 7, critical TiO,/K loading of 6 g/dm? and
compressed air flow rate of 7.5 dm?/min.

in the range of 20-60 mg/dm? on the photodegradation rate were
investigated under the operating conditions of pH 7, photocata-
lyst loading of 6g/dm> and aeration rate of 7.5dm?3/min. Fig. 11
shows the photodegradation profiles under the different initial CR
concentrations. It could be observed that the increase in the CR
concentration resulted in a longer irradiation time required to com-
pletely degrade the CR [30]. Such dependency was found to fit well
with the zero order rate equation as given in Eq. (6) for CR con-
centration of up to 40 mg/dm?3. For CR concentration greater than
40 mg/dm3, a pseudo first order rate equation was found to be
the best fit. The optimum initial CR concentration, therefore, was
dependent on the total amount of CR required for total conversion.

dCer
SR =k (6)

3.6. Mineralisation of CR and its intermediate by-products

Mineralisation refers to the complete conversion of a surrogate
organic compound (i.e. CRin this study) to the innocuous final prod-
ucts of carbon dioxide and water. This is usually a slow reaction as it
involves the formation and subsequent breakdown of intermediate
by-products, as a result of the hydroxylation and rupturing of the
aromatic rings [8].

In this study, the mineralisation of CR was monitored through
the measurement of its corresponding COD. Since CR consists of
other chemical elements such as nitrogen and sulfur, it would be
inadequate to monitor the complete mineralisation process by the
total organic carbon (TOC) measurements (i.e. only corresponds to
the available organic carbons) [7]. Fig. 12 shows the change in COD
values that correspond to the photodegradation of CR under the
operating conditions of pH 7, 6 g/dm3 of TiO,/K loading, aeration
rate of 7.5 dm3/min and initial CR concentration of 40 ppm. During
the photodegradation of CR, two ascending changes in COD values
were found at 3 h and 7 h of irradiation time, respectively. This was
hypothesized to be the evolvement of intermediate by-products
with lower molecular weight from the rupturing and hydroxylation
reaction of *OH with the principal CR structure [34-36].

Sequentially the samples collected during the mineralisation
reaction were verified using the LC/MS analysis for the interme-
diate by-products formed. Fig. 13 shows the LC/MS analysis of CR
and its intermediate by-products for irradiation time at Oh and
7 h, respectively. The results from the MS analysis revealed that
eight intermediate by-products were detected in the photodegra-
dation solution. The resultant MS intermediate peaks were then
matched with NIST and NISTREP library data and as proposed in
Table 1. Table 1 lists the proposed main intermediates as identi-
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Fig. 12. Change of COD, pH and DO during the photodegradation of CR under the
optimised batch operating conditions (initial pH 7; critical TiO» /K loading = 6 g/dm?;
compressed air flowrate =7.5 dm?/min; initial CR concentration =40 ppm).

fied in Fig. 13, their corresponding molecular weights and chemical
structures.

When both the COD and LC-MS results were analysed concur-
rently, the two ascending changes in COD at 3 h and 7 h irradiation
time could then be interrelated to the two rapid occurrence groups
of MS peak at 198, 225, 248 (i.e. for 3h) and 95, 99, 120, 130 (i.e.
for 7 h). For the MS peaks group at 3 h of irradiation, most of the
identified intermediate compounds contain double aromatic rings
(Table 1). This indicates that the initial hydroxylation reaction of
*OH attacks the azo bond (N=N) at the CR structures, resulting in
the emerging of multiple chemical compounds with double aro-
matic bonds. For the MS peak group at 7 h of irradiation, it could
be observed that the identified intermediates consist of a single
aromatic ring. Although the LC analysis showed that the dominant
CR peaks disappeared in 4 h, the analytical data of COD and LC/MS
indicated that monitoring COD should be carried out to ensure the
complete conversion of its associated intermediates. The interme-
diates as proposed in Table 1 provide fundamental information for
the understanding of the degradation mechanisms and kinetics in
the photodegradation reaction.
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Fig. 14. Photodegradation profiles of CR for every subsequent recycle/reactivation
cycle. Batch operating conditions: initial pH 7, critical TiO, /K loading of 6 g/dm? and
compressed air flow rate of 7.5 dm3/min and initial CR concentration of 40 ppm.

3.7. Comparison in photoactivity for new and reactivated TiO,/K

Separation and reactivation of photocatalysts are one of the
key issues, which make the application of TiO, photocatalysis for
wastewater treatment technically and economically infeasible to be
an industrial process [33]. Rizzo et al. [11] reported that the current
technical issues include downstream separation, periodical clean-
ing of the catalyst surface and catalyst reactivation (i.e. particularly
if the supported material cannot be calcined) that need to be con-
sidered. To date, it is known that no report on the photocatalyst
reactivation has yet been reported. Most of the study was impeded
by the inappropriate use of TiO, immobiliser to achieve constant.
For instance, the use of magnetically separable ferromagnetic mate-
rial or stainless steel would induce the formation of impurity phase
when calcined at certain temperature [15].

In this study, the TiO,/K photocatalyst used was separated by
sedimentation followed by decantation and calcination in a fur-
nace for catalyst reactivation. The TiO,/K particles with average
diameter of 3.5 wm promote rapid sedimentation in a settling
jar. Prior to the calcination, the TiO,/K particles were subjected
to repeatedly rinsing with distilled water for three times. The
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Fig. 13. LC-MS analysis of CR and its intermediate products from the photocatalytic oxidation reaction. Initial pH 7; critical TiO,/K loading =6 g/dm?; compressed air

flowrate =7.5 dm3/min; irradiation time from Oh to 7 h.
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Table 1

The intermediate compounds from the photocatalytic oxidation of Congo Red as identified by LC/MS using NIST and NISTREP library data.

Peak no. Name of identified compound Molecular weight m/z Molecular structure
O
95 2(1H)-Pyridinone
HN
99 Piperidine, 4-methyl-
\Q\] H
Q
120 Benzaldehyde, 4-methyl- 120 \_©7
OH
O e
130 5-Amino-2-methoxyphenol 129
HoN
Vi
198 1,1-Biphenyl, 4-nitro- 199 H N\\
(0]
: °
NH —
225 p-Anisaldehyde phenylhydrazon 226 E
(0]
(0]
248 14 Cyclopentanecarboxamide, n-(2,5-dimethoxyphenyl)- 249
NH
O
B
) /@/ SN
369 Diazene, bis[4-(pentyloxy)phenyl]-, 1-oxide 369 \N

reactivation of the TiO, /K particles was fixed at 500°C for 10 min.
Since the impurities in K were being removed during the prepa-
ration, no impurities could leach into the photocatalyst structure.
Fig. 14 shows the photodegradation profile for the reactivated
TiO, /K photocatalyst under the previously optimised batch condi-
tions. The reactivated TiO, /K photocatalyst demonstrated a better
photoactivity after each reactivation. When the TiO, /K particles
were spiked with 10wt% of zinc oxide (ZnO) during the X-ray
diffraction, it was observed that the weight ratio of TiO, crys-
talline phase to kaolinite increases from 8.0 wt% (first reactivation)
to 9.0 wt% (fifth reactivation). This suggests that the reactivation

temperature might affect the TiO, crystal growth on the incom-
plete amorphous-crystalline phase conversion. Therefore, further
study on determining the optimum reactivation temperature and
duration is necessary.

4. Conclusion
The application of the newly synthesized TiO, /K coupled with

the APR system has been demonstrated in this study. The initial pH
showed a significant impact on the adsorption, in particular degra-



M.N. Chong et al. / Separation and Purification Technology 67 (2009) 355-363 363

dation capability of the TiO,/K particles. It was interesting to note
that the PZC of TiO, /K was pH 9.5 from the nominal PZC of pure TiO5.
This indicates that the photocatalytic reaction using TiO, /K can take
place in a broader operating pH range in the APR system. The sig-
nificant hydrodynamic inputs of such a slurry APR system have also
been proven, in providing a technically cost effective agitation for
sufficient DO and complete suspension of TiO, /K. The external mass
transfer resistance as experienced in the APR-TiO,/K system was
found to diminish with a step increases in the aeration rate.

The experimental results also revealed that the coupled
APR-TiO;/K system is capable of high conversion of organic load-
ing with the total conversion of CR in 4h of irradiation and an
80% COD reduction. This was achieved under the optimal batch
operating conditions of pH 7, TiO,/K loading of 6 g/dm3, aeration
rate of 7.5 dm3/min and initial CR concentration of 40 mg/dm?3 as
obtained from the study. The possible intermediates formed dur-
ing the photocatalytic degradation of CR were also proposed, as a
basis for kinetic investigations towards large-scale implementation
of such a coupled system. The reactivation study showed that the
photocatalytic performance of TiO,/K was enhanced diminutively
for each recovery and reuse cycle up to at least 5 cycles. This showed
the promising application of the APR-TiO,/K coupled system as a
tertiary wastewater treatment unit.
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