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Abstract

Simple methods for immobilizing titania into pumice were applied, where the products had been used for the application
of photodegrading phenol waste. There were two simple methods, which were used separately: solvent evaporation and dip
coating. Based on titania sol stability test, it was observed that acid condition would be favourable for immobilizing titania
unto pumice, and preferable dispersion medium for solvent evaporation method was ethanol, while dip coating method was
better to use aquadest (water). Prepared samples were characterized by FE-SEM, EDX, XRD, and BET analysis. Mechani-
cal strength and photodegradation tests were conducted to observe the quality and ability of immobilized photocatalyst.
Experimental results show that both methods had produced mechanically strong immobilized titania, where dip coating
method tended to produce homogen solid film of titania on the outer surface of pumice, while solvent evaporation method
could deliver titania deeper unto the inner part of the pumice. Catalyst detachment level of immobilized titania nanotube by
dip coating method was 4.6%, while the one of the products of solvent evaporation method was 5.0%. Furthermore, in terms
of photocatalytic activity, product of dip coating method gave slightly better performance (with 28% of phenol elimination
after 240 min) than the product of solvent evaporation method (24%), due to shading effect, mostly occurring to immobilized

catalyst in the inner part of the pumice.
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Introduction

These days, the governments of several countries have put
great attention on the industrial waste, thus issuing some
strict regulations about waste specification prior to discharge
to the environment. This action is taken because most of
the industrial wastes usually contain hazardous components,
such as phenol and its derivatives which are very toxic, car-
cinogenic, and resistant to degradation due to their high
solubility and stability in water [1, 2]. Various methods for
removal of phenol components have been widely studied and
developed, including adsorption, biodegradation, extraction,
and oxidation, as in ozonation and photocatalysis [3].
Among all of the methods mentioned above,
advanced oxidation process (AOP) using semiconductor
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nano-photocatalyst, such as titania (TiO,), appears as one
promising technology [4—7]. The main advantage in using
AOP is that it can transform the toxic organic pollutants into
non-toxic or less toxic products like CO, [3]. Nowadays,
photocatalyst titania has been widely studied and developed
for the elimination of organic pollutants, e.g., dyes [5, 8],
aniline [9], toluene [10] and phenol [1, 11-13]. However,
the utilization of nanosized photocatalyst encounters a major
problem, i.e., the difficulty of separating the catalyst after
use [13, 14]. Many techniques have been applied to solve
this problem by immobilizing titania unto various supports,
such as silica [10, 15], polymer [16], activated carbon [11],
stainless steel [17], zeolite [4], and pumice [18].
Especially for field application, the usage of floating
material like pumice as the support for catalyst is very
promising, due to the potency of utilizing solar energy
effectively [19]. Moreover, the abundance of pumice (espe-
cially in Indonesia) and its relatively low price make pumice
really applicable for industrial purpose. However, a study to
investigate and obtain immobilized photocatalyst with good
mechanical strength, especially on porous support such as
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pumice, is still infrequent. In this regard, many studies have
found it difficult to maintain the catalyst on certain support,
thus causing significant decrease of photocatalytic efficiency
due to the loss of catalyst, especially for long-term usage
[10, 18].

To produce mechanically strong immobilized photocata-
lyst, a proper method is indispensable. Several sophisticated
methods for immobilizing titania unto certain substrates
have been studied and developed, e.g., chemical vapor
deposition [20], electrophoretic deposition [21], sputtering
[15], and pulsed laser deposition [22]. However, considering
the complexity and high cost of those methods, it is more
desirable to develop any other simpler method to improve
the efficiency of the process. Of the various immobilization
methods existing, there are two comparatively simple meth-
ods: solvent evaporation [23] and dip coating [17].

As mentioned before, it is essential to optimize the
immobilization process to produce immobilized titania
which adheres strongly on the support. One of the meth-
ods to manipulate the attachment process of titania unto
certain support is by controlling the dispersion of titania
nanoparticles to obtain stable sol [24]. Furthermore, there
are several ways which have also been developed to utilize
the photocatalyst sol effectively: reducing the size of the
catalyst particles [25] and forming electrostatic bonds based
on surface charge differences [12]. Interestingly, it is pos-
sible to perform both ways simultaneously for titania and
pumice case, by adjusting the acidity of photocatalyst sol.
Such strategy has been successfully performed and will be
discussed on this report.

This study was aimed to optimize and compare two
simple immobilization methods, i.e., solvent evaporation
and dip coating In the first place, the effects of dispersion
medium, pH, and temperature to the stability level of titania
sol were investigated to determine proper condition for each
method. Thereafter, mechanical strength and phenol photo-
degradation performance of the immobilized titania were
also observed and analyzed.

Experimental
Materials

TiO, P25 with a crystallographic mode of 79% anatase and
21% rutile, a 53.6 m> g‘1 BET surface area [26] and an aver-
age particle size of 21 nm, used as raw materials, was bought
from Evonic Industries. Sodium hydroxide pellet and fuming
hydrochloric acid for preparation of titania nanotube (TiNT)
were purchased from Merck and Mallinckrodt, respectively.
Aquadest and ethanol, used as dispersion medium for photo-
catalyst sol, were bought from PT. Brataco. Floatable pum-
ices used as the support were natural pumices obtained from
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Lombok, Indonesia. Phenol solid to synthesize the pollutants
sample were purchased from Merck.

Photocatalyst titania nanotube (TiNT) preparation

There were two types of titania used in this study: titania
nanotube (TiNT) and titania nanoparticle P25. The prepara-
tion of TiNT was similar to the previous study [27]. Firstly,
6 g of titania P25 powder was dissolved into 300 mL of 10 M
NaOH and ultrasonicated for 30 min. Thereafter, the mixture
underwent hydrothermal treatment at 130 °C for 6 h and was
stirred at 600 rpm using a Teflon-lined autoclave equipped
with adjustable rotating speed mixer. The sample obtained
was washed with acid (0.2 N HCI) repeatedly until it reached
pH 2 and then with aquadest until approximately pH 5. TINT
powder was then obtained after drying at 80 °C for 6 h and
calcination at 500 °C for 1 h.

Stability test of photocatalyst sol

Stability test of photocatalyst sol was performed to measure
the stability level of the photocatalyst sol which would be
used to coat pumices. Firstly, the photocatalyst (TiO, P25)
sols with different conditions (pH, dispersion medium, and
temperature) which would be used for immobilizing tita-
nia unto pumices were prepared beforehand. Firstly, 0.5 g
of titania was added into 100 mL of dispersion medium
(ethanol or aquadest). The mixture was placed in a Pyrex
cylindrical glass with size of 8.5 cmXx 5.0 cmXx4.6 cm
(height X outer diameter X inner diameter) and total volume
of 140 mL. After that, several drops of concentrated HNO,
solution were added to the sol for adjusting the sol acidity
until pH 2-3, continued by addition of 0.23 mL of tetraethyl
orthosilicate (TEOS) which worked as adhesive. After stir-
ring for 30 min, ultrasonic treatment for several minutes was
then given to the mixture and followed by another stirring
for 30 min.

The prepared photocatalyst sol was then left for 3 h with-
out stirring. From time to time, 3 mL of the supernatant (the
liquid lies on the top of the sol) were drawn. The samples
were analyzed by a spectrophotometer UV/Vis Spectroquant
Pharo 300 (4=420 nm) after diluted ten times. The results
will be presented as the ratio of the sample absorbances (A)
to absorbance of the sample at initial condition (A,), which
relates to the stability level of the sol.

Synthesis of immobilized titania on pumice

In this study, synthesis of immobilized titania on pumice
was performed by two different methods: solvent evapora-
tion and dip coating. The photocatalyst sol for coating the
pumice with titania was prepared beforehand according to
the procedures which have been explained above. For solvent
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evaporation method, 19.5 g of pumices was then added to
the sol. The mixture was stirred sufficiently and ultrasonic
treated for 5 min to facilitate the interaction between titania
and pumices. Thereafter, heat treatment on 80 °C was given
to the mixture to evaporate all of the dispersion medium.

For dip coating method, 19.5 g of pre-treated pumices,
which had firstly placed on a wire basket was dipped to the
sol for 5-10 min. Then the basket was lifted up in certain
speed and dried using warm and dry air until the pumices
were apparently dry. Then, the dipping-drying cycles were
performed repeatedly until all of the sol had been used up
to coat the pumices. The products of both immobilization
methods were then calcined at 500 °C for 1 h.

For simplification, when labeling certain immobilized
titania, the immobilization method used to synthesize the
catalyst will be written as abbreviation following the name
of the catalyst: solvent evaporation method will be abbrevi-
ated by — SE, while dip coating method by — DC. For exam-
ple, immobilized TiNT-SE will refer to immobilized TiNT
synthesized by solvent evaporation method.

Catalyst characterization

Catalyst titania and immobilized titania on pumice were fur-
ther characterized by several analysis methods. The surface
morphology and the material composition of samples were
analyzed using a field emission-scanning electron micro-
scope FE-SEM FEI INSPECT F50 equipped with energy
dispersive X-ray spectroscopy (EDX) AMETEK which was
conducted at 20 kV (15 kV for imaging TiO, P25). The
crystalline phase of the TiNT and TiO, P25 were deter-
mined using powder X-ray diffraction (XRD) analysis. The
XRD patterns were obtained using an X-Ray Diffractom-
eter Shimadzu MAXima_X XRD-7000 with Cu anode tube
(1=0.154184 nm). XRD tube runs at voltage of 40 kV and
current of 30 mA, with scanning rate of 2°/min and sampling
pitch of 0.02° in the range of 260 =10° —80°. The instrumen-
tal control and data processing were handled by an IBM PC/
AT compatible PC.

For better understanding of photocatalyst surface proper-
ties, Brunauer—-Emmet-Teller (BET) analysis was accom-
plished to measure the specific surface area and pore size
of catalyst. In this study, the BET characterization was
performed by employing N, physical adsorption principle,
using Autosorb-6 manufactured by Quantachrome Corp.
BET data were automatically retrieved using ASORB6AG
software, which is integrated with Autosorb-6. Immobilized
titania were only characterized by FE-SEM/EDX and BET
analysis, for it was not important to undergo other analysis
because the titania used for synthesizing immobilized tita-
nia were the same as the catalyst characterized as explained
above.

Mechanical strength test of immobilized titania

Mechanical strength test was performed to measure the
mechanical strength of immobilized titania layer on the
pumice surface. The test was performed by putting 5 g
of pumices which had been immobilized by titania into
50 mL of water in a Pyrex cylindrical glass with size of
6 cmx4.6 cmx4.2 cm (height X outer diameter X inner
diameter) and total volume of 80 mL. Then, the mixture
was given ultrasonic treatment for 5 min using ultrasonic
bath. Then 3 mL liquid sample of the mixture was drawn
to analyze its turbidity. The sample was analyzed by a
spectrophotometer UV/Vis using Spectroquant Pharo 300
(A=420 nm), to measure the absorbance of each sample. The
absorbance of the sample was compared to the absorbance
of the photocatalyst sol. The result of this test would be pre-
sented as a percentage of catalyst detachment (i.e. the ratio
of the absorbance of sample, A and the absorbance of
photocatalyst sol, A

sample>

photocatalyst sol)'

sample

% catalyst detachment = X 100%.

photocatalyst sol

Photocatalytic performance test

Performance test was performed by measuring the phe-
nol photodegradation efficiency of catalyst (18 g for pum-
ices containing immobilized titania and 0.3 g for pure
titania). Phenol solution (10 ppm) was prepared by dis-
solving solid phenol in 300 mL of water. The test was
performed in cylindrical Pyrex open reactor with size of
12.5 cmx 9.0 cm X 8.6 cm (height X outer diameter X inner
diameter) and total volume of 700 mL which was placed
in a closed test box lined by aluminum foil. Mercury lamp
PHILIPS HPL-N 250 W (165 pm/cmz) was used as the
power source. The reactor was also equipped by a magnetic
stirrer to ensure the reaction could take place uniformly and
a blower to control the system temperature.

At first, the mixture was stirred for 30 min without photon
irradiation to allow the system for reaching adsorption—des-
orption equilibrium. The test was further conducted with
light irradiation for 240 min and liquid samples were drawn
from time to time. The liquid samples were analyzed using
spectrophotometer UV/Vis: Spectroquant Pharo 300 with
measured parameter of phenol concentration. The degree of
phenol elimination was calculated using following equation:

% Elimination = [(C, — C,)/C,| x 100%
= [(Ag —A,)/A] X 100%,

where A and A, are the initial and final absorbance (at time
t) of phenol in the solution, which respectively relate to the
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initial and final concentration (C, and C,) according to the
Beer—Lambert Law [28, 29]. In order to study the kinet-
ics of the phenol elimination process, the pseudo first-order
kinetics according to the Langmuir—Hinshelwood model was
used [28, 30]:

In(C,/C,) = —kt.

The rate constants (k) were calculated using the slopes
of the straight lines found on the plot of In (Cl / CO) versus
irradiation time (7).

Results and discussion
Characterization of photocatalyst titania
Figure 1 illustrates the FE-SEM image of P25 (Fig. 1a) and

TiNT (Fig. 1b). Those images show that the TiO, nanopar-
ticles were successfully modified to TiO, nanotubes with
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Fig. 1 FE-SEM image of a TiO, P25 nanoparticles; b TiNT
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outer diameter of 24—42 nm. The tubes of TiNT are rela-
tively thin, but long and they are separated perfectly from
each other. For some perspective, the prepared TiNT was
very potential to be immobilized on the pumice surface; the
perfect tube form of TiNT would have relatively wide con-
tact area, enabling it to attach more easily to any surfaces,
including pumice surfaces. Intense discussion about the for-
mation of TiNT had been performed on previous study [27].

Figure 2 shows the XRD patterns of TiO, P25 and pre-
pared TiNT. The dominant peaks in Fig. 2a at 26 of 25.28°,
37.82°, 48.08°, 53.94°, and 55.06° are fit to the crystalline
structure of anatase TiO,, which correspond to the crystal
planes of (101), (004), (200), (105), and (211), respectively
(according to JCPDS no. 21-1272). In addition, relatively
small peaks at 26 of 27.46°, 36.08°, and 41.28° correspond-
ing to (110), (101), and (111) plane of rutile crystalline
structure (JCPDS no. 21-1276) was also ascertained for
the case of P25. The XRD pattern of TiNT (Fig. 2b) also
contains peaks of anatase TiO, (26: 25.35°, 37.87°, 48.10°,
54.03°, and 55.13°), but not rutile peak.

For further analysis, crystallite size and anatase fraction
of the catalyst were evaluated (see Table 1). The crystallite
size of titania phase was estimated from full-width at half-
maximum (FWHM) using the Scherrer equation [28]:

094
" Pcos@’

where L is the crystallite size, 4 is the X-ray wavelength
used, S is the width of the peak [full width at half maximum
(FWHM), expressed in radian], and 0 is the Bragg angel. For
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Fig.2 XRD pattern of photocatalyst: a TiO, P25; b TiNT
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Table 1 Crystal size and anatase fraction of photocatalyst

Catalyst Crystallite Size (nm)* Anatase
— - fraction
Anatase Rutile (Wt%)®
TiO, P25 20 23 79
TiNT 11 - 100

*Estimated from FWHM of XRD by the Scherrer equation

Evaluated from the ratio of Irc10y @and 1101y

the estimation of the crystallite size of anatase phase, the
first three peaks (26: 25.35°, 37.87°, and 48.10°) were used
and the results were averaged, while for the rutile phase, all
three emerging peaks (260: 27.46°, 36.08°, and 41.28°) on the
XRD plots were used and the results were also averaged. The
fraction of anatase phase was estimated using the following
equation [31]:

|
(1 + 1.265?&)

A(101)

XA=

where X, is the weight fraction of anatase phase, Iy,
is the peak intensity of rutile (110), and 7,y is the peak
intensity of anatase (101).

It can be seen that the peaks and crystallite size of
TiNT was relatively small (compared to P25), indicat-
ing that TiNT was not fully crystallized. It is said that as
the peaks and crystallite size of anatase become higher
and larger, respectively, the degree of crystallinity also
increases [32]. Hydrothermal process in the presence of
high concentration NaOH would convert the TiO, crystal
into amorphous form [33] and turn it into crystal seeds. In
this case, the calcination process that took place during the
post treatment was believed to influence the phase struc-
tures and microstructure of TiNT, by advancing the phase
transformation of the amorphous phase unto the anatase
phase [34]. However, it seems that the calcination process
at 500 °C was not enough to transform the amorphous
titania unto titania with high degree of crystallinity. The
rutile phase was not found in TiNT because rutile phase
are reported to develop from the anatase phase on higher
temperature (800 °C) [32]. The absence of rutile phase
also verifies that TiNT still contains amorphous phase,
since the formation of rutile will take place after all the
amorphous phases convert into anatase phase.

BET analysis result for TiNT catalyst is shown in Fig. 3.
As can be seen, the shape of TiNT adsorption—desorp-
tion curve contains some hysteresis and follows the type
IV, which denotes that it has mesoporous structure with
pore size of 20-500 A [35]. This is in agreement with the
measurement result, which indicates average pore size of

500 A
—o0— Desorption_TiNT
400 -
—e— Adsorption_TiNT
5
8 300 -
° BET Surface Area = 116.4 m?/g
£ Average Pore Radius =102 A
>
= 200 4
o
>
100 A
0 —
0 01 02 03 04 05 06 07 08 09 1

P/P,
Fig.3 BET analysis of TiNT

102 A. Moreover, it can be inferred from the hysteresis
that the pore shape of TiNT follows A type, that is, cylin-
drical pore [35].

The surface area of as prepared TiNT was evaluated by
employing BET multipoint analysis, resulting the value
of 116.4 m*/g, which indicates a significant improvement
compared to its raw material, P25 of which, surface area
is 53.6 m*/g [26]. The transformation of TiO, morphol-
ogy from nanoparticle to nanotube leads to improvement in
porosity of the catalyst. Bigger surface area of catalyst might
affect positively the photoefficiency of TiNT, especially for
photodegradation of organic pollutants.

Stability test of photocatalyst sol

Mechanical strength of any immobilized titania will be very
related to the stability of the sol used. Therefore it is impor-
tant to review the stability test result beforehand. Figure 4
shows the effects of solution pH on photocatalyst sol (dis-
persion medium: aquadest) stability at room temperature
(25 °C). A/A, is the ratio of the absorbance of the sample
to the absorbance of the sample at initial condition, which
represents the stability level of the sol.

At normal condition, without addition of any acid or base,
pH of the aquadest sol was around 5-6 and it had very low
level stability (0.4%), indicating that almost all of the cata-
lyst particles sank. On the other hand, at acidic condition
(pH 2-3), the stability level of the aquadest sol went up to
89%. These occasion might be ascribed to the protonation
of titania particles at acidic condition, which would make
the surface of titania particles become positively charged.
Similar charge between particles of titania would cause the
particles to repel each other, thus avoiding agglomeration
of the particles [36]. This phenomenon would lead to the
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Fig.4 Effect of pH on photocatalyst sol stability level (temperature:
25 °C, dispersion medium: aquadest)
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Fig.5 Effect of temperature and dispersion medium on photocatalyst
sol stability level (pH 2-3)

breakdown of TiO, particles into smaller particles and as the
result the sol became relatively more stable [25].

It was also necessary to review the stability of sol on
different temperature, for the immobilization methods used
in this study were conducted at two different temperatures:
25 °C (room temperature) for dip coating and 80 °C for sol-
vent evaporation. Figure 5 shows the effect of temperature
and dispersion medium on photocatalyst sol stability. It can
be seen that at room temperature (25 °C) ethanol sol had
relatively low level of stability (A/A, is only around 4%).
This phenomenon shows that the protonated TiO, particles
were not stable on ethanol media. The possible cause of
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this phenomenon is that the non-polar molecules of ethanol
would repulse the polar (protonated) TiO, particles, causing
them to sink. It is matched with the profile of ethanol sol sta-
bility level, where it is not relatively constant until 90 min of
test, but gradually decreases, which indicates the slow sink-
ing process of titania particles (not an immediate process).

At relatively high temperature (80 °C), while aquadest
sol experienced a very significant decrease of stability level,
where the A/A; becomes 1.68%, stability of ethanol sol on
contrary experienced a drastic increase, where A/A goes
up to 100%. Li et al. [37] also find similar result that at
relatively higher temperature, ethanol sol has a very stable
dispersion rates, while sol which use water as dispersion
medium will experience decrease on its stability level.

An increase in the stability level of the ethanol sol
occurred as a result of dynamic movement of ethanol mol-
ecules which were on boiling phase. It is estimated that the
bubbles generated by ethanol could break and stir the TiO,
particles, so the stability of photocatalyst sol could increase
dramatically. On the contrary, decrease of aquadest sol sta-
bility at high temperatures was caused by the reagglomera-
tion that occurs between TiO, particles. Based on these
results, it can be concluded that for immobilization method
which use lower temperature such as dip coating, usage of
aquadest as dispersion medium is more favourable. On the
other hand, for the immobilization method using higher tem-
perature such as solvent evaporation, ethanol is better to be
used as dispersion medium. This issue will be discussed
more intensely on the “Mechanical Strength Test” section.

Characterization of immobilized titania on pumice

In this section, the condition of photocatalyst sol used for
the immobilization of titania unto pumice was adjusted to
utilize the most stable sol in accordance to the characteris-
tic of each method (based on the result of sol stability test,
see Fig. 5). In this case, for solvent evaporation method,
the dispersion medium used was ethanol and for dip coat-
ing method, aquadest was used, and for both methods acid
condition was applied.

Figure 6a, b illustrates the FE-SEM images of pumice
with two different magnifications (150x and 1200x), which
show that pumice has a porous structure, thus making it
as a good support for the catalyst [18, 38]. Furthermore, it
can be seen on the FE-SEM images of immobilized TiNT-
SE (Fig. 6¢, d) and immobilized TiNT-DC (Fig. 6e, f), that
TiNT catalysts were successfully immobilized on the pumice
surface, making the porosity level of the pumice decreased.

Those images also show that the two different methods
gave out different results, where solvent evaporation method
was seemed to produce immobilized titania which were dis-
tributed less evenly compared to dip coating method. In this
regard, this occasion might be ascribed to the attachment
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Fig.6 FE-SEM image of:

a pumice X150; b pumice
%1200, ¢ immobilized TiNT-SE
%10,000; d immobilized TiNT-
SE x50,000; e immobilized
TiNT-DC x10,000; f immo-
bilized TiNT-DC x50,000;

g immobilized TiO, P25-DC
%10,000; h immobilized TiO,
P25-DC x50,000

* @ Springer
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process of titania to pumice surface which was different
for each method. For the solvent evaporation method, high
temperature was used to evaporate the dispersion medium
leaving the titania on the pumice surface. In this case, the
boiled solvent moved dynamically and (indirectly) stirred
the mixture, thus making the attachment process of titania
on pumice was very random. It explains why titania is less
spotted on the pumice surface for the case of immobilized
TiNT-SE (Fig. 6c, d). However, solvent evaporation method
had the advantage to leave all the particles of titania on the
pumice, making the loss of titania became inconsiderable.
Therefore, it was expected that solvent evaporation method
would deliver the titania mostly not on the outer surface of
pumice, but deeper into the inner pores of pumice (which
would hardly be spotted by FE-SEM analysis). It could hap-
pen because of the high mobility of ethanol molecules (on
boiling phase) which would give more energy to titania par-
ticles and drive them into deeper area of the pumice.

On the contrary, Fig. 6e, f describes how the TiNT
catalyst has covered all the outer surface of pumice as the
product of dip coating method. It has been reported that dip
coating method can produce a thin and controllable layer on
the support [36]. Unlike solvent evaporation method, dip
coating method was conducted on relatively low tempera-
ture. In this condition, the molecules of aquadest would just
slightly move in the system, making the interaction between
TiNT and pumice occurred mostly on the outer surface of
pumice. Therefore, most titania particles were immobilized
on the external part of pumice. One benefit to be noticed is
dip coating method could produce very homogen layer of
catalyst on the surface of support, which would favor the
mechanical strength of immobilized titania.

Compared to the FE-SEM image of TiNT (Fig. 1b), the
immobilized TiNT (Fig. 6¢c—f) apparently has shorter and
wider tube, with diameter of 40—70 nm. The increase in size
(diameter) of TiNT might happen due to the sintering effect
[32, 39] occured on the second calcination experienced by
the immobilized TiNT on pumice. Sintering effect could be
described as a phenomenon where the anatase crystallites
fused together, forming a relatively larger structure [32].
Before the immobilization step, TiNT had firstly calcined
at high temperature to get the crystalline form of titania. On
this step, the formation of crystallite phase occurred without
accompanied by the sintering process, hence TiNT produced
was thin and separated perfectly. Therefore, the tube diam-
eter would also become larger because the tube should adapt
to the growth of the anatase crystallite. Qamar et al. [32] get
similar phenomenon for TiNT which is calcined at rather
high temperature (700 °C).

Figure 6g, h shows the FE-SEM images of immobilized
TiO, P25-DC. Similar to the immobilized TiNT-DC, here
we also find that TiO, P25 particles are distributed uni-
formly on the pumice surface. However, unlike immobilized
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Table 2 EDX analysis on pure pumice and immobilized TiNT

Element Composition (% mass)
Pumice Immobilized TiNT- Immobi-
SE lized TiNT-
DC
(0] 43.34 51.65 43.82
Na 4.54 4.30 3.72
Al 9.81 8.53 8.95
Si 34.94 30.26 33.61
K 3.21 2.16 2.70
Ca 1.23 - -
Fe 2.92 - -
Ti - 3.11 7.21

Table 3 Surface area of the samples by BET analysis

Samples Surface
area
(m*/g)
Pure pumice 1.039
Immobilized TiNT-SE 2.095
Immobilized TiNT-DC 1.612
TiNT 116.4

TiNT-DC, there are still uncovered area of pumice surface
can be found on immobilized P25 cases (Fig. 6e, f). This
phenomenon might be attributed to the morphology of each
catalyst. Prepared TiNT had long tube morphology, which
had relatively greater contact area to be attached to pumice
surface compared to titania P25 which had particle mor-
phology, thus enabling TiNT to fill relatively more space on
the pumice surface. This result is also consistent with BET
result that TiNT had surface area twice of TiO, P25.

Table 2 shows the EDX analysis on pure pumice, immo-
bilized TiNT-SE and immobilized TiNT-DC. From the EDX
result, it can be seen that the main component of pumice
is oxygen (O), silica (Si), and Aluminium (Al). Consider-
able amount of silica in the form of SiO, [38] would be
the main factor for negative charge of pumice surface. The
presence of Ti element in pumice containing TiNT shows
that TiNT catalyst was successfully immobilized on pumice
surface. The Ca and Fe element were not observed again on
the composite, because the amount of both elements were
relatively small, thus they could not be detected by the EDX
analyze tool.

Table 3 shows the surface area of pure pumice, immobi-
lized TiNT, and TiNT based on the BET results. The surface
area of pure pumice is really low compared to the one of
TiNT, though pumice has a porous structure. This signifies
that the pores on pumice are relatively big compared to the
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nanocatalyst, as can be seen in Fig. 6a, b. Due to the pres-
ence of TiNT immobilized on the pumice, the surface area
of the products of both methods are larger than pure pumice.

Interestingly, immobilized TiNT-SE has surface area rela-
tively larger than immobilized TiNT-DC, indicating that the
product of solvent evaporation method contained relatively
more TiNT than the one of dip coating method. This veri-
fies the advantage of solvent evaporation method, in which
it could immobilize almost all the particles of catalyst on
the support. This also affirms the deduction that solvent
evaporation method could deliver the catalyst deeper into
the inner segment of the pumice, which was hardly observed
by FE-SEM/EDX analysis (as explained before), but on the
contrary could be detected by BET analysis. For the case of
immobilized TiO, P25, it is expected that the result of EDX
and BET analysis would be similar to the result of immobi-
lized TiNT, where the main factor determining the result is
the immobilization method.

Mechanical strength test

Table 4 shows the effect of pH and dispersion medium on
the catalyst detachment level of immobilized TiO, P25-SE.
At acidic condition, the catalyst detachment level (11.0%)
was lower than the catalyst detachment at normal condi-
tion (17.2%). This phenomenon could happen as the effect
of particle size reduction at acidic condition, due to the
protonation of TiO, particles, which would result in better
dispersion of TiO, catalyst on the surface of pumices. It
is also said that clay minerals, such as pumice have per-
manent negative charge on their surface [40, 41]. Hence,
there would be great possibility that the electrostatic bond
is formed between the positively charged surfaces of TiO,
and negatively charged pumice surfaces. This result proves
that controlling the acidity of photocatalyst sol would bring
positive effects on the attachment process of titania unto
pumice, as explained above.

The usage of ethanol as dispersion medium (on pH 5-6)
was able to increase the mechanical strength of titania layer
produced, with 11.3% of catalyst detachment. It is closely
related to the stability of the dispersion medium, which
has been discussed earlier, where the stability of ethanol

Table 4 Effect of pH and dispersion medium on the catalyst detach-
ment level of immobilized TiO, P25-SE

sol increased dramatically during the evaporation process,
whereas the stability of aquadest sol decreased significantly.
This outcome confirms that for certain immobilization
method, there is a suitable dispersion medium that should be
chosen accordingly. When both enhancements were applied
(usage of acid condition and ethanol as dispersion medium),
the mechanical strength of immobilized titania got even
stronger, with only 9.5% of catalyst detachment.

Table 5 shows the result of mechanical strength test to
investigate the effect of immobilization method on catalyst
detachment level. For this investigation, optimal condition
for each method was also applied regarding to the char-
acteristic of each method: ethanol for solvent evaporation
method and aquadest for dip coating method, and for both
methods acidic condition was applied. As can be seen, both
dip coating method and solvent evaporation method success-
fully produced immobilized titania on pumice with good
mechanical strength (%catalyst detachment < 10%). This
could be ascribed to the sol stability, due to the acid con-
dition and appropriate selection of dispersion medium for
each method, based on the stability test, as explained before.
Stability of the sol would provide favourable condition for
titania attaching to pumice surfaces.

The products of dip coating method had slightly lower
catalyst detachment level than the products of the solvent
evaporation method. This might be attributed to the homo-
gen layer of immobilized titania, which dip coating method
could generate, thus making the immobilized titania bet-
ter able to withstand the external disturbance. On the other
hand, for solvent evaporation method, the immobilization
process of titania would be random, which gave the possibil-
ity for titania to form aggregates on the pumice surface (see
Fig. 6¢c, d). In this case, those aggregates would not be able
to hold up against extreme disturbance, making the outer
immobilized photocatalyst to detach rather easily. However,
the difference between the mechanical strength of those two
products is considerably small.

It can also be observed that immobilized TiNT had lower
catalyst detachment level compared to immobilized TiO,
P25. This phenomenon once again demonstrates how nano-
tube morphology of titania, due to its greater contact area
would enhance the mechanical strength of catalyst layer

Table 5 Effect of immobilization method on catalyst detachment
level of immobilized titania

Dispersion medium pH Catalyst Catalyst Catalyst
detachment detachment
(%) (%)

Aquadest 5-6 17.2 Immobilized TiNT-SE 5.0

Aquadest 2-3 11.0 Immobilized TiNT-DC 4.6

Ethanol 5-6 11.3 Immobilized TiO, P25-SE 9.5

Ethanol 2-3 9.5 Immobilized TiO, P25-DC 6.7
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immobilized on pumice surface compared to nanoparticle.
Hence, for further investigation, i.e., the photodegradation
performance test, the catalyst used was only immobilized
TiNT, considering the prospect of being used for field appli-
cation due to its good mechanical strength.

Photodegradation performance test

Similar to the previous sections, the condition used for
producing the immobilized TiNT used on this test had
been optimized in accordance to the characteristic of each
method. Photocatalytic degradation of phenol using pure
pumice, TiNT, and immobilized TiNT produced by two dif-
ferent methods were evaluated and the results are presented
in Fig. 7a and Table 6. As mentioned before, the kinetic
behavior of photocatalytic reactions obeys the pseudo first-
order model [28, 30]. Hence In (C,/ C,) was plotted ver-
sus irradiation time (see Fig. 7b) and the rate constants,
k (min~") were also calculated, whose results can also be
found on Table 6.

As can be seen, there are about 5% of phenol elimina-
tion, observed in the presence of pure pumice, indicating
an insignificant adsorption of phenol into pumice, due to its
porous characteristic. Because of the abundance of Si ele-
ments in pumice, its surface tended to be negatively charged
[41]. Tapan et al. [40] have reported that pumice has nega-
tive {-potential for both acid and base conditions (pH 2—12)
where the isoelectrical point (pH,,.) cannot be observed on
any conditions, which confirms that the surface of pumice

X Pure Pumice O Immobilized TiINT-SE

Almmobilized TINT-DC OTINT
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Table 6 Phenol elimination (at minute-240) and the rate constants (k)
of pure pumice, immobilized TiNT, and TiNT

Samples Phenol elimination kx 1000
(%) (min~h
Pure pumice 5 0.2
Immobilized TiNT-SE 24 1.1
Immobilized TiNT-DC 28 1.4
TiNT 46 2.6

contains permanent negative charge. pH,, is considered as a
point where there will be a change in the surface charge [30].
The negative charge of pumice would cause phenol which
also had relatively negative charge due to its hydroxyl group
(—OH) to be poorly adsorbed by pumice because of similar
charge repulsion. Thus, pumice was only able to adsorb a
small portion of phenol pollutant.

Both immobilized TiNT-SE and immobilized TiNT-DC
showed similar photocatalytic activity to eliminate phenol,
with phenol elimination of 24 and 28% and rate constant of
1.1 X107 min~! and 1.4 x 1073 min~!, respectively. This
result proves that both products from two different meth-
ods tended to consist same amount of titania, as discussed
before. However, the slight difference between the catalyst
performances might be ascribed to the different immobi-
lization target area of each method. Dip coating method
successfully immobilized the TiNT on the outer pumice
surface evenly, which will facilitate the photocatalyst

In (C,/ Cy)

X Pure Pumice
-0.5 1 oImmobilized TINT-SE
Almmobilized TiNT-DC
aTiNT

0 60 120 180 240
Time (min)

(b)

Fig.7 a Phenol photodegradation and the degree of phenol elimination (%) at minute-240, as well as b plots of In(C,/C,) vs ¢ of pure pumice
(multiple sign), immobilized TiNT-SE (open circle), immobilized TiNT-DC (filled triangle), and TiNT (open square)

]
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to interact with the light more effectively. On the con-
trary, immobilized TiNT, produced by solvent evapora-
tion method which mostly lodged in the inner pores of
pumice would mildly experience shading effect [42] and
thus inhibiting the illumination of light which was sup-
posed to activate the photocatalyst. Nevertheless, it was
suspected that this result would vary depending on the size
of pumice, used as support. Solvent evaporation method is
expected to give better result if pumice with smaller size
is used, where shading effect can be neglected.

Compared to photocatalyst TiNT itself, performance of
immobilized TiNT was relatively lower. This might hap-
pen because of fewer contact between TiNT catalyst and
phenol pollutant for the immobilized catalyst case, com-
pared to catalyst in slurry condition. On the performance
test, immobilized TiNT were only concentrated on the
top part of test solution, due to floating ability of pumice.
On the other hand, for the performance test of TiNT, the
condition was slurry, where contact frequency between
catalyst and pollutant was relatively high.

On this point, it is important to understand the purpose
for immobilizing the catalyst to floating support, such as
pumice, was not to increase the photocatalytic activity
of catalyst, but to overcome the regeneration problem of
nanosized catalyst. Therefore, especially for field applica-
tion, the value of photocatalyst is not only determined by
its performance to eliminate pollutant but also its ability
to be regenerated and used for repeated time. As explained
before on the mechanical strength test section, immobi-
lized TiNT had been proven to have good mechanical
quality. Hence, it has rather great potential for the field
application. Another point to be noted is that the photo-
degradation performance of immobilized titania might be
enhanced by giving certain treatments, like aeration, pH
adjustment, and controlling catalyst loading [1, 43]. For
example, an aeration treatment will provide a better mix-
ing condition for the photocatalytic system, hence more
contact between immobilized catalyst and the pollutants
will likely occur [43]. In addition, it might supply suf-
ficient amount of dissolved oxygen needed for the photo-
degradation reaction, thus increasing the photocatalytic
activity of immobilized titania [43].

For further discussion, the kinetics of phenol photodegra-
dation of the catalysts can be evaluated and used to estimate
the time needed for decreasing the pollutant concentration
to certain degree. The pseudo first-order kinetic equations
of the catalysts are:In (C,/ Cy) = —0.0011¢ for immobilzed
TiNT-SEIn (C,/ Co) = —0.0014¢ for immobilzed TiNT-
DCIn (C,/ C,) = —0.0026¢ for TiNT.

For example, based on the kinetic estimation, the time
needed for immobilized TiNT-SE, immobilized TiNT-DC,
and TiNT to eliminate the phenol to concentration below
0.5 ppm are 45, 36, and 19 h, respectively. The estimated

time for pumice is not calculated since its kinetics was really
slow.

Conclusion

Two simple methods (solvent evaporation and dip coating)
for immobilizing titania into pumice had been studied and
optimized. Based on sol stability and mechanical strength
tests, it can be concluded that acid condition would be
favourable for immobilizing titania unto pumice. In addi-
tion, it was found that for certain immobilization method
there is a suitable dispersion medium that should be chosen
accordingly: ethanol for solvent evaporation method, while
aquadest for dip coating method. Both methods successfully
produced not only sol with high level of stability, but also
mechanically strong immobilized titania on pumice.

It was also observed that dip coating method tends to pro-
duce uniform layer of titania on the outer surface of pumice,
whereas solvent evaporation method was apparently capable
to deliver titania deeper into internal part of pumice. In this
case, shading effect might be encountered for the product
of solvent evaporation method, making its photodegrada-
tion performance slightly lower than the one of dip coating
method. The outcomes of this result suggest that both dip
coating and solvent evaporation method could be optimized
to produce a promising technology for the elimination of
organic pollutants, such as phenol. However, it still needs
further improvement and study to find the optimal conditions
for the photodegradation system to bring out products which
can eliminate waste effectively and efficiently.
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