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ABSTRACT

The prototype photocatalytic reactor was designed and then constructed in a horizontal
scheme for testing the decolorization of methylene blue (MB) as a toxic organic model by
UVA irradiation. The optimization of the photocatalytic reactor with a recycling system
using TiO, nanoparticles (P25) as photocatalysts was investigated in this work. The
efficiencies on MB photocatalytic decolorization of three geometric photocollectors in the
reactor: (i) parabolic through collector (PTC), (ii) compound parabolic collector (CPC), and
(iii) flat-plate collector (FPC), including the presence and the absence of parabolic reflector
cover the UVA tubular lamp as an artificial light source were compared. Excepting only the
CPC, the experimental results indicate that the orientation of light rays using the reflector
as a primary and the collector as a secondary, can improve on the photocatalytic efficiency
of MB decolorization. In our case, the PTC with the presence of the reflector shows higher
performance on the MB decolorization than the CPC with the absence of the reflector
and the FPC with the presence of the reflector. The photocatalytic reaction over MB
decolorization can be explained under pseudo-first-order kinetics model. For our study, the
optimums of MB suspension flow rate and TiO, catalyst concentration were found toward
345 mL/min and 1.0 g/L, respectively.
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1. Introduction

Thailand as a country has been confronting with
the problems of water management and water treat-
ment. Until now, the methodologies and technologies
used for solving the problem have been unsustainable.
In many countries, heterogeneous photocatalysis in
advanced oxidation technology has been selected and
pushed to build solar photoreactor in pilot plant for
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treating wastewater. In previous works, photocatalytic
reactors under UV/visible/solar irradiation were
designed in many shapes such as parabolic through
reactors, compound parabolic collecting reactors
(CPCRs), flat-plate reactors [1-3], etc. For the most of
photocatalytic researches, the slurry system using
photocatalyst particles suspended in water is preferred
to the fixed or supported catalyst system, even though
the slurry system needs the requirement of the catalyst
separation step. This is because the slurry system
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shows higher water treatment performance than the
other (approximately five times) [4,5]. Commercial
TiO, (P25) as a semiconductor nanophotocatalyst,
containing around 85% of anatase and 15% of rutile,
has been accepted that it exhibits high power photo-
catalytic activity, responding with UV-vis light [6].
Nowadays, P25-TiO, is largely used in industrial
plants due to its worldwide markets and excellent
catalytic properties. Although new photocatalyst
materials have been discovering, they cannot be
successfully brought into global markets with a num-
ber of limitations. Likewise, Di Paola et al. [7] revealed
that alternative materials suitably represented TiO, on
photocatalytic detoxification have not been found.

Some countries located on the equator have an
advantage of using full benefits from solar energy.
Generally, the construction of solar reactors is tested
their alignments (east-west or north-south) and tilted
to an angle of city latitude for optimizing their
applications [8-10]. In the past region, testing on
photocatalytic reactor performance toward water treat-
ment application was classified into two methods as
follows: (i) mathematical simulations and (ii) actual
experiments. Moreover, photoreactor system was
divided into two styles: (i) stirring and (ii) continuous
flowing. However, the continuous flowing system has
been used in pilot scale due to its large volume sup-
porting. The photoreactor test via experiment method
under continuous flowing system has still needed the
studies toward many parameters affecting the effi-
ciency of the photocatalytic reactions. Moreover, there
are insufficiently many works focused on develop-
ments about photocatalytic reactor design and system
to satisfy sustainable applications. For example, in
2004, Bandala et al. [11] showed the effect of different
collector shapes on the efficiency of solar heteroge-
neous photocatalytic decomposition of oxalic acid in
water. The results showed that the CPCR presented
the best overall performance. However, the photoreac-
tor designed on various managements of light rays by
adding a parabolic reflector cover the UVA lamp as
an artificial light source with different collector shapes
through the discussion of its photocatalytic perfor-
mance on methylene blue (MB) decolorization was not
published.

Therefore, this work is focused on studying and
comparing the photocatalytic efficiencies over the
decolorization of MB used as a toxic organic model
toward the different arrangements inside the proto-
type photoreactor. The aim of this research is to
discover the optimum of the prototype photocatalytic
reactor with varying two photocatalytic factors:
catalyst concentration and MB suspension flow rate,
and with varying six arrangements of the geometric
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photocollectors: (i) parabolic through collector (PTC),
(ii) compound parabolic collector (CPC), and flat-plate
collector (FPC), including the presence and the
absence of the parabolic reflector for all collectors.

2. Materials and methods
2.1. Materials

The toxic cationic dye, methylene blue
(C16H1sN3CIS,  Amax = 665 nm) from Sigma-Aldrich,
Australia, was selected to be an organic dye model
which was dissolved in deionized water (RCI Labscan,
Thailand) for testing the photodecolorization with the
prototype photocatalytic reactor. Commercial titanium
(IV) oxide, Aeroxide® P25 from Aldrich, Germany,
was used as a photocatalyst for all testing. (299.5%
trace metals basis; particle size: 21 nm (TEM); and
surface area: 35-65 m°/g).

2.2. Prototype photocatalytic reactor

The photocatalytic reactor was designed and then
constructed as a prototype. A 10-W black light fluores-
cent lamp (FO1T8 BLB), Santory, Japan, was used as a
UVA light source for exciting the catalyst. The lamp
was set in upper square aluminum box (grade 1100).
The dimensions of the aluminum box are 28 cm
wide x 28 cm  long x 28 cm  high. Three geometric
photocollectors (PTC, FPC, and CPC), with and
without the parabolic reflector covered over the
tubular lamp, were put in the lower aluminum box for
testing the MB photodecolorization to find out its
optimal configuration. The photoreflector and photo-
collectors were also made from aluminum sheets
(grade 1100) with their thickness of 0.3 mm. The
borosilicate glass reactor tube of 40 mm in diameter
and 155 mm in length was aligned in horizontal
direction and was parallel to the tubular lamp with the
distance between them of 14 cm. A 250-mL reservoir
tank was connected to the peristaltic pump (BT101S,
Lead Fluid, China) for providing and receiving the
aqueous MB suspensions. The flow rates of the MB
suspension were varied as follows: 230, 345, 460, and
575 mL/min. The schematic model of the prototype
photocatalytic reactor in laboratory scale for decoloriz-
ing MB is shown in Fig. 1.

2.3. Photocatalytic testing and analyzing from using the
prototype reactor with 10-W UV A lamp as a light source

The performance of the photocatalytic reactor was
evaluated by testing the decolorization of MB under
UVA irradiation and dark condition in close system at
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Fig. 1. Schematic representation of photocatalytic reactor with continuous flowing system.

24°C of room temperature. MB solution in 250 mL
with the initial concentration (Cp) of 17 mg/L was
prepared. Amounts of P25-TiO, catalyst are varied in
the range of 0-2 g/L. The MB volume of 250 mL is
suitably fixed on the flowing system of the photoreac-
tor. The MB solution was mixed with the catalyst
nanopowders under natural pH. Prior to UVA irradia-
tion, the suspension was kept under dark condition
for 30 min to achieve adsorption-desorption equilib-
rium. Under UVA irradiation, the MB suspension of
6 mL was collected every 15 min until at the irradia-
tion time of 30 min and every 30 min until at the
irradiation time of 240 min. The MB sample at that
time was centrifuged at 13,000 rpm by a microcen-
trifuge machine (ScanSpeed, Labogene, Denmark) for
5min twice times. The plastic Pasteur pipette was
used for transferring MB solution for protecting the
absorption of MB on the pipette surface. Absorbance
of all MB samples was analyzed by T90+ PG
Instruments spectrophotometer at 613 nm which corre-
sponds to a characteristic absorption peak of MB, and
then was converted into the MB concentration (C) at
that time by using Beer-Lambert's law, since the

absorption band at 665 nm shifted to the blue region
from generating some intermediates [12]. The UVA
light intensities at the middle bottom surface of the
reactor tube were measured by using TM-208 UVA
light meter, Tenmars, Taiwan.

3. Results and discussion
3.1. The design of prototype photocatalytic reactor

The PTC and CPC were designed following the
details as shown in Table 1: the PTC and CPC design
parameters. On the CPC design, two parabolas were
tilted oppositely away from vertical axis with the
angle (6,) of 16°, having the focus point of the tiled
parabolas in 7 cm, and k value of 0 cm (at y axis)
matching with h values of 2 cm and —2 cm (at x axis).
The length in the range of I values fits well with the
diameter of the reactor tube. The PTC and CPC were
laid on horizontal direction inside the aluminum box.
Fig. 2 shows the calculated curves of the PTC and
CPC. The CPC curve in Fig. 2(b) was used only
the internal trend points on both of sides. The

Table 1

Main characteristic parameters of the PTC and CPC

Parameter PTC CPC

Equation v = 4fx ¥ =(y—k)sing+ (x — h)cos > B B
Y = (y— k) cos ¢ — (x — h) sin ¢ byy =4frand h=2cm, k=0cm

Mounting Horizontal axis Horizontal axis

Semi-acceptance angle, 0, - 16

Focus length (cm) 7 7

Aperture area (cm?) 660.8 613.2

Concentration ratio, Ccpc - 3.64

Concentration factor, R - 3.03

Photoreactor OD (cm) 4 4

Photoreactor ID (cm) 3 3

"The parameters are only used for CPC.
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Fig. 2. Curve plotting of the (a) PTC and (b) CPC with a
semi-angle of acceptance (6,) of 16° at the focus point of
7 cm.

concentration factor (Rc) and the concentration ratio
(Ccpc) of the CPC in two dimensional are given as
Rc =1/sin(0,/2) andCcpc = aperature area/absorber
area, respectively, where 6, is semi-acceptance angle.
The parabolic reflector covered over the lamp was
designed following the PTC.

3.2. Effect of collector shapes on the methylene blue
photodecolorization

The performance of the photocatalytic reactor,
comprising of with different photocollectors inside the
photoreactor box as follows: PTC, CPC, and FPC,
including the presence and the absence of the para-
bolic reflector cover the lamp (using the code of “pr-”
and “npr-”, respectively, laid before the abbreviation
of the name of all collectors) on MB decolorization, is
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shown in Fig. 3. The MB decolorization performance
of the photoreactor with different conditions was
examined on the photocatalytic decolorization rate
using UV-vis spectroscopy technique. Mostly,
Langmuir-Hinshelwood (L-H) model has been suc-
cessfully fitted to the kinetics of the MB decolorization
in heterogeneous photocatalytic activity [13]. The
equation is as follows:

R= —% = k0 = k,KC(1 + KC) (1)
where R is the photocatalytic reaction rate, C is the
concentration of MB, t is the reaction time, k, is the
reaction rate constant,  is the fractional site coverage
by MB, and K is the MB adsorption coefficient. The
result of the integration of Eq. (1) is corresponding to
the first-order rate model by having the negative
interception value:

In <C> _ kot — K(C— Cy) @
Co

where Cj is the initial concentration of MB, C is the rest
concentration of MB at that UVA irradiation time, and
kapp is the apparent rate constant from determining the
initial MB concentration. In Fig. 3, the reaction rates of
the MB photodecolorization can be fitted well with the
apparent first-order rate law according to Eq. (2). The
linear trend of the relationship between In (C/Cy) and
irradiation time was found in two stages. The apparent
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Fig. 3. Plotting of C/Cy vs. UVA irradiation time using
P25-TiO, as a photocatalyst at the suspension flow rate of
460 mL/min in different photocollector arrangements.
Inset shows linear fitting between In (C/Cy) and time.
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rate constant in the first stage (0-30 min) is quite more
than that in the second stage (60-240 min). This is
expected to the effect of the MB adsorption kinetics for
the first stage [14].

For the PTC and FPC, the presence of the parabolic
reflector cover the lamp shows higher efficiency
significantly for decolorizing MB than the absence of
the parabolic reflector cover the lamp. This may be
because the light rays coming from the original source
without the reflector have large spreadability and can
be poor captured by the PTC and FPC. Conversely,
the npr-CPC reveals the ability in capturing the scat-
tering light rays in all directions better than them.
However, the npr-CPC shows the similar and lower
rate constants of the MB photodecolorization reaction
to pr-FPC and pr-PTC, respectively (Table 2). This can
be expected that the orientation of the light rays from
the reflector through the reaction tube is significant
than that from the collectors, excepting in the case of
the CPC. The apparent first-order rate constants
following the photocollector arrangements from the
highest one to the lowest one are ranked in order as
follows: pr-PTC, npr-CPC, pr-FPC, npr-FPC, pr-CPC,
and npr-PTC.

These results may be relating to both of factors as
follows: the light flux from their light capturing
abilities (F.,p) and the light intensity from their light
concentrating abilities (F.on). The relative equation
could be shown as Ra [Fm]m[Fmp]”, where m and n
are the constants. On the measurement of light intensi-
ties at the point of the middle bottom wall of the reac-
tor tube for all collectors, they are around 28 and
40 yW/cm? toward the absence and the presence of
the photoreflector, respectively. It is mean that for the
PTC and the FPC, the light concentrating ability shows
more influence than the light capturing ability for
decolorizing MB.

The results exhibit correspondence with many
previous researches reporting that under solar radia-
tion, CPC were more efficient than PTC without any
reflectors for arranging primary light rays before
reaching to the reactor [11,15-19]. Therefore, it is a
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critical point to many incoming related researches
focused on the increase in water treatment efficiency.
However, for our study case in using a black light
fluorescent lamp (artificial radiation), the efficiency of
the pr-PTC on the MB decolorization is better than
that of the npr-CPC. For applying to pilot scale,
although under solar radiation according to the zenith
angle, the diffuse radiation can be similar to the direct
radiation on a clear sky day. On this consideration, it
can be modified and applied to solar reactor for
improving its performance, especially the countries
around the equator. Moreover, the results can help in
designing photocatalytic reactors for the future in the
laboratory scale.

From considering the kinetics of the MB photocat-
alytic decolorization, they were compared with
previous researches revealed as a pseudo-first-order
rate law, as shown in Table 3. In Table 3, the apparent
first-order rate constants of the MB photodecoloriza-
tion reaction are in the range of 825x107°-
5.34 x 10~* min~" which actually depends on particular
light intensities, initial MB concentrations, catalyst
concentrations, and adjusted pH values.

3.3. Effect of fluid flow rate on methylene blue
photodecolorization

Effect of the suspension flow rate on the MB
photodecolorization was investigated in the term of the
ratio of C/Cy vs. reaction time as shown in Fig. 4(a).
The trend of the MB decolorization rate increases as the
trend of fluid flow rate from 230 to 345 mL/min. When
the flow rate values are higher than 345 mL/min, the
trend of the MB photodecolorization rate reaches to
the constant state (Fig. 4(b)). Therefore, the result shows
the optimal flow rate of 345 mL/min (the critical lim-
ited value) along horizontal alignment of the reactor
tube using amount of P25-TiO, at 0.5 g/L. It is expected
that the increase in flow rate can help in improvement
of the photochemical interactions since higher kinetic
energy of the suspension affects to the increase in the
energy in exchanging electrons and hydroxyl ions

Table 2

Photocollector arrangement-dependent kinetics of the MB photodecolorization

Photocollector arrangement Apparent first-order rate constant, k,p, (min ") R?
pr-PTC 233%x107° 0.98403
npr-PTC 149 x 1072 0.98628
pr-CPC 1.57 x 1072 0.99694
npr-CPC 1.78 x 1072 0.98273
pr-FPC 1.76 x 1072 0.99004
npr-FPC 1.62 x 1072 0.97922
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Fig. 4. Effect of flow rates of the suspensions on the MB
photodecolorization reaction at the constant P25-TiO, con-
centration of 0.5 g/L as the functions of (a) C/Cy vs. UVA
irradiation time and (b) the apparent first-order constant
vs. suspension flow rate.

between active sites of the catalyst and MB molecules.
Moreover, the increase in flow rate creates the
turbulence in fluid flow, so this can also help in the
dispersion of the catalyst in the solution [33]. The
optimal value of flow rate of the suspension depends
on reactor size and alignment of the reactor tube. These
are different with previous researches studying
photoreactors in continuous flowing systems [34,35]
due to the characteristic of the system.

3.4. Effect of P25-TiO, concentration on methylene blue
photodecolorization

Fig. 5 shows the rate of the MB photodecoloriza-
tion using P25-TiO, catalyst with its different concen-
trations under UVA irradiation and dark condition.
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Fig. 5. Effect of P25-TiO, concentrations in the range of
0-2g/L on the MB photodecolorization reaction at the
suspension flow rate of 460 mL/min using the pr-PTC as a
function of C/Cg vs. reaction time.

The efficiencies of the MB photodecolorization
increase as the increase in amounts of P25-TiO, photo-
catalyst from 0 to 0.5 g/L and then tend to be similar
following the increase in amounts of P25-TiO, photo-
catalyst from 1.0 to 2.0 g/L. The tendency can be
explained that when all cationic dye molecules are
sufficiently adsorbed on the photocatalyst surface,
there is no more area for active sites on the photocata-
lyst surface to make more photocatalytic reactions for
decolorizing MB in water. Moreover, a number of
photocatalyst particles dispersing in water can block
light rays. Consequently, the optimal catalyst concen-
tration for decolorizing MB in our case study was
found to be 1 g/L of P25-TiO, at the constant suspen-
sion flow rate of 460 mL/min using the pr-PTC. From
the previous literatures on the investigation of photo-
catalytic water treatment in continuous flowing sys-
tem, the catalyst concentrations were mostly used in
the range of 0.04-0.5 g/L and not more than 2.0 g/L,
as shown in Table 3 and other researches [36—47]. The
optimum of P25-TiO, concentrations possibly depends
on the suspension flow rate used in the independent
system for purifying water.

4. Conclusions

The inner structures of the photocatalytic reactor
with different arrangements were compared for dis-
covering its optimization. The results reveal the inter-
est of the presence and the absence of the parabolic
reflector cover the tubular lamp toward different
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geometric collectors relating to their abilities of light
capturing and light concentrating through the reactor
tube. The PTC with the parabolic reflector provides the
highest MB decolorization rate. On the other hand, in
the case of the absence of the parabolic reflector over
the lamp, the CPC shows the best efficiency in decol-
orization of MB. The different photocollector arrange-
ments following the MB decolorization rate from the
highest one to the lowest one are ranked in order as
follows: pr-PTC, npr-CPC, pr-FPC, npr-FPC, pr-CPC,
and npr-PTC. Based on this study, the optimization of
the photocatalytic reactor reveals the configuration of
its inner structure of pr-PTC with the suspension flow
rate of 345 mL/min and P25-TiO, concentration of
1.0 g/L. The research results can help in improving the
performance of photocatalytic activity for upcoming
researches in laboratory scale with the photocatalytic
reactor design having the prominent point in saving
energy. For full-scale application, the economic and
geographic evaluation for constructing the photocat-
alytic reactor using solar light in pilot scale to treat
wastewater will be required on future research project.
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