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Design, Mass Transfer Studies, and Optimization of an
Air-Sparged Tubular Photocatalytic Reactor for the
Degradation of Methylene Blue
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Abstract—An alternative process for the removal of organic
pollutants in aqueous systems is photocatalysis. The challenges
hindering its industrial use are electron-hole recombination and
mass transfer limitations. In order to address these problems,
the objective of this study is to introduce air by sparging, and
design an air-sparged photocatalytic reactor using titanium
dioxide immobilized on borosilicate glass. The performance of
the reactor on the removal of the model pollutant, methylene
blue (MB), was evaluated and compared against the reactor
operated without sparging. The effect of mass transfer
limitations on reactor performance was also investigated by
regression using a Langmuir-type model equation. Reactor
performance was optimized using Response Surface
Methodology to determine the set of initial MB concentration,
treatment time, initial pH, and sparging rate that would result
to the highest removal of methylene blue. The sparged
photocatalytic reactor was able to degrade 57% MB in 2 hours,
an improvement of 40% compared to no sparging. Mass
transfer limitation studies showed that the reactor operates
near the reaction-limited regime, and that the extent of mass
transfer limitation effects was reduced. The set of parameters
that maximizes methylene blue removal were 2.0 ppm MB, 120
minutes treatment time, pH 9.95 and 2.0 L/min sparging rate,
with a predicted removal of 55.5%. Validation experiments
resulted to 57.2% MB removal, and that the present reactor is
comparable to similar reactors in literature, but with the
advantage of using less expensive materials of construction and
simpler immobilization technique.

Index Terms—Photocatalysis, response surface methodology,
tubular photocatalytic reactor, wastewater treatment.

I. INTRODUCTION

The development of advanced wastewater treatment
processes has been well studied over the years in light of the
detrimental effects of water pollution, particularly organic
compounds coming from industrial effluents. These
treatment processes are classified under physical, chemical or
biological [1], [2]. These treatment processes, however, have
their own limitations. For example, adsorption processes
have a problem with the disposal of spent adsorbent;
chemical treatment processes may cause the formation of
harmful byproducts; and biological processes are feasible
only for contaminants that are not toxic to the microbes
present in the system.

An alternative to these processes is photocatalysis, which
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uses ultraviolet or visible light to initiate the degradation of
organic pollutants using a photocatalyst, resulting to
complete mineralization [2]-[5]. Photocatalysis offers an
alternative because the degradation of pollutants is complete—
there are no unwanted byproducts; there is no transfer of
pollutants from one phase to another; and its application is a
wide range of pollutants.

Photocatalytic reactors may be classified either as
suspended or immobilized systems. Suspended systems,
although they have higher activity, have a limitation of
requiring post-process separation since the photocatalyst is
finely dispersed within the water being treated. This lowers
the economic viability of these systems [3], [5]. Post-process
separation is not required in immobilized systems, as the
photocatalyst is anchored on a support. Immobilized systems,
however, also have problems of their own, such as mass
transfer limitations and electron-hole recombination, with the
latter covering both immobilized and suspended systems.
High mass transfer resistances result to a reactant
concentration gradient between the bulk fluid and
photocatalyst surface, resulting to lower rates of reaction [6].
Electron-hole recombination occurs as the excited electron in
the conduction band returns and fills up the positive hole in
the valence band. The series of reactions ceases, and
photocatalytic activity decreases [3].

Mass transfer limitations are manifested by the
dependence of the reaction rate r, or the apparent rate
constant kspp, On the liquid velocity. Various studies have
identified the existence of mass transfer limitations in many
immobilized systems, such as tubular reactors [7], [8],
annular reactors [9]-[11], rotating disc reactors [9], [12], and
packed-bed reactors [7], [13], among others [14]. A
commonly used model equation derived from first principles
is a Langmuir-type equation based on volumetric flowrate Q
[15], [16]:

r (ork )=-952 (1)
)~ Trag

These two challenges are to be addressed by introducing
air into the system by sparging. Adding air bubbles lessens
mass transfer limitation effects by promoting mixing of the
liquid phase. Introducing air into the system adds an
electron-scavenger into the system, with oxygen accepting
excited electrons to form the superoxide ion. This leaves the
holes available for mineralization to take place. The objective
of this study is to design an air-sparged, tubular
photocatalytic reactor using TiO,, study the effect of mass
transfer limitations on its performance, and optimize reactor
performance using Response Surface Methodology.
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Il. MATERIALS AND METHODS

A. Reactor Design

The reactor consists of five tubes radially arranged with a
total reactor volume of 600 mL, and a 10W UVA lamp placed
at the center of the reactor, as shown in Fig. 1 and Fig. 2. The
tubes are made of borosilicate glass, and are fabricated with
internal protrusions to promote turbulence and provide
additional surface area for the catalyst [17]. The catalyst,
Aeroxide® P25 TiO,, was immobilized onto the tubes by
spray coating with ethanol as carrier, and the tubes were dried
and calcined in a muffle furnace. Air is sparged through
nozzles directed at each tube such that the bubbles rise along
the tubes as the water descends.
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Fig. 1. Diagram of photocatalytic reactor.

Fig. 2. Actual photocatalytic reactor set-up.

B. Catalyst Characterization

Samples of the immobilized photocatalyst were obtained
by the destruction of one reactor tube after its calcination in
order to characterize its surface. This was carried out by
scanning electron microscopy (SEM) using a Hitachi
S3400-N Scanning Electron Microscope. Images of tube
surface were obtained at 300x and 1000x magnification [18].

C. Reactor Performance Evaluation

The performance of the reactor, measured as conversion or
percent removal of methylene blue (MB), under sparged and
non-sparged operation was compared at the following
process parameters: 2.69 ppm initial MB concentration, pH 7,
2.8 liters per minute (L/min) water flowrate [17], and 2.0

L/min air sparging rate, at 30, 60, 90 and 120 minutes.
Adsorption (dark) and blank (no photocatalyst) runs were
done to serve as control [18]. Methylene blue concentration
was determined using a PerkinElmer Lambda 850 UV/VIS
Spectrometer at a peak wavelength of 665 nm.

D. Mass Transfer Limitation Studies

The effect of mass transfer limitations on the reaction rate
was modeled for the sparged and non-sparged operation of
the photocatalytic reactor using 2.69 ppm initial methylene
blue concentration and pH 7, with a sparging rate of 2.0
L/min. To determine the effect of mass transfer limitations,
the water flowrate was varied to 1.2, 1.6, 2.0, 2.4 and 2.8
L/min. The initial rate of reaction was determined based on a
period of 20 minutes [18].

E. Reactor Optimization

Optimization using Response Surface Methodology was
conducted to determine the set of parameters that results to
the maximum conversion of methylene blue, using the
Box-Behnken design of experiment. The levels of each factor
are summarized in TABLE |. A total of 29 runs were
performed, resulting to a quadratic model and the optimized
set of parameters was tested in validation experiments [18].

TABLE I: OPTIMIZATION STUDY: EXPERIMENTAL DETAILS

Factor Low value Central value  High value
Initial methylene blue 20 20,0 380
concentration (ppm)

Treatment time (min) 60 90 120

Initial pH 4 7 10

Air flowrate (L/min) 15 2.0 25

I11. RESULTS AND DISCUSSION

A. Catalyst Characterization

SEM images of the reactor tube surface are presented in
Fig. 3 and Fig. 4. It could be seen that the catalyst was
immobilized throughout the surface of the glass; however,
the coating is not uniform. The presence of wavelike patterns
indicates a high surface area provided by the roughness of the
immobilized surface; this morphology has been reported to
increase photocatalytic activity [19]. In addition, the high
magnification image in Fig. 4 illustrates the roughness of the
surface, which may have resulted from the agglomeration of
P25 TiO, particles upon spray coating.

015, 0k < d4.SE .1726/20_‘{% 00"/ iy 0g
Fig. 3. SEM image of P25 TiO, immobilized on glass at 300x magnific

ation.
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magnification.

It is also noted that catalyst entrainment cannot be assessed
by surface characterization, as this would require the
destruction of another reactor tube. Visual inspection of
effluent samples, as well as reactor wash water, did not
indicate any presence of entrained TiO, particles. The small,
if not negligible, extent of catalyst entrainment may be
explained by the strong adhesion of the P25 TiO, with the
borosilicate glass, brought about by the use of ethanol as a
carrier of the TiO, suspension [18]. Due to the hydrophilic
property of P25 TiO, [20], the photocatalyst strongly adhered
to the surface of the borosilicate glass, aided by the ethanol
carrier.

B. Reactor Performance Evaluation

The performance of the reactor in the removal of
methylene blue is shown in Fig. 5. It confirms that the
dominant mechanism for the removal of methylene blue is
photocatalysis, with 57% MB removal after 120 minutes. The
contribution of adsorption is less than 20%. The negligible
extent of MB adsorption on TiO, is consistent with other
studies [9], [21].

The control runs, which include adsorption on the reactor
walls, tubings, reservoir walls, and pump internals, account
for an average of 12% MB removal. It is also noted that the
control runs are already at steady state as early as 30 minutes,
implying that the adsorption of methylene blue on internal
surfaces is fast, but only contributes to a small extent.
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Fig. 5. Photocatalytic reactor performance.

The effect of sparging on reactor performance is illustrated
in Fig. 6. The highest conversion of the sparged reactor is 57%
at 120 minutes, higher compared to the 40% of the

non-sparged reactor, or greater by a factor of 1.4 (40%). This
validates the use of air sparging to improve reactor
performance. The sparging of air into the system resulted to
higher dissolved oxygen concentrations in the system.
Oxygen serves as an electron-scavenger, taking in the excited
electrons, thereby lessening electron-hole recombination. In
addition, the rising air bubbles also facilitate better mixing
inside the reactor tubes, further increasing the removal of
methylene blue [18].
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Fig. 6. Effect of sparging on reactor performance.

C. Mass Transfer Limitation Studies

The equations for the initial reaction rate, r, in umol/L-min,
in terms of water flowrate, Q, for sparged and non-sparged
operations are shown in equations (2) and (3), respectively.
The initial reaction rates are plotted in Fig. 7 below.
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Fig. 7. Effect of mass transfer limitations on reactor performance.
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The experimental results gave rise to a good fit for both
non-sparged and sparged reactor operation models, having R
values of 0.9825 and 0.9793, respectively. This confirms a
good fit to the Langmuir-type equation relating initial
reaction rate with water flowrate. The small slopes seen in
both models suggest that the studied range of flowrates is
near the reaction-limited regime, and far from the
diffusion-limited regime, which is characterized by relatively
steep slopes. This observation becomes more obvious when
the models are extrapolated to higher and lower flowrates, as
seen in Fig. 8. With this, it could be concluded that at the
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range of flowrates studied, particularly at the higher end of
the range, the problem of mass transfer limitations has been
addressed by the present reactor [18].
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Fig. 8. Effect of mass transfer limitations on reactor performance (model

extrapolated).

It is also noted from the plots above that the air-sparged
reactor operates at higher rates of reaction than the
non-sparged reactor, with maximum initial rates of 0.1157
and 0.0864 pmol L™ min™, respectively. This further supports
the result that air sparging improved the performance of the
reactor, as explained in the previous subsection.

D. Reactor Optimization

The optimization experiments resulted to a reduced
quadratic response surface model, shown in equation (4)
below. It is noted that methylene blue removal was found to
be independent of air sparging rate, which may be due to the
saturation of dissolved oxygen at the minimum sparging rate
of 1.5 L/min. This leaves initial concentration (ppm),
treatment time (min) and initial pH as the variables in
equation (4). The response surface is plotted in Fig. 9 and Fig.
10.

Conversion =—7.602 —2.261- (initial conc.)
+0.136- (initial conc.) +10.266 - (initial pH)
+0.0366- (initial conc.)” —0.516- (initial pH)® 4)

It is observed from the figures above that as the initial MB
concentration increases, MB removal decreases. This is due
to the lower UV penetration to the TiO, surface from a
greater amount of adsorbed methylene blue on the catalyst
surface. Methylene blue removal increases with treatment
time because of the greater contact between fluid and
photocatalyst. Finally, MB removal increases with pH
because of the greater affinity between methylene blue, a
cationic dye, and the TiO, surface, which is negatively
charged at pH greater than the pH at the point of zero charge
(pPHpze), which is 6.8 for TiO, [22], as illustrated by the
following equilibria [23]:

PH>pH,. :  TIOH+OH <TI0 +H,0 (5)

pH<pH__:

pzc

TiOH+H* < TiOH;  (6)

Based from the obtained response surface model, a set of
parameters was obtained by Design Expert® software that

would give the highest removal of methylene blue. These
were 2.0 ppm initial MB concentration, 120 minutes
treatment time, and an initial pH of 9.95, and the air flowrate
set to the central value of 2.0 L/min, with a predicted MB
removal of 55.5%.
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Fig. 9. Methylene blue removal at initial pH 7 and 2.0 L/min sparging rate.
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Fig. 10. Methylene blue removal at 90 minutes treatment time and 2.0 L/min
sparging rate.

Validation experiments resulted to an average MB removal
of 57.2%. The reactor performs better than other reactors in
related studies [21], [24], [25] and may be considered at par
with some reactors [9], but with the advantage of using a
simpler immobilization method (spray coating) and the use of
less expensive materials of construction (borosilicate glass)
[18].

IV. CONCLUSION

An air-sparged tubular photocatalytic reactor with
immobilized P25 TiO, photocatalyst was designed to lessen
electron-hole recombination and promote mixing. Surface
characterization showed a good immobilization of TiO, by
spray coating and calcination; no observable catalyst
entrainment was found by visual inspection of reactor
effluents.

The dominant mechanism for methylene blue removal is
photocatalysis, with negligible contribution of adsorption on
TiO, and other internal surfaces of the reactor. Air sparging
improved the performance of the tubular photocatalytic
reactor by a factor of 40%. Mass transfer limitation studies
indicate a good fit to a Langmuir-type equation to relate the
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initial reaction rate with liquid volumetric flowrate. It also
confirms that the present reactor operates closer to the
reaction-limited regime, and that the extent of mass transfer
limitation effects has been lessened in this reactor.

The set of parameters resulting to the maximum
methylene blue removal consists of 2.0 ppm initial MB
concentration, 120 minutes treatment time, initial pH of 9.95
and 2.0 L/min sparging rate, with a predicted removal of
55.5%; validation runs resulted to an average removal of
57.2%. The reactor performance is comparable to that of
other similar reactors in literature. However, the reactor of
the present study offers an advantage of using a simpler
immobilization technique and a less expensive material of
construction.
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