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This study examined the photocatalytic degradation efficiency under high UV photon flux (intensity normalized by photon
energy) irradiation; the incident UV photon flux was 1.71 × 10−6–3.13 × 10−6 einstein cm−2 s−1 made by a super high-intensity
UV apparatus. A comparative study between high photon flux photocatalytic process and routine low photon flux photocatalytic
process for methylene blue degradation has been made in aqueous solution. The experimental results showed that under the best
conditions of high UV photocatalytic reaction 99% decolorization and 95% TOC removal of 20 mg L−1 methylene blue could
be achieved in 30 s and 120 s of UV irradiation time, respectively. To the best of our knowledge, photocatalytic decolorization
and photocatalytic degradation of dyes in such a short time has not been reported. Aiming at the low photonic efficiency in high
photon flux photocatalytic process, we found that reducing the density of excited electron-hole appropriately could improve initial
apparent photonic efficiency effectively. The TOC experiments under high UV photon flux showed a faster mineralization rate and
a different mineralization process compared to that under low UV photon flux.

1. Introduction

Heterogeneous photocatalytic oxidation has potential appli-
cations for the treatment of waste water with dilute concen-
tration of organic compounds because it effectively oxidizes
a large number of chemical pollutants [1]. Among the most
popular semiconductors studied, TiO2 is one of the best
candidates [2]. However, the commercial application of this
method for the treatment of aqueous solutions is limited
by both the long time of the process and the low efficiency
in the use of the radiation [3]. If TiO2 photocatalysis is to
have a commercial future as a method for water purification,
reaction time must compare favorably with those of its
competitors (UV/H2O2, UV/O3, photo Fenton, etc.). On this
basis, many studies have been conducted to improve the
photocatalytic reaction rate such as the doping of some ele-
ments or compounds into TiO2 [4], increasing the external
surface area [5], improving photocatalytic reactor design [6],
and so forth. Light photon flux (intensity normalized by

photon energy) is one of the most parameters in photocat-
alytic reaction, and high UV intensity could compensate for
the low photocatalytic efficiency of TiO2 itself [7]. Ollis et al.
[8] observed that the relationship between UV intensity and
degradation rate changed from first order (K ∝ I) to half
order (K ∝ I0.5) when the UV intensity increased beyond
a certain value (approximately 25 mW cm−2), and then
changed from half order (K ∝ I0.5) to zero order (K ∝ I0)
when the UV intensity reached a high level. Many similar
studies have confirmed this finding [9–11]. Because the
efficiency of photocatalytic reaction declines under extremely
high UV intensity, the application of improving photocat-
alytic reaction rate by increasing UV intensity is not fully
developed. However, the high photon flux UV irradiation
can effectively lessen the photocatalytic reaction time [12];
therefore, it is important to improve the understanding of
the high UV intensity photocatalytic reaction and to increase
UV light efficiency of the reaction.
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The aim of this paper was to determine the effectiveness
of photocatalytic processes based on high photon flux
irradiation ranging from 1.71 × 10−6 to 3.13 × 10−6 einstein
cm−2 s−1 (approximately UV intensity from 550 to 1000
mW cm−2) in the photocatalytic degradation of a typical
basic dye, methylene blue (MB), from aqueous solution. The
operating conditions were adjusted to permit a comparison
between high UV photon flux photocatalytic process (HUP)
and routine low UV photon flux photocatalytic process
(LUP) (photon flux ranging 0.667 × 10−9 to 3.07 × 10−9

einstein cm−2 s−1 approximately equal to UV intensity from
0.4 to 2 mW cm−2). Three different criteria were used to
contrast both processes: (i) reaction rate and reaction time,
(ii) the initial apparent photonic efficiency, and (iii) miner-
alization rate and mineralization degree.

2. Material and Methods

2.1. Materials and Reagents. The photocatalyst was titania
Degussa P-25 (anatase/rutile = 7/3, surface area = 50 m2 g−1,
nonporous particles, mean size = 30 nm). MB was obtained
from Hongyan chemical Co., Ltd., (≥99%). Potassium
ferrioxalate was obtained from Hefei Asialon chemical Co.,
Ltd., (≥99%). Solutions were prepared using water from a
Millipore Waters Milli-Q purification unit.

2.2. Light Source and Photoreactor. Two kinds of UV lamp
were used: (a) a 250 W UV high pressure mercury lamp
(Ushio Inc, Japan) with a quartz reflector were used as a high
photon flux light source. The incident photon flux entering
the photoreactor was varied from 1.71 × 10−6 to 3.13 ×
10−6 einstein cm−2 s−1. (b) An 8 W black light lamp (Philips
TL 6W/08) was used as a low photon flux light source. The
incident photon flux entering the photoreactor was varying
from 0.667 × 10−9 to 3.07 × 10−9 einstein cm−2 s−1. The
spectral distributions of both lamps are shown in Figure 1.

The schematic diagram of the photoreactor apparatus is
shown in Figure 2. All the irradiation experiments were con-
ducted in a glass cylinder of 35.6 mm diameter and 45 mm
height. The top of the glass cylinder was open to the atmo-
sphere. The lamp was placed at the focal axis of the quartz
reflector and an optical filter was inserted to cut off the long
wavelength components (λ > 425 nm) for avoiding heating
the aqueous solution (no quartz reflector and optical filter
for the black light lamp). A sliding shutter with electronic
time switch was used to determine exactly the moment at
which the photocatalytic reaction started or ended. Between
the lamp and the reactor, there are neutral density filters
of different transmissions to change the photon flux of the
incident irradiation on the reactor. Different photon fluxes
were measured inside the reactor cylinder using potassium
ferrioxalate method [13]. A magnetic stirrer located at
the bottom of the glass cylinder kept the TiO2 particles
suspended during the irradiation. The photoreactor, the
reflector, and the lamp were enclosed in a box to ensure safe
operation and to prevent the entrance of extraneous light.

2.3. Experiments Procedure. All experiments were in the
following range of the experimental variables: the incident

photon flux of the high photon flux light source was between
1.71 × 10−6 and 3.13 × 10−6 einstein cm−2 s−1; the incident
photon flux of the low photon flux light source was between
0.667 × 10−9 and 3.07 × 10−9 einstein cm−2 s−1; tempera-
ture 25◦C (room temperature); MB initial concentration
20 mg L−1; TiO2 concentration between 0.25 g L−1 and
1.5 g L−1.

Each run adhered to the following protocol: (i) the lamp
was turned on, allowing for 40 min to stabilizing their opera-
tion, and a suspension of TiO2 and MB was mixed well in
the dark at least 60 min for reaching an equilibrated adsorp-
tion as steady-state concentrations. (ii) 10 mL of MB solution
was injected in the photoreactor. (iii) The solution was then
irradiated by UV light and sample was collected at specific
time to measure the MB concentration. (iv) Simple suspen-
sions were filtered by a 0.45 μm membrane filter to remove
the TiO2 powder. Samples at different reaction time were
obtained by repeating steps (ii), (iii), and (iv). The decol-
orization efficiency was tested in terms of the changes of the
UV-vis absorbance of MB. The absorbance intensity of MB
was determined by an UV-vis spectrophotometer (UV-2450
SHIMADZU) with a 1 cm path length spectrometric quartz
cell. Total organic carbon (TOC) was analyzed with a total
organic carbon analyzer (Analytik Jena multi-N/C 3100).

3. Results and Discussion

3.1. Preliminary Tests. Preliminary tests using different ex-
perimental conditions were carried out to make sure that
the dye degradation was mainly due to the photocatalytic
reaction. The results are as follows. The MB concentration
decreased about 4% in the darkness in the presence of
TiO2. This suggests a weak adsorption of the dye molecules
on TiO2. In the absence of TiO2, the MB concentration
decreased about 1% under low photon flux irradiation (3.07
× 10−9 einstein cm−2 s−1) after 1 h and the MB concentration
almost remained unchanged at high photon flux irradiation
(3.13 × 10−6 einstein cm−2 s−1) after 60 s. This indicates
that the dye degradation by the direct photolysis only is
unimportant. Therefore, the reduction of dye concentration
is primarily caused by the photocatalytic reaction.

3.2. UV Irradiation Intensity and Irradiation Time. In order
to compare different UV irradiation intensities and irradia-
tion times on the rate of photocatalytic decolourization, a set
of tests was carried out in both HUP and LUP, and the results
are shown in Figures 3(a) and 3(b). In all cases, MB was
removed rapidly from the beginning and as time elapsed the
decolorization rate decreased. The decolorization percentage
of MB was >90% in reaction time 15 s and >99% in 30 s in
HUP with a UV photon flux 3.13 × 10−6 einstein cm−2 s−1

(Figure 3(a)), whereas the decolorization percentage of MB
was >90% in 40 min and >96% in 60 min in LUP with a UV
photon flux 3.07 × 10−9 einstein cm−2 s−1 (Figure 3(b)). It is
clear that increasing the UV photon flux enhances the rate of
decolorization remarkably.

Figures 3(a) and 3(b) also show that the plots of ln(C/C0)
versus irradiation time for HUP and LUP were linear, which
suggest that both the photocatalytic processes approximately
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Figure 1: UV spectra of 250 W UV high pressure mercury lamp (a) and 8 W black light lamp (b).
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Figure 2: Schematic diagram of the photoreactor apparatus.

follow pseudo-first-order kinetics. Rate constants were esti-
mated from the slopes of ln(C/C0) versus time. The pseudo-
first-order constants for HUP with photon fluxes 1.71 ×
10−6, 1.99× 10−6, 2.28× 10−6, 2.56× 10−6, 2.85× 10−6, and
3.13 × 10−6 einstein cm−2 s−1 were 0.1103, 0.1182, 0.1245,
0.1334, 0.1421, and 0.1513 s−1, and for LUP with photon
fluxes 0.667 × 10−9, 1.03 × 10−9, 1.33 × 10−9, 1.71 × 10−9,
2.28 × 10−9, 3.07 × 10−9 einstein cm−2 s−1 were 2.5 × 10−4,
3.8× 10−4, 5.1× 10−4, 6.6× 10−4, 8.5× 10−4, 1.1× 10−3 s−1,
respectively. We suggest that the significant improvement
in MB decolorization is mainly due to the more hydroxyl
radicals that are produced by more radiations falling on the
catalyst surface [14].

There were two different reaction rate regimes as a
function of UV photon flux by different UV lamps. It is

found that the reaction rate depends on photon flux of UV
light I in a power law [8] such as

r = r′′Iα, (1)

where r′ is the reaction constant independent of photon
flux. The exponent value (α) could be estimated from the
reaction rates and photon fluxes. The value (α) is 0.512
for HUP and 0.9813 for LUP. Both of the values (α) show
good fits with the data and the correlation coefficients are
R2 = 0.9906 R2 = 0.9977, respectively. These results indicate
that in our experiment the photocatalytic decolorization
rate increases with the square root of photon flux under
high photon flux in the range from 1.71 × 10−6 to 3.13
× 10−6 einstein cm−2 s−1and the photocatalytic degradation
rate increase linearly with photon flux under low photon
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Figure 3: Photocatalytic decolorization of MB versus irradiation time by (a) HUP and (b) LUP. (Experimental conditions: TiO2, 1 g L−1;
MB initial concentration 20 mg L−1).

flux in the range from 0.667 × 10−9 to 3.07 × 10−9 einstein
cm−2 s−1. The tendency of the effect by photon flux is
in agreement with some studies, and in these reports the
authors attributed this to electron-hole recombination [9–
11]. The rate of electron-hole formation exceeds the rate
photocatalytic oxidation under high photon flux, resulting
in electron-hole recombination [9–11, 14].

3.3. Initial Apparent Photonic Efficiency. The photonic effi-
ciency (ξ) describing the effectiveness of light conversion to
product in heterogeneous, light scattering systems, is directly
proportional to the quantum yield and may be considered to
be the lower limit of this more commonly used measure of
light [15].

In our case, the initial apparent photonic efficiency was
calculated from the ratio of the initial reaction rate of
photooxidation (mol L−1 s−1) to the rate of incident photons
reaching the reactor as obtained by chemical actinometry
(einstein L−1 s−1) [16].

Table 1 summarizes initial apparent photonic efficiencies
of photocatalytic decolorization of MB for HUP and LUP.
The initial apparent photonic efficiencies at high photon
fluxes were lower than the case of low photon fluxes, which
illustrated that high photon fluxes photocatalytic processes
had lower light energy utilization efficiency. This result
satisfies the law that the initial apparent photonic efficiency
decreases as the light intensity increases, and this is in
agreement with other authors [17, 18].

The explanation of the lower initial apparent photonic
efficiencies is that high photon flux causes lower effect on
reaction rate (from first order (r ∝ I) to half order (r ∝ I0.5)
in Section 3.2), and therefore decreases the initial apparent

Table 1: Relative photonic efficiencies of photocatalytic degrada-
tion of MB under different photon fluxes.

High photon flux
photocatalytic process

Low photon flux photocatalytic
process

Photon flux
(10−6 einstein
cm−2 s−1)

Relative photonic
efficiencies (%)

Photon flux
(10−9 einstein

cm−2 s−1)

Relative
photonic

efficiencies (%)

3.13 0.302 3.07 2.23

2.85 0.311 2.28 2.33

2.56 0.325 1.71 2.41

2.28 0.341 1.33 2.40

1.99 0.371 1.03 2.37

1.71 0.403 0.667 2.43

photonic efficiency. At low light intensity reactions involving
electron-hole separation were predominant and electron-
hole recombination was negligible, whereas at increased
light intensity electron-hole pair separation competed with
recombination, thereby causing lower influence on initial
apparent photonic efficiency [9–11, 14]. Based on this
theory, we infer that the decreasing of the TiO2 concentra-
tion properly may decrease the density of excited electron-
hole pairs, and thereby ease the electron-hole recombination
in high photon flux photocatalytic reaction. As a test
of the hypothesis, we examined the relationship between
the TiO2 concentration and the initial apparent photonic
efficiency under both low and high photon flux. And we kept
constant the product of TiO2 concentration and the optical
path length in different volume sample in order to modify
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the TiO2 concentration without changing the total amount
of TiO2.

Series of experiments were designed as follows: (i) sample
optical path length 0.67 cm, sample volume 6.7 mL, TiO2

concentration 1.5 g L−1, MB concentration 20 mg L−1; (ii)
sample optical path length 1 cm, sample volume 10 mL, TiO2

concentration 1 g L−1, MB concentration 20 mg L−1; (iii)
sample optical path length 2 cm, sample volume 20 mL, TiO2

concentration 0.5 g L−1, MB concentration 20 mg L−1; (iv)
sample optical path length 3 cm, sample volume 30 mL, TiO2

concentration 0.33 g L−1, MB concentration 20 mg L−1; (v)
sample optical path length 4 cm, sample volume 40 mL, TiO2

concentration 0.25 g L−1, MB concentration 20 mg L−1; (vi)
sample optical path length 5 cm, sample volume 50 mL, TiO2

concentration 0.20 g L−1, MB concentration 20 mg L−1; (vii)
sample optical path length 6 cm, sample volume 60 mL, TiO2

concentration 0.17 g L−1, MB concentration 20 mg L−1; (viii)
sample optical path length 7 cm, sample volume 70 mL, TiO2

concentration 0.14 g L−1, MB concentration 20 mg L−1. As
optical path length changed, adjusted the height of photore-
actor to keep a constant distance between light source and the
solution surface, which maintained a constant photon flux in
each experiment. Experiments were carried out under both
high and low photon flux. The initial apparent photonic effi-
ciencies under these conditions are summarized in Table 2.
It could be clearly observed that under low photon flux the
initial apparent photonic efficiency steadily decreased with
optical path length. On the contrary, under high photon flux,
initial apparent photonic efficiency firstly increased with the
increase of optical path length from 0.67 to 3 cm. When the
optical path length increased further than 3 cm, the initial
apparent photonic efficiency decreased. The results in low
photon flux experiments are mainly due to the fact that long
path lengths will promote absorbance of light by MB and
other solution chemicals, as the Lambert-Beer law states.
And this is in agreement with other reports [19]. In high
photon flux experiments, as the optical path length increased
from 0.67 to 3 cm, the absorption of UV by MB and other
solution chemicals also increased with the optical length
path. However, instead of decreasing, the initial apparent
photonic efficiency increased. We deduce that the increase
of initial apparent photonic efficiency is probably due to
the decrease of electron-hole recombination. It means that
under high photon flux decreasing TiO2 concentration could
decrease the density of excited electron-hole pairs and reduce
the electron-hole recombination. As optical path length
above 3 cm, the decline in initial apparent photonic efficiency
was due to the increased incident photons beings absorbed
by a longer path length of the suspension in excess of
the decrease of electron-hole recombination. The results in
this study clearly prove our hypothesis and indicate that
the reduction in the density of excited electron-hole could
actually improve the photonic efficiency in high photon flux
photocatalytic reaction.

3.4. Mineralization. It is well known that complete decol-
orization of MB does not mean that the dye is completely
mineralized into CO2 and H2O. Hence, it is necessary to
simultaneously investigate the mineralized process. TOC

Table 2: Relative photonic efficiencies of photocatalytic degrada-
tion of MB with different optical path length and TiO2 concentra-
tion.

Optical path length
(cm)

Initial apparent photonic efficiency (%)

Photon flux
3.13 × 10−6 einstein

cm−2 s−1

Photon flux
3.07 × 10−9

einstein cm−2 s−1

(i) 0.67 0.235 2.25

(ii) 1 0.302 2.23

(iii) 2 0.329 2.01

(iv) 3 0.335 1.82

(v) 4 0.319 1.52

(vi) 5 0.298 1.36

(vii) 6 0.264 1.18

(viii) 7 0.242 1.09

values have been related to the total concentration of organic
in the solution and the decrease of TOC reflects the degree
of mineralization at the end of the photocatalytic process.
Mineralization of MB was studied by monitoring TOC loss
in the dye solution.

The TOC removal and decolorization efficiencies with
irradiation time are shown in Figure 5 the TOC removal and
decolorization efficiencies with irradiation time in LUP. At
the beginning of the reaction, an initial period of constant
or slowly decreasing TOC values occurred. The inflect point
corresponded to a reaction time of 60 min, which was
equal to the decolorization time of MB. After the complete
decolorization of the solution, the TOC values decreased, and
then reached a plateau at the reaction time of 300 min. The
results demonstrate that in LUP mineralization step starts
only when decolorization is almost complete. The initial
period of constant or slowly decreasing TOC values could
correspond to the fact that MB molecules are decomposed to
lower-molecular-weight compounds and the intermediates
still contribute to the TOC of solution. The emergence of
mineralization plateau indicates that the total oxidation is
nearing completion, corresponding to the oxidation of most
stable products. The tendency of the mineralization process
is similar to the previous results [20].

However, the photocatalytic mineralization of MB solu-
tion in HUP had a different mineralization procedure than
the LUP. As shown in Figure 4(a), the TOC values decreased
approximately exponentially with reaction time from the
beginning of the reaction. The continuous decay of TOC
value confirmed the progressive mineralization of MB under
high photon flux. This pattern meant that during the decol-
orization step (irradiation time 0–30 s) there was obvious
decrease of the TOC value, which was due to the fact that MB
molecules were decomposed to intermediate product and
further oxidized to the intermediate product simultaneously.

UV photon flux determines the amount of photons
injected into the solution. Under high photon flux irradia-
tion, the photocatalyst could absorb more photons, leading
to more electron-hole pairs on the photocatalyst surface. We
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Figure 4: The TOC removal and decolorization efficiencies versus irradiation time by (a) HUP and (b) LUP. (Experimental conditions:
photon flux (a) 3.13 × 10−6 einstein cm−2 s−1 (b) 3.07 × 10−9 einstein cm−2 s−1; TiO2, 1 g L−1; MB initial concentration 20 mg L−1).
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Figure 5: The TOC removal and decolorization efficiencies versus
irradiation time. (Experimental conditions: photon flux 3.13 ×
10−6 einstein cm−2 s−1; TiO2, 0.01 g L−1; MB initial concentration
20 mg L−1).

infer that in HUP while MB molecules are being decom-
posed to lower-molecular-weight compounds, there are still
enough electron-hole pairs and •OH radicals to mineralize
the intermediates of MB, which provides a higher efficiency
in photocatalytic mineralization. In addition, the mineral-
ization plateau observed (about 0.6 mg L−1) near 100 s was
much lower than that in LUP (about 3 mg L−1), and the com-
parison of the two constant level of TOC values suggested
that the stable products could be oxidized more easily in
HUP than in LUP. It indicates that large numbers of electron-
hole pairs and •OH radicals can also increase the rate of

oxidation of stable products, dramatically enhancing the
degree of mineralization in the photocatalytic reaction.

To further investigate the effect of the amount of excited
electron-hole pairs on the photocatalytic mineralization pro-
cedure, we reduced excited electron-hole pairs by reducing
the TiO2 concentration by two orders of magnitude to
0.01 g L−1 and maintaining the photon flux constant. The
TOC removal and decolorization efficiencies with irradiation
time are shown in Figure 5. During the decolorization time
(0–120 s), there was only a small decrease of TOC. After the
decolorization of the solution, TOC decreased sharply, reach-
ing a terminal value of about TOC 1.2 mg L−1. Obviously, the
mineralization procedure of this experiment is similar with
LUP (Figure 4(b)). The two mineralization procedures have
both been designed by two different methods of reducing
excited electron-hole pairs. These results confirm the spec-
ulation, indicating that the amount of excited electron-hole
pairs is truly the main reason for the different photocatalytic
mineralization procedures.

4. Conclusion

The photocatalytic degradation of MB was investigated in
HUP and LUP. Three criteria have been selected to compare
both processes: (i) reaction rate and reaction time, (ii) the
initial apparent photonic efficiency, and (iii) mineralization
rate and mineralization degree. It was found that high UV
photon flux is effective for accelerating the photocatalysis
rate. Under optimal operational conditions, 99% decoloriza-
tion of MB solution could be achieved within 30 s of UV
irradiation time or more than 90% decolorization within
15 s, and 95% removal of 9.75 mg L−1 TOC could be achieved
within 120 s. The analysis of initial apparent photonic effi-
ciency shows the initial apparent photonic efficiency de-
creases with the increase of photon flux. Furthermore, we
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have established that a high density of electron-hole pairs
is one of reasons that caused decline of initial apparent
photonic efficiency at high photon flux photocatalytic reac-
tion, and the reduction in the density of excited electron-
hole could actually improve the initial apparent photonic
efficiency in high photon flux photocatalytic reaction. The
obtained results in mineralization processes showed that
high photon flux could dramatically improve the mineral-
ization rate and enhance the degree of mineralization in
the photocatalytic reaction, which is attributed to the large
numbers of electron-hole pairs and •OH radicals.
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