
A

T
s
p
I
t
p
©

K

1

a
a
o
s

i
g
n
o
e
a

e
a
h

1
d

Chemical Engineering Journal 139 (2008) 256–263

Comparison study of dyestuff wastewater treatment by the
coupled photocatalytic oxidation and biofilm process

Dong Seog Kim a, Young Seek Park b,∗
a Department of Environmental Science, Catholic University of Daegu,

Gyeongbuk 712-702, Republic of Korea
b Department of Health & Environment, Daegu University,

Gyeongbuk 712-714, Republic of Korea

Received 22 January 2007; received in revised form 12 July 2007; accepted 27 July 2007

bstract

Degradation of Rhodamine B (RhB) and COD by means of the coupled photocatalytic oxidation (PCO) and biofilm systems has been studied.
he coupled PCO-biofilm systems were divided into two operation systems. The one (R1) consisted of a pre-PCO and a post-biofilm reactor
ystem and the other (R2) was a pre-biofilm and a post-PCO reactor system. In a batch experiment, the order of initial decolorization rate was
hotocatalytic oxidation > adsorption > photolysis. The color removal rate of RhB was decreased with an increase of the initial COD concentration.

n a continuous experimental study, almost all color was removed in the PCO reactor. During 180 days, the color and COD removal efficiencies in
he R2 (pre-biofilm + post-PCO) system were higher than those in the R1 (pre-PCO + post-biofilm) system. In our experimental ranges, the PCO
rocess was superior to Fenton oxidation in the color and COD removal.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Dyes are the colored organic compounds that represent
n increasing environmental danger. During textile dyeing
nd finishing processes a large amount of effluent with high
rganic strength and colors can be introduced into aquatic
ystems.

Biological treatment of wastewater is often the most econom-
cal alternative when compared to other treatment options. In
eneral, conventional aerobic biological treatment processes do
ot treat dye wastewater effectively because of the large degree
f aromatics present in the molecules and the stability of mod-
rn dyes and results in problems of sludge bulking, rising sludge
nd pin point floc formation [1–3].

An advanced oxidation processes (AOP) have been used to

nhance the biotreatability of wastewaters containing various
nd non-biodegradable organics such as dyestuffs by generating
ydroxyl radicals (OH) as a powerful oxidizing species. Among
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he various AOPs, photocatalytic oxidation (PCO) has proven
ffective in degrading several dyestuffs.

PCO can be used to destroy dye compounds using semicon-
uctors such as the anatase form titanium dioxide and UV light
rradiation [4].

Although TiO2 sensitized PCO has been intensively studied
nd proved to be capable of oxidizing most organics, the sep-
ration of TiO2 after photo oxidation is the main problem [5].
iO2 can be immobilizing some media for ease separation from
ater after PCO; however, it was also found that the reaction

ate in a suspension system was about three to five times faster
han that in an immobilized system.

Also, one of the major drawbacks of AOPs is that their
perational costs are relatively high compared to those of
he biological treatment process and complete mineraliza-
ion needs prolonged irradiation causing a great obstacle for
he application of photocatalytic degradation in the wastewa-
er treatment. Therefore, the photocatalysis process has been

roposed as a useful pre- or post-treatment for biological
reatment [6]. A promising alternative to complete oxida-
ion of biorecalcitrant wastewaters is the use of an AOP as

pretreatment step to convert initially biorecalcitrant com-
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manufacturing wastewater treatment system and the synthetic
wastewater (Table 2) was fed to the biofilm reactor after
seeding.
D.S. Kim, Y.S. Park / Chemical En

ounds to more readily biodegradable intermediates, followed
y biological oxidation of these intermediates to biomass and
ater. More recently, very interesting coupled systems have
een proposed to treat several kinds of industrial wastewa-
ers: upflow anaerobic sludge blanket (UASB) pretreatment
ollowed by H2O2 and/or ozonation, Fenton’s reagent (aero-
ic biological treatment), or ozonation (biological treatment)
7].

In our group, special attention has been given for combining
he PCO and biofilm processes to degrade dyestuff wastewater.
wo kinds of combined systems are developed in all cases: the
ne is the immobilized TiO2 system followed by the aerobic
iofilm process and the other is the aerobic biofilm process fol-
owed by the immobilized TiO2 system. The main aim of this
tudy is to propose a general strategy that can be used to develop
combined PCO and biological process for dyestuff wastewater

reatment using batch experiments and continuous experiments
or 180 days.

. Materials and methods

.1. Materials

The dye, Rhodamine B (RhB, reagent grade, 95% pure), was
sed as a test pollutant. RhB consists of green crystals or reddish-
iolet powder and the molecular formula is C28H31CN2O3 (mol.
t. 479.00). It is highly soluble in water and its color is fluores-

ent bluish-red. RhB has been found to be potentially toxic and
arcinogenic and this compound is now banned from use in food
nd cosmetics [8]. The photocatalyst employed in this study was
egussa P-25 TiO2 powder of which the particle size is 30 nm

ontaining 70% anatase and 30% rutile. Its BET surface area is
0 m2/g.

.2. Preparation of immobilized photocatalyst

Immobilized TiO2 was formulated by a procedure described
arlier [9]. Immobilized TiO2 was formulated as follows: (1)
egussa P-25 TiO2 powder was mixed well with oxime type

ilicone sealant (TiO2 weight percentage: 15.0%), (2) putting
he mixture of silicone sealant and TiO2 powder on a glass slide,
preading the mixture like a film, (3) drying for 24 h at room tem-
erature, (4) cutting the film (length, 1–3 mm; width 1–3 mm;
hickness, 0.5–2 mm).

.3. Batch photocatalytic experiment

Immobilized TiO2 (87.0 g/l) was put into a photocatalytic
eactor (reactor volume, 1.75 l). In order to mix the immobilized
iO2, air was introduced for 5 l/min. Batch experiments con-
isted of three parts. The first batch experiment was conducted
o compare the performance of the adsorption, UV and photo-
atalytic oxidation at RhB concentration 2.5, 5, 10 and 15 mg/l.

dsorption was conducted by using a jar-tester at 200 rpm in a
ark condition. The second experiment was conducted to deter-
ine the effect of the initial RhB concentration on the RhB

ecolorization and COD removal efficiency at a constant COD
F
t
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oncentration of 200 mg/l (RhB concentration, 0, 2.5, 5, 10, 15
nd 20 mg/l,). The last experiment was done to determine the
ffect of the initial COD concentration on the decolorization of
hB and COD removal efficiency at a constant RhB concentra-

ion 15 mg/l (COD concentration, 0, 200, 400 and 800 mg/l). All
xperiments were conducted with the pH 7 and 20 ± 1 ◦C. All
atch experiments were conducted three times and mean values
ere showed.

.4. PCO reactor and biofilm reactor

The reactor systems consisted of a PCO reactor and a biofilm
eactor (Fig. 1). The systems were divided into two systems
y the sequence of reactor arrangement. The R1 system used
PCO reactor as a pretreatment followed by a biofilm reac-

or. In the R2 system, a biofilm reactor was installed before a
CO reactor. The detailed dimensions of reactor systems are
hown in Table 1. A biofilm reactor and PCO reactor were
ade of acrylic sheet and glass, respectively. An air-distribution

evice was installed in the lower part of PCO reactor for the
uidization of the immobilized TiO2 and air was controlled
y a rotameter. A 32 W UV lamp (G30T5VH, Lighttech),
hich basically emits 254 nm, was used as an artificial light

ource. The intensity of the incident light was 3.6 mW/cm2.
he optimum amount of the immobilized TiO2 in the reactor
nown as 87.0 g/l in a previous study [9] was put into the PCO
eactor.

An air diffuser was installed in the center of the biofilm
eactor. The support media were web-type polypropylene
Fig. 2). The seeding sludge was the recycled sludge in paper
ig. 1. Schematic diagram of photocatalytic oxidation and biofilm reactor sys-
em (basis: R1 system).
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Table 1
Dimensions of reactor system

Reactor system

R1 (PCO-biofilm) R2 (Biofilm-PCO)

R1-1 R1-2 R2-1 R2-2

Volume (l) 1.75
Area of support media at biofilm reactor (m2) –
Volume fraction of media at biofilm reactor (%) –
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Fig. 2. Photograph of the support media of web-type.

.5. Biofilm formation and continuous experiment

The CODcr of influent synthetic wastewater was 200 mg/l and
he hydraulic retention time (HRT) was maintained for 8 h. The
verall organic loading rate was 0.6 kg COD/(m3 day). After 20
ays, the formed biofilm was not detached from the media and
hB of 2.5 mg/l was fed to the biofilm reactor for 3–4 days

nterval in order to ensure acclimation to RhB.
After the biofilm formation and RhB acclimation periods for

months, HRT based on the biofilm reactor such as R1-2 and
2-1 was maintained for 32 h (R1-1, 9.8 h; R1-2, 32 h; R2-1,
2 h; R2-2 9.8 h) and the synthetic wastewater of COD 200 mg/l
ontaining RhB (2.5 mg/l) was flown into the first reactor of R1

nd R2 system. HRT was changed when the color and COD
oncentration in the biofilm reactor reached a steady state. All
xperiments were conducted with the pH 7 and 20 ± 1 ◦C.

able 2
ompositions of synthetic wastewater (unit: mg/l)

tem Concentration

lucose 200
rea 50
aHPO4 50
aCl 15
Cl 7
gSO4 7
hodamine B 2.5

i
r
t
p

p
d
o
t
n
a
i
c
t
a

5.73 5.73 1.75
0.228 0.228 –

19.9 19.9 –

.6. Fenton’s oxidation experiment

Fenton’s oxidation experiment was conducted in order to
ompare the performance of immobilized photocatalytic oxi-
ation system. At the steady state of HRT 4 h, the effluent pH
f biofilm reactor (R2-1) was controlled to pH 3 using H2SO4,
hich was known as the optimum pH in Fenton’s oxidation.
fter the Fenton’s oxidation experiment was done, the pH was

djusted to 7 again, using NaOH solution [10]. All experiments
ere conducted three times and mean values were showed.

.7. Measurement and analysis

The color of RhB was measured using the absorbance of
0 wavelengths by UV–vis spectrophotometer (UV-1201, Shi-
adzu) and it was shown as ADMI (American dye manufactures

nstitute) color using the Adams–Nickerson color difference
ormula [11]. The COD measurement followed the procedures
escribed in the Standard Methods [12].

. Results and discussion

.1. Batch experiments

Fig. 3 shows the decrease of color with different initial
hB concentrations using UV irradiation, adsorption and pho-

ocatalytic oxidation (immobilized TiO2 + UV irradiation). The
dsorption onto the inside of reactor was neglected. The initial
ecolorization rate was calculated using the data during the first
0 min and are shown in Fig. 3 and listed in Table 3 [13]. As
hown in Fig. 3 and Table 3, the initial decolorization rate was
ncreased with the increase of initial RhB concentration. The
ate increase of photocatalytic oxidation is the highest among
he three decolorization mechanisms (adsorption, photolysis,
hotocatalytic oxidation).

It is obvious that the order of color removal rate is
hotocatalytic oxidation > adsorption > photolysis at the three
ecolorization activities [13]. The fast decolorization of RhB
ccurred in the presence of both photocatalyst and UV irradia-
ion. Bhatkhande et al. [14] reported that when the adsorption of
itrobenzene on the TiO2 surface is the greatest, the photocat-
lytic degradation is effectively the highest and a large decrease

n the concentration is observed at the beginning of the photo-
atalytic degradation experiments. Zhu et al. [15] reported that
he most important factor among the supports for TiO2 is the
dsorption ability. Judging from the above reports and results,
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Fig. 3. Effect of initial RhB color on the RhB decolorization. (�) Adsorption, (�) UV irradiation, (�) immobilized TiO + UV irradiation Run1, initial ADMI color
N hB c
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o. 1167 (RhB concentration, 2.5 mg/l); Run2, initial ADMI color No. 2330 (R
0 mg/l); Run4, initial ADMI color No. 6982 (RhB concentration, 15 mg/l).

he adsorption onto the immobilized TiO2 may be an important
actor in RhB photocatalytic decolorization and assisted the pho-
ocatalytic oxidation by an increase of light penetration [16]. We
ad already reported that the immobilized TiO2 had high adsorp-
ion ability and the decolorization of the immobilized TiO2 was
igher than that of the powdered TiO2 [13,16].

Based on the COD 200 mg/l, the variation of color and COD
y the variation of RhB concentration as 0, 2.5 (ADMI color
o., 1167◦), 5 (ADMI color No., 2230◦), 10 (ADMI color
o., 4645◦), 15 (ADMI color No., 6982◦) and 20 mg/l (ADMI

olor No., 9312◦) were observed and shown in Fig. 4. Accord-
ng to Fig. 4(a), almost all color was removed within 100 min
ven though the high RhB color of 9312◦ (RhB concentration,
0 mg/l). Therefore, the color removal ability of the photocat-
lytic reactor was shown as high. When only COD of 200 mg/l
ere supplied as shown in Fig. 4(b), the COD concentration
as shown as 24 mg/l after 240 min. The COD removal rate was

ow at the initial reaction state when the RhB concentration was

0 mg/l, however, the COD removal rate increased at 100 min
hen the color removal was completed. Comparing the color

nd COD removal, the color removal was relatively faster than
he COD removal. It indicates that, in general, the decolorization

f
c
T
s

able 3
nitial decolorization rate of RhB (◦/min)

Rate

Run1

V irradiation only 17.0
dsorption by immobilized TiO2 30.2

mmobilized TiO2 + UV irradiation 38.3
2

oncentration, 5 mg/l); Run3, initial ADMI color No. 4645 (RhB concentration,

ate of the RhB solution was more rapid than the mineralization
ate of the COD removal. The latter will take a longer time for
urther oxidation [17].

The effect of COD concentrations on the RhB color removal
as observed at the RhB concentration of 15 mg/l (Fig. 5). The

nitial decolorization rate was decreased by the increase of the
nitial COD concentration (Fig. 5(a)). The COD removal rate
as decreased by the increase of initial COD concentration

Fig. 5(b)). In the report of Quan et al. [18], the increase of
rganic and inorganic concentration inhibited the photocatalytic
egradation rate of lindane (�-hexachlorocyclo hexane). Also,
incon and Pulgarin [19] reported that photo disinfection of
scherichia coli was greatly inhibited by the organic matters.
hifu and Gengyu [20] reported that adding the organic com-
ounds into reaction solution, the conversion of nitrate decreases
apidly and organic compounds are effectively trapped matter
f •OH radicals, when there are organic compounds in the reac-
ion solution, the organic compounds compete with the nitrate

or the •OH radicals, so that through the addition of organic
ompounds, the photocatalytic oxidation of nitrate is inhibited.
herefore, we can see that the initial COD concentration in the
olution affected the color removal rate.

Run2 Run3 Run4

19.1 19.6 22.1
54.3 87.6 126.5
74.9 149.3 216.1



260 D.S. Kim, Y.S. Park / Chemical Engineering Journal 139 (2008) 256–263

Fig. 4. Effect of initial RhB color on the RhB decolorization (a) and COD
removal (b). (a) Color removal and (b) COD removal. Initial COD concentra-
tion, 200 mg/l; (©) ADMI color No. 0 (RhB concentration, 0 mg/l), (�) ADMI
color No. 1167 (RhB concentration, 2.5 mg/l), (�) ADMI color No. 2330 (RhB
concentration, 5 mg/l), (�) ADMI color No. 4645 (RhB concentration, 10 mg/l),
(
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[23] reported that if the pre-treatment (photochemical) time in
�) ADMI color No. 6982 (RhB concentration, 15 mg/l), (�) ADMI color No.
312 (RhB concentration, 20 mg/l).

.2. Continuous experiment

The variations of HRT in R1 and R2 systems are shown
n Table 4. In continuous experiments, the influent and efflu-
nt ADMI colors of each reactor in R1 and R2 systems were
hown in Fig. 6. The influent ADMI color was in the range of
210–1245◦. In the R1 system (PCO + biofilm), at the case of
1-1, almost all color was removed and the color was shown as
2–25◦ at a steady state until stage C and the remaining color
as removed to 5–6◦ at R1-2 (Fig. 6(a)). As the HRT in the
iofilm reactor decreased to 8 h (PCO reactor, 2.4 h), the color
as shown in the effluent of post-biofilm reactor. And it was

hown as 160–180◦ when the HRT was 4 h (PCO reactor, 1.2 h).
t this point, the effluent color was 50–60◦ at the pre-PCO reac-

or; however, it increased to 160–180◦ at the post-biofilm reactor.
e can see that the color was apparently removed by the break-

own of chromophore at the pre-PCO reactor; the incomplete
roken down RhB was reorganized and formed the color in the
ost-biofilm reactor even though the reason was not distinct yet.

In pre-PCO and post-biofilm reactor systems, the limiting

RT of the pre-PCO reactor and the biofilm reactor should be
igher than 2.4 and 8 h, respectively, in order to satisfy the water
tandard at clean area in Korea [21].

p
o
a

OD removal (b). Initial ADMI color No. 6982 (RhB concentration, 15 mg/l),
OD concentration (©) 0 mg/l, (�) 200 mg/l, (�) 400 mg/l, (�) 800 mg/l.

The effluent ADMI colors of the pre-biofilm reactor and the
ost-PCO reactor in the R2 were shown in Fig. 6(b). In the pre-
iofilm reactor, the color was shown as about 860◦ and the color
emoval efficiency was 30.6% until HRT 12 h. However, the one
as 1167◦ and the other was 5.8% after HRT 12 h, which showed

hat the color removal was limited in the pre-biofilm reactor. The
ffluent color at the post-PCO reactor was a little influenced by
he effluent color at the pre-biofilm reactor at the high HRT con-
ition and the effluent color at the post-PCO reactor increased
s the HRT was decreased. The effluent color at the post-PCO
eactor was about 30◦ at the stage E, which was much lower than
hat of the R1 system.

The absorbance of influent and effluent of each reactor at a
teady state in HRT 1.2 was shown in Fig. 7. In the R1 system, in
he case of the pre-PCO reactor, the peak was not noticeable at
54 nm, which was the peak wavelength of RhB. However, at the
ost-biofilm reactor, the peak appeared again at 554 nm. In the
2 system, the peak at 554 nm was high at the pre-biofilm reac-

or, but was not noticeable at the post-PCO reactor. Also, in this
ystem, a new peak, which meant a color change, was not visible.
he color removal of RhB was caused by the breakdown of chro-
ophore, because a new peak was not shown [22]. Pulgarin et al.
hotochemical-biological treatment of p-NTS (p-nitrotoluene-
rtho-sulfonic acid) is too short, the intermediates in the solution
re still structurally close to the initial compound and the effi-
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ig. 6. Variation of color with operation time in R1 (a) and R2 (b) systems. (�)
nfluent, (�) biofilm effluent, (�) PCO effluent.

iency of both the biological and the whole coupled process is
ramatically diminished.
In the results in Fig. 7 and Pulgarin et al. [23], the untreated
hB was reorganized and the color was shown again at the post-
iofilm reactor in the R1 system because of the short HRT of the
re-PCO reactor.

c

b
H

able 4
RT conditions in continuous experiments

RT Stage

A B

iofilm 32 24
CO 9.8 7.3
ig. 7. Absorption spectrum of an influent and R1and R2 at HRT 1.2 h (basis:
CO reactor). (—) Influent, ( ) R1-1 (PCO), (�) R1-2 (biofilm), (· · ·) R2-1
biofilm), (©) R2-2 (PCO).

.3. COD removal

The variations of influent and effluent COD concentration in
1 and R2 systems were shown in Fig. 8. The influent COD was

n the range of 204–216 mg/l. The effluent COD in the pre-POC
eactor in the R1 system was low, below 20 mg/l at stage A, B
nd C, so the remaining COD to be treated at the post-biofilm
eactor was very low. When the stage was turned to E (low
RT), the effluent COD of the pre-PCO reactor and the post-
iofilm reactor increased to 64.5 and 14.3 mg/l, respectively,
nd the overall COD removal efficiency at this HRT was 93.3%.
he COD value at this HRT was lower than the water standard;
owever, the color value was over the standard in Korea. The
ptimum operation condition should be determined by the color
alue, so it was D stage.

In the R2 system, the effluent COD concentration at the pre-
iofilm reactor and post-PCO reactor were 33.4 and 17.5 mg/l
t stage E, respectively. Comparing the COD removal in R1 and
2, most COD was removed at the pre-PCO reactor in the R1

ystem; however, the variation of COD removal was low in R2,
xcept HRT 4 h. At stage E, the final effluent COD concentration
n R1 was similar to that in R2; however, the R2 was superior to
1 in color removal.

In many other studies, in order to treat a recalcitrant material
uch as dye, atrazine and olive mill in solution, the AOP pro-
ess was preferentially selected as a pretreatment process at the

oupled system with biological process [7,24–26].

Reviewing the results in Figs. 6–8, when the loading of
iodegradable organics were increased by the decrease of
RT, the preferential COD removal was necessary because

C D E

12 8 4
3.7 2.4 1.2
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he COD concentration inhibited the color removal rate
Fig. 5). Therefore, the R2 system, using the biological pro-
ess preferentially, was superior to the R1 system in the color
emoval.

.4. Variation of UV254

Most absorbance value occurring in the UV region of
00–400 nm has a close relation with the double-bond hydro-
arbon and natural organic matter such as aromatic compounds

nd unsaturated aliphatic compounds, and it has been used as
parameter, which can substitute the dissolved organic carbon

DOC). And so, the absorbance value in UV254 has been used in
etermining the state variation of organic matter indirectly [27].

F
H
o
a

ig. 9. Variance of UV254 in the influent and effluents at steady state (HRT basis:
CO reactor). (�) Influent, (�) R1-1, (�) R1-2, (�), R2-1, (�), R2-2.

Based on the HRT of the PCO reactor, UV254 values of influ-
nt and effluent in each reactor were shown in Fig. 9. UV254 value
n the influent was 0.205 and the UV254 values in the effluent
ere decreased by the increase of HRT. Especially, in the R1

ystem, the difference of UV254 values between the pre-PCO
eactor and the post-biofilm reactor was not significant. How-
ver, in the R2 system, the difference between the pre-biofilm
eactor and the post-PCO reactor was high. Therefore, we can
ssume that UV254 materials could not be degraded well in a
iofilm reactor, irrespective of the order. At a higher HRT than
.4, the UV254 values of final effluent in the R1 system were
ower than those in the R2 system. However, at the low HRT of
.2, the value in the R2 system was lower than that in the R1
ystem. Therefore, we can assume that the R1 system is more
fficient for the removal of DOC at the high HRT (low loading
ate), but the R2 system is efficient at a low HRT (high loading
ate).

.5. Fenton oxidation

The dyestuff wastewater in Korea has been treated mainly
y the coagulation-activated sludge process and pure oxygen-
ctivated sludge-Fenton oxidation process [28,29]. The activated
ludge-coagulation process and their combination are widely
sed in textile wastewater treatment. However, the combination
rocess is not sufficient in textile wastewater and sludge pro-
uced from both processes becomes more difficult to dispose
10]. A method of treating dye or textile wastewater with a hydro-
en peroxide-ferrous ion system, known as Fenton’s reagent,
as been reported by many investigators. The Fenton reaction is
nown as a viable technique for the treatment of dye wastewater
30].

In order to investigate the oxidation ability of the PCO reactor,
he Fenton oxidation process was compared using the effluent
rom the pre-biofilm reactor (R2-1, HRT 4 h) at a steady state.

enton oxidation was conducted by varying Fe2SO4·7H2O and
2O2 (30%) concentration at the optimum pH 3 and mixing rate
f 250 rpm. The experiment conditions and the results of PCO
nd Fenton oxidation for the removal of color and COD are in



D.S. Kim, Y.S. Park / Chemical Engineering Journal 139 (2008) 256–263 263

Table 5
Comparison between PCO and Fenton oxidation

Raw wastewater PCO Fenton

H2O2 dosage (mmol) – – 12.5
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DMI color No. 1167
OD (mg/l) 33.4

able 5. All experiment results were lower than the allowing
imit. And the experiment results of color and COD removal
n the POC reactor were superior to any Fenton oxidation’s
esults.

Arslan et al [31] reported that the initial reaction rate
onstant for decolorization and COD removal efficiency
as shown as photo-Fenton > Fenton > UV/TiO2 in AOP for
emazol Black B4. However, in Remazol Turquoise Blue

133, the color removal and COD removal were in
he order of photo-Fenton > Fenton > UV/TiO2 and photo-
enton�UV/TiO2 > Fenton, respectively. Also, Hsing et al
32] studied the AOP of Acid Orange 6 (AO6) and
eported as follows: among the investigated AOPs, the
anking of AO6 decolorization was in the order of
enton > O3/UV/TiO2 �O3/UV > O3 > UV/TiO2 �UV and the
erformance of AOPs on TOC removal was in the order of
3/UV/TiO2 > O3/UV > Fenton = O3 > UV/TiO2 > UV.
Moreover, in the comparative study for the removal of 15

g/l RhB [33], the order of RhB decolorization and
OD removal were shown as photo-Fenton > UV/TiO2/H2

2 > Fenton > UV/H2O2 > UV/TiO2 and photo-Fenton > UV/
iO2 /H2O2 > UV/TiO2 > Fenton > UV/H2O2, respectively.

Comparing these results with other researchers’ results, we
an see that the optimum AOP should be selected cautiously
fter the fundamental study because the removal efficiencies
f color and COD can be changed by the object removal
aterials.

. Conclusions

Batch experiments using the immobilized photocatalyst and
wo coupled continuous experiments with the PCO-biofilm and
iofilm-PCO were conducted. When the color was 9312◦, almost
ll color was removed at 100 min by the batch experiments of
mmobilized photocatalysis. The COD removal rate decreased as
he increase of color and the initial color removal rate decreased
y the increase of the COD concentration. The PCO reactor
as good for color removal but it was not for COD removal.
he color and COD removal efficiencies in the R2 system (pre-
iofilm + post-PCO) were higher than those in the R1 system
pre-PCO + post-biofilm). The optimum HRT in the R1 system
as 2.4 h of pre-PCO reactor and 8 h of post-biofilm reac-

or. And the optimum HRT in the R2 system was 4 h of the

re-biofilm reactor and 1.2 h of the post-PCO reactor. So, the
RT in R1 was twice as high as that in R2. The PCO pro-

ess was superior to Fenton oxidation in the color and COD
emoval.
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[7] V. Sarria, M. Deronet, P. Péringer, C. Pulgarin, Appl. Catal. B: Environ. 40

(2003) 231–246.
[8] Mistiry of Health Singapore, http://www.gov.sg/moh/mohiss/poison/

rhodam.html, 2002.
[9] Y.S. Park, J. Environ. Sci. 13 (10) (2004) 921–928 (in Korean).
10] S. Meric, H. Selcuk, M. Gallo, V. Belgiorno, Desalination 173 (2005)

239–248.
11] W. Allen, W.B. Prescott, R.E. Derby, C.E. Garland, J.M. Peret, M.

Saltzman, Proceedings of the 28th Industrial Waste Conference, Purdue
University, Eng. Ext., Ser. No. 142, 1973, p. 661.

12] APHA, AWWA, WEF, Standards Methods for the Examination of Water
and Wastewater, 20th ed., Washington DC, 1998.

13] D.S. Kim, Y.S. Park, Chem. Eng. J. 116 (2006) 133–137.
14] D.S. Bhatkhande, V.G. Pangarkar, A.A.C.M. Beenackers, Water Res. 37

(2003) 1223–1230.
15] C. Zhu, L. Wang, L. Kong, Z. Yang, S. Zheng, F. Chen, F. Maizhi, H. Zong,

Chemosphere 41 (2000) 303–309.
16] Y.S. Na, S.K. Song, Y.S. Park, Korean J. Chem. Eng. 22 (2) (2005) 196–200.
17] Y. Wang, Water Res. 34 (3) (2000) 990–994.
18] X. Quan, J. Niu, S. Chen, J. Chen, Y. Zhao, F. Yang, Chemosphere 52

(2003) 1749–1755.
19] A.-G. Rincon, C. Pulgarin, Appl. Catal. 51 (2004) 283–302.
20] C. Shifu, C. Gengyu, Solar Ener. 73 (1) (2002) 15–21.
21] Ministry of Environment Republic Korea, http://www.me.go.kr/cgi-

bin/nsuplaw view.cgi?av bubno=00005&, 2006.
22] J. Zhao, T. Wu, K. Wu, K. Oikawa, H. Hidaka, N. Serpone, Environ. Sci.

Technol. 32 (1998) 2394–2400.
23] C. Pulgarin, M. Invernizzi, S. Parra, V. Sarria, R. Polania, P. Péringer, Catal.
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