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Abstract−−−−Experiments were performed to investigate the effect of operating parameters on the photodegradation
efficiency of paraquat in a TiO2-suspended photoreactor with immersed UV lamps. TiO2 particles were prepared by a
hydrothermal method. The removal rate of paraquat in the reactor was 0.54 mg/l/h with only air-sparging. The removal
rate in 24 h with both the UV radiation and air-sparging was 50% higher than that with only the UV radiation.
Variations of the paraquat concentration at the UV intensities of 4 and 8 W/m2 decreased slowly with time, but that at
12 W/m2 decreased more rapidly. The removal efficiency at the air-sparging flow rate of 1l/min increased as a UV
light intensity increased. pH value in the reactor at the UV intensity of 12 W/m2 decreased with time until 12 h and
then increased with time over 12 h.
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 INTRODUCTION

With industrial advances, the chemical and bacteriological con-
tamination of water streams has become an issue of a worldwide
concern. Several treatment methods of waste water have been re-
ported to remove toxic or volatile organic compounds which are xe-
nobiotic [Valladares, 1995; Pozzo et al., 1997; Lindner et al., 1997;
Choi et al., 2000; Molinari et al., 2000]. The decomposition of or-
ganic compounds such as residual pesticides in the environment
using a titanium dioxide (TiO2) as a photocatalyst has gathered much
attention due to easy handling and its high efficiency [Tennakone
and Kottegoda, 1996; Kuo and Lin, 2000].

The TiO2/UV process has been known to have many advantages:
in particular, a large number of organic compounds dissolved or
dispersed in water can be mineralized; the photodegradation is re-
latively high if large surface areas of the photocatalyst are available;
TiO2 is inexpensive and can be recycled on a technical scale; UV
lamps emitting in the spectral region required to initiate the photo-
catalytic oxidation are easily available in various sizes or shapes.
Furthermore, surface modification of the photocatalyst to increase
the UV light absorption efficiency as well as doping process of tran-
sition metal-ion to utilize the visible light like free sunlight instead
of expensive UV light, have enhanced the commercial applications of
photocatalyst to water purifications [Legrini et al., 1993]. Although
the efficiency of the photo-process due to a hole-electron recombi-
nation can slightly be reduced, the doping of TiO2 with transition
metal ions makes the amount of adsorbed visible light enhanced,
and the doping effect of the metal ions increases with the low field
of light intensity.

The well-known principle of photo-oxidation is that UV illumi-
nation onto a photocatalyst excites to produce electron and hole pair

(e−/h+) with high-energy state, which migrate to the particle surfa
and initiate a wide range of chemical redox reactions [Hoffmann
al., 1995]. The valence band potential (+2 eV) is positive enough
generate hydroxyl radicals at the surface and the conduction 
potential (−0.2 eV) is sufficiently negative to reduce molecular ox
gen. The hydroxyl radical is used as a powerful oxidizing agen
convert organic pollutants into CO2 and less toxic by-products.

Paraquat dichloride has been extensively used as a herbicide
its residues in the environment have been a potential health ha
There have been some reports that photodegradation of par
by using titanium dioxide in recent years. Tennakone and Ko
goda [1996] reported that 50 mg paraquat/l was decomposed in aque
ous solutions, when in contact with TiO2 affixed on a polymer film
on irradiation for 6 h with a 400W medium-pressure mercury lam
It was found that paraquat could be mineralized to CO2, NH3, HCl
and small quantities of NO2

−/NO3
− by solar or artificial irradiation

of contaminated water in the presence of TiO2-coated film.
Many studies related to the photodegradation using aqueous

pended TiO2 particles have been performed recently [Ollis, 198
Matthews, 1986; Matsunaga and Okochi, 1995; Martyanov and
vinov, 1997]. However, these many studies involve the problem
be yet resolved, namely, the exponential decrease of radiation a
ability due to the absorbance of UV radiation by particles themsel

In this study, the effect of photo-oxidation parameters on the p
quat removal has been investigated in a photoreactor with suspe
TiO2 particles, where UV lamps were immersed at the regular sp
intervals to enhance the light availability and TiO2 particles were
prepared by a hydrothermal method to enhance their photoacti

EXPERIMENTAL

1. Materials
Paraquat dichloride(1-1'-dimethyl-4,4'bipyridinium dichloride,

purity>99%, Aldrich Chem Co., USA) was used without furth
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purification. The reactor wall made of polypropylene was used in
the experiment because paraquat has self-attaching property on glass
[Tennakone and Kottegoda, 1996].

TiO2 as a photocatalyst was prepared by such a hydrothermal
method as shown in Fig. 1 to increase the photoactivity [Lee et al.,
2002; Cho et al., 2002].

Titanium-tetraisopropoxide (TTIP, 99.99%), ethyl alcohol, and
isopropanol (Junsei Chemical Co Ltd., Japan) were used as the TiO2

source and the solvent, respectively. Distilled water and hydrochloric
acid (35%, Junsei Chemical Co Ltd., Japan) were used to induce
the hydrolysis in the mixture. In the hydrothermal method, 10 ml
TTIP was dissolved in 100 ml isopropanol and then 0.15 ml water
and a few drops of about 1.0 ml of 9.6 N HCl were added. In fact,
in order to synthesize the TiO2 as a powder form, the stoichiomet-
ric amount of water needed is 2.5 ml for 10 ml TTIP. The mixture
was heated up in an autoclave to 200oC at a rate of 5oC/min, and
then the temperature was kept constant for 1 h. The TTIP was hy-
drolyzed with OH groups in the mixtures of water and isopropanol
during the heat treatment at 20 atm. A very small amount of pre-
cipitate formed during the process, while it was almost invisible,
was removed by centrifuge. The synthesized colloidal particles were
used as a photocatalyst. The average diameter, the BET surface area,
and the density of TiO2 particles are 40±10 nm, 70±10 m2/g, and
3.89 g/cm3 at 20oC, respectively. The crystal structure of prepared
TiO2 particles was shown to be the anatase type in a previous study
[Lee et al., 2002].
2. Analysis

The photodegradation of the paraquat in the solution was deter-
mined colorimetrically at 600 nm by the dithionite method [Pope
and Benner, 1974] using a UV spectrophotometer (UV-160A, Shi-
mazu Co, Japan). Intermediate formation in the photo-reaction was
analyzed by using an IC (Ion Chromatograph, Waters, Alltech As-

sociates, Inc., Illinois, U.S.A.), a GC (Gas Chromatograph, M-60
Younglin Co., Korea), and an LC-Mass Spectrometer (1100 se
Agilenp Co., California, U.S.A.). Ionized compounds in 5 ml sam
ples from the reactor solution were measured at regular inter
Gases produced during the photoreaction were analyzed by a
where a column of carboxen-1004 and helium as a carrier gas 
used. The 5 ml gas, which was sampled by using an injector f
a sealed photo-reactor, was analyzed according to the following
cedures. The measurement with an HPLC was performed by u
a 150×3.2 mm I.D. column filled with Nucleosil 100-3 C18 with
the particle size of 3µm.
3. Methods

The experimental setup for the study is shown in Fig. 2, wit
reactor volume of 1 liter. Experiments were performed in an imm
sion-type reactor equipped with an external water jacket to ke
constant temperature, and low-pressure mercury lamps of 6 W (
micidal lamp; Shin-an Co., Korea) were used as the UV radia
source.

The energy spectrum of UV light was measured with a mo
chromator (404VM, Acton Research Co, MA, USA). The maj
peak wavelength occurs at 254 nm (in the UV-C), as in the us
anatase type of TiO2 in various studies of photocatalytic decompo
sition [Mazzarino et al., 1999; Shiraishi et al., 1999], which ha
stronger effect than that with UV-A lamps (λ: ~380 nm).

Air-sparging into the reactor was performed by a blower to s
ply oxygen for the enhancement of photooxidation. Air was d
persed at the flow rate of 1l/min by using an air diffuser and the
initial concentration of paraquat was 100 mg/l. 

RESULTS AND DISCUSSION

1. Relationship of Photon Rate Dependent on the Number of
Immersed UV Lamps

Light intensity of UV has been reported to be an important 
rameter affecting the photoactivity [Lindner et al., 1997; Mart
anov and Savinov, 1997; Mazzarino et al., 1999]. The relations
of the photon rate with the number of inserted lamps is show
Fig. 3.

The reactor was designed with nine pieces of lamp at the m

Fig. 1. Preparation procedure of TiO2 by a hydrothermal meth-
od.

Fig. 2. Schematic diagram of a photoreactor with suspended TiO2.
Korean J. Chem. Eng.(Vol. 20, No. 5)
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imum. The photon rate of UV light was determined by an acti-
nometry method using potassium ferrioxalate [Braum et al., 1991],
where photon rate is calculated as the ratio of absorbed photons on
the control surface during photocatalysis. The photon rate increased
linearly as the number of the lamps increased from 1 to 9 pieces,
where photon rates were 6.8, 15.5, 18.6, and 25.2µE·s−1, respec-
tively, where 2, 4, 6, and 9 lamps were inserted in the reactor.
2. Air-Stripping Effect on the Paraquat Removal in the Ab-
sence of UV Radiation

To investigate the effect of stripping due to the air-sparging, an
experiment was performed with only air-sparging, without both the
UV radiation and suspended TiO2. The variation of paraquat con-

centration with time is shown in Fig. 4; the air-sparging into t
reactor at the flow rate of 1l/min was performed by a blower.

The initial concentration of paraquat in the reactor was 100 ml.
The paraquat concentration using the reactor with only air-sp
ing was 97, 93, and 70 mg/l in 5, 15, and 35 h, respectively. Th
concentration decreased linearly with time and the stripping 
was 0.54 mg/l/h, which was estimated as the amount of paraq
removed in unit volume per unit time. Complete removal of pa
quat required about over 180 h in this manner.
3. Effect of Air Sparging on the Photodegradation of Paraquat
in the Presence of UV Radiation

To investigate air sparging effect on the photodegradation of p
quat in the presence of the UV radiation, the experiment was 
ducted with/without air-sparging at the UV radiation intensity 
36 W/m2 in the absence of TiO2 particles. Fig. 5 shows the differ-
ence of the removal rates with the air-sparging and without the
sparging, in the presence of the UV radiation in both cases.

Paraquat concentrations in the presence of only the UV ra
tion were 57, 41, and 10 mg/l in 24, 36, and 72 h, respectively. Th
concentrations with the air-sparging in the presence of the UV
diation were 35, 16, and 1 mg/l in 24, 36, and 72 h, respectively
The removal rate in the latter case was 50% higher in 24 h than
in the former case. The air-sparging effect on the paraquat rem
in the photoreactor could have resulted from the oxygen increa
4. Effect of UV-Light Intensity on the Photodegradation of
Paraquat

The effect of UV-light intensity on the photodegradation in t
presence of 0.1 g TiO2/l was investigated by increasing the numb
of the UV lamps with the major peak wavelength at 254 nm in the
absence of air-sparging (Fig. 6).

The initial concentration of paraquat in the reactor was 100 ml.
The paraquat concentration at UV light intensities of 4 and 8 W2

decreased slowly with time. However, the paraquat concentrat
at the UV light intensity of 12 W/m2 decreased rapidly as 38, 20
12 mg paraquat/l in 16, 24, and 40 h, respectively. The removal ra

Fig. 3. Variation of photon rate with respect to the number of im-
mersed lamps in the reactor.

Fig. 4. Effect of the air-sparging (1 L/min) on paraquat degrada-
tion in the absence of both the UV radiation and TiO2 par-
ticles.

Fig. 5. Effect of the air-sparging on paraquat degradation in the
absence of TiO2 particles at UV light intensity of 36 W/m2

(�: without air-sparging, �: with air-sparging at 1 L/min).
September, 2003
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in 40 h were 1.4, 1.6, and 2.2 mg/l/h at the UV light intensities of
4, 8, and 12 W/m2, respectively. If the reaction rate is an apparent
first order, the rate constant (K) were 0.021, 0.026, and 0.053 h−1 at
the UV light intensities of 4, 8, and 12 W/m2, respectively.
5. Paraquat Removal and pH Variation with UV Light In-
tensity in the Presence of Air-Sparging

The variation of paraquat concentration with the UV light inten-
sity in the presence of both air-sparging and TiO2 particles is shown
in Fig. 7.

The removal efficiency increased with UV-light intensity at air-
sparging rate of 1l/min and TiO2 concentration of 0.1 g/l. The re-
quired times for 90% removal of paraquat were 18, 12, and 3 h at
the UV light intensities of 12, 24, and 36 W/m2, respectively.

The pH value in the solutions varied during the paraquat ph
degradation (Fig. 8). The time when a minimum pH value occur
was shortened as 12, 9, and 6 h as the UV-light intensity incre
from 12, through 24, to 36 W/m2.

By-products such as NO3
−, NO2

−, and HCl during the photodeg-
radation of paraquat in 6 h were analyzed by an IC (Ion Chrom
tography) as shown in Fig. 9. The pH value decreased in the in
stage of the photodegradation due to the formation of acidic c
pounds (NO3

−, NO2
−, HCl); however, the pH value increased as a ba

ammonium compound formed gradually. Tennakone and Kottg
[1996] reported that by-products during the overall photooxidat
of paraquat were as follows:

C12H14Cl2N2+nOH·�12CO2+(NH4
+, NO3

−, NO2
−, HCl, H2O) (1)

Fig. 10 shows the production of the gases such as N2, O2, and

Fig. 6. Effect of UV-light intensity on paraquat degradation in the
absence of the air-sparging with 0.1 g TiO2/L (�: 4, � : 8,
and �: 12 W/m2).

Fig. 7. Effect of UV-light intensity on paraquat degradation at
0.1 g TiO2/l in the presence of the air-sparging (�: 12, � :
24, and � : 36 W/m2).

Fig. 8. pH variation with UV-light intensity at 0.1 g TiO2/l in the
presence of the air-sparging (�: 12, �: 24, and �: 36 W/
m2).

Fig. 9. Ion chromatogram of the by-products during the photo-
degradation of paraquat.
Korean J. Chem. Eng.(Vol. 20, No. 5)
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CO2 corresponding with the chromatographic peaks at 1.587, 1.
and 9.131 min. The total amount of CO2 measured was larger than
the stoichiometric amount reported by Tennakone and Kotteg
[1996], since other carbon sources in contaminated water were
photodegraded to CO2.

Fig. 11 shows the derivative compounds formed during the p
todegradation of paraquat in the reactor with TiO2/UV, which were
analyzed by the LC-MS (Liquid Chromatograph-Mass Spectro
eter). Two kinds of compounds derived from the paraquat degr
tion in 1 h were identified as 4,4-bipyridinium(a) and 4-methyl-py
idine(b). Their structures are shown in Fig. 12, the molecular weig
of which were 158 and 93.

The initial photocatalytic reaction rate with respect to initial o
ganic concentration follows the Langmuir-Hinshelwood type of re
tionship, which is expressed as the following equation [Davis, 19
Fernandez et al., 1995; Herrmann et al., 1997].

r0=kKC/(1+KC) (2) 

where k is the true reaction rate constant dependent on variou
rameters such as the mass of catalyst, the flux of efficient pho
and the coverage in oxygen, K is the adsorption equilibrium c
stant, and C is the initial concentration of the target organic co
pound. The initial concentration of 100 mg paraquat/l decreased to
98 mg paraquat/l by a 48 h adsorption, namely, 2 mg paraquat/l was
adsorbed in equilibrium at 0.1 g TiO2/l, whose specific surface area
is 70±10 m2/g. The adsorption equilibrium constant (K) was esti-
mated as 0.02, although paraquat is a strong adsorbent. The exp
sion of Eq. (2) describes a first-order reaction at low substrate 
centrations. Since the initial concentration is as low as 100 mg p
quat/l, the term KC in the denominator can be neglected with 
spect to unity, and then the reaction rate becomes an apparen
order [Fernandez et al., 1995].

r0=−dC/dt=kKC=KaC (3)

where Ka is the apparent rate constant of the pseudo-first order. 
integral form of the rate equation is

ln(C/Co)=Kat (4)

The relationship between ln (C/Co) and time (t) in the presence
of the UV radiation and air-sparging is shown in Fig. 13. The slo
of the straight lines representative of apparent rate constant a),
are 0.007, 0.032, and 0.085/h with only air-sparging, only the 
radiation, and both the UV radiation and air-sparging, respective

Fig. 10. Gas chromatogram of gases from the photodegradation
of paraquat in the existence of both the UV radiation and
TiO 2 particles.

Fig. 11. Liquid chromatograms of derivative compounds formed
during the paraquat photodegradation. (a) 4,4-bipyridin-
ium and (b) 4-methyl-pyridine.

Fig. 12. Chemical structure of derivative compounds formed dur-
ing the paraquat photodegradation (a) 4,4-bipyridinium
and (b) 4-methyl-pyridine.
September, 2003
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The plot of ln(C/Co) vs t was observed to be linear in three cases,
and the air-sparging is one of important parameters to determine
the degradation rate of paraquat [Chen et al., 1999; Wu et al., 2000;
Boukas and Mantzouridou, 2001; Neves et al., 2001].

Fig. 14 shows the variation of paraquat concentration represented
as the Langmuir-Hinshelwood model, which is dependent on the
number of inserted UV-lamps. The apparent rate constant (Ka) in-
creased as 0.016, 0.030, and 0.043/h as the number of inserted lamps
in the reactor increased from 1, through 2, to 4 pieces.

CONCLUSIONS

Experiments were performed to investigate the parameters
the removal of paraquat dissolved in an immersion-type photoreac-
tor with suspended TiO2 particles, where they were prepared by
hydrothermal method. The required time for 90% removal of pa
quat was 18, 12, and 2 h at the UV light intensities of 12, 24, 
36W/m2, respectively. The removal rates of paraquat in 0.1g TiO2/l
at the UV intensity of 36 W/m2 increased from 1.8 to 2.7 mg/l/h
when the air-sparging flow rate of 1l/min was given, while the re-
moval rate was 0.54 mg/l/h in the reactor with only air-sparging.

The variation of paraquat concentration with time, dependen
the existence of UV radiation and air sparging, showed agreem
with the Langmuir-Hinshelwood kinetics.
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