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Abstract

The photocatalytic degradation of methyl parathion was carried out using a circulating TiO2/UV reactor. The exper-
imental results showed that parathion was more effectively degraded in the photocatalytic condition than the photolysis
and TiO2-only condition. With photocatalysis, 10 mg/l parathion was completely degraded within 60 min with a TOC
decrease exceeding 90% after 150 min. The main ionic byproducts during photocatalysis were measured. The nitrogen
from parathion was recovered mainly as NO�

3 , NO�
2 and NHþ

4 , 80% of the sulfur as SO2�
4 , and less than 5% of the phos-

phorus as PO3�
4 . The organic intermediates 4-nitrophenol and paraoxon were also identified, and these were further

degraded. Two different bioassays (Vibrio fischeri and Daphnia magna) were used to test the acute toxicity of solutions
treated by photocatalysis and photolysis. A Microtox test using V. fischeri showed that the toxicity, expressed as the
relative toxicity (%), was reduced almost completely after 90 min under photocatalysis, whereas only an 83% reduction
was achieved with photolysis alone. Another toxicity test using D. magna also showed that the relative toxicity disap-
peared after 90 min under photocatalysis, whereas there was a 65% reduction in relative toxicity with photolysis alone.
The pattern of toxicity reduction parallels the decrease in parathion and TOC concentrations.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Organophosphorus pesticides are widely used in agri-
culture and industry (Dzyadevych and Chovelon, 2002).
Parathion (methyl parathion, CAS No. 56-38-2) is a
non-systemic insecticide that is used in many countries
worldwide. It is used as a fumigant and acaricide and
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as a pre-harvest soil and foliage treatment for a wide
variety of crops, both outdoors and in greenhouses
(WHO, 2004). It is acutely toxic to mammals, acting
by inhibiting the enzyme acetylcholinesterase (AChE)
in nerve tissue. Parathion is classified as an acutely toxic
pesticide by the US EPA (2003). Fig. 1 shows the
chemical structures and UV spectra of methyl parathion
and its environmental degradation byproducts: methyl
paraoxon and 4-nitrophenol.

For treating parathion residues in water, biological
and physical processes such as wetland and thermal
decomposition have limitations due to their land and
ed.
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Fig. 1. (a) The chemical structures and (b) UV spectra of
methyl parathion (1) and its degradation byproducts: methyl
paraoxon (2) and 4-nitrophenol (3).
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energy constraints (Germain et al., 2000; Schulz et al.,
2003). There is a pressing need for a readily available
economical, on-site, low energy technology for this pur-
pose. Advanced oxidation processes (AOPs) have been
proposed as an alternative for the treatment of waste-
water. Of particular interest is the use of TiO2 as a
heterogeneous semiconductor catalyst, with solar light
as the energy source (Malato et al., 2003). One of the
potential advantages of this process is that photocataly-
sis can completely mineralize a variety of aliphatic and
aromatic compounds under suitable conditions.

The degradation of parathion using TiO2 photocatal-
ysis was recently investigated (Doong and Chang, 1998;
Konstantinou et al., 2001; Konstantinou and Albanis,
2003). These studies focused on the kinetics and the
identification of intermediates. However, the degrada-
tion mechanism and the toxicity of the treated water
were not investigated.

Successful treatment of a pollutant by TiO2 photoca-
talysis must address the disappearance of the parent
compound as well as identification of the intermediates
and end-products to insure that harmful or toxic end-
products are not produced. The toxicity of known
end-products may be determined from literature sur-
veys, but in the case of unknown end-products, a battery
of different bioassays using organisms from different tro-
phic levels can be used to insure that the end-products
are not harmful.

This paper focuses on the kinetics, mechanisms and
the end-product toxicity of parathion degradation in
water using TiO2 and artificial UV light. Parathion deg-
radation rates were compared for TiO2-alone, photolysis
(UV-only) and photocatalysis (UV and TiO2). The
mechanism of the photocatalytic degradation of para-
thion is discussed by referring to the analysis of interme-
diates, byproducts, and TOC. Also, two different
bioassays were performed to evaluate the toxicity of
the treated water after photocatalysis and photolysis,
and these results were compared with measurements of
the byproducts and TOC. Toxicity was measured at dif-
ferent stages of parathion degradation using a modified
Microtox 81.9% test using Vibrio fischeri (V. fischeri)
and a 48-h acute toxicity test using Daphnia magna (D.

Magna).
2. Materials and methods

2.1. Chemicals

Methyl parathion (99.4%), methyl paraoxon (98.3%),
and 4-nitrophenol (99%) were purchased from Chem
Service. TiO2 (Degussa P-25, with a BET surface of
50 ± 15 m2/g) was used with no pre-treatment. All other
reagents were of analytical grade and were used without
further treatment.

2.2. Photoreactor

The photocatalytic degradation experiments were
performed in a circulating photoreactor system. The
reactor system consisted of a temperature-controlled res-
ervoir consisting of a stirred 2 l glass bottle, a metering
pump (Cole-Parmer, Chicago, IL) for circulating the
reactor contents, and a photoreaction chamber, all of
which were connected with flexible Teflon tubing. The
parathion solutions were continuously recirculated with
a rotary pump (Master Flex 7592-50, Cole-Parmer) at a
flow rate of 1 l/min. Reactor stirring was sufficient to
maintain uniformity of the reaction solution.

The UV chamber consisted of six UV-A lamps (San-
kyo Electrics Co., 20 W, 365 nm) and six quartz columns
(10 mm diameter, 650 mm length). The distance from a
UV lamp to a quartz column was 20 mm. The light
intensity was measured using a Radiometer (VLX-3 W
Radiometer 9811-50, Cole-Parmer) at 365 nm (UV-A
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region). The intensity of a single UV lamp measured at a
distance of 20 mm was 2.4 mW/cm2. The external sur-
face of the reactor around the quartz columns was cov-
ered with aluminum foil for UV safety and energy
consideration.

Reactions were performed under atmospheric pres-
sure at 20 �C. The reaction solutions were prepared by
diluting stock solutions and the aqueous phase was then
introduced into the reservoir. The initial pH of the reac-
tion solution was measured by a pH meter (PerpHect
330, Orion) and then adjusted to 7.0 (±0.4) with small
amounts of 1 N HCl and 1 N NaOH. The reaction solu-
tion was transferred to the sample collector and solution
storage vessel using a 3-way valve.

2.3. Analysis

All the liquid samples were first filtered through
0.2 lm PTFE (polytetraflouroethylene) membrane dis-
posable filters (Advantec MFS Inc., Pleasanton, CA)
to remove the TiO2 particles before analysis. Parathion
and its intermediates were determined by a SummitTM

HPLC system (Dionex), equipped with an UVD340S
detector, and RP C-18 silica column (25 cm · 4.6 mm
i.d., 5 lm particles, Supelco Park). The eluent system
of acetonitrile/water were used to run the chromatogra-
phy in gradient mode; first 4 min with acetonitrile:water
(40:60), and a linear gradient for 2 min to acetoni-
trile:water (70:30), holding for 4 min, then back to aceto-
nitrile:water (40:60) until 15 min. The detection
wavelength was 270 nm for parathion and paraoxon,
and 320 nm for 4-nitrophenol, and the injection volume
was 100 ll.

The ionic byproducts from parathion degradation
were analyzed using a DX-120 ion chromatograph (Dio-
nex). The column was an Ionpac AS14 (Dionex) for
NO�

2 , NO�
3 , PO

3�
4 and SO2�

4 analyses, and an Ionpac
CS 12-A column (Dionex) for the NHþ

4 analysis. The
flow rate was 1 l/min and the injection volume was
25 ll of the filtered reaction samples. The eluent consist
of a mixture of 3.5 mM Na2CO3 and 1 mM NaHCO3

for the anion analysis, and 20 mMmethane sulfonic acid
for the cation analysis. TOC analysis was performed
with a TOC-5000A analyzer (Shimadzu) using the com-
bustion/non-dispersive infrared gas analysis method cal-
ibrated with standard solutions of hydrogen potassium
phthalate.

2.4. Toxicity test

The acute toxicity assays using a microbe V. fischeri

and a macro-invertebrate D. magna were performed at
different stages of parathion degradation to evaluate
the reduction of toxicity throughout the treatments.
Standardized test procedures for V. fischeri and D. magna

were employed (Microbics Corp., 1992; US EPA, 2002).
The Microtox� Model 500 toxicity analyzer was used to
conduct the Microtox assay, and the 81.9% test protocol
was followed (Microbics Corp., 1992). The bacteria were
exposed to a series of sample dilutions for 5 and 15 min
at 15 �C, and then their alteration in light output was
measured. All details of the acute toxicity test using
daphnids were in accordance with the US EPA acute
whole effluent toxicity (WET) test method (2002). Water
quality parameters such as pH, temperature, dissolved
oxygen, and specific conductivity of the test solutions
and control were measured and recorded daily during
the testing period.

Lyophilized V. fischeri, the test organism for the
Microtox assay, was purchased from a commercial ven-
dor (SDI, Newark, DE, USA). The invertebrate test
organism, D. magna, was cultured in-house. Standard
reference toxicity testing was routinely carried out to as-
sure comparable sensitivities of the test invertebrates
over time.
3. Results and discussion

3.1. Comparison of parathion degradation between

photolysis and photocatalysis

To confirm the role of TiO2 in the photocatalysis
reaction, four sets of experiments were performed to
compare parathion degradation rates with and without
TiO2 catalysts. The first set was performed as a blank
containing only parathion (10 mg/l). The second set
was performed with parathion (10 mg/l) exposed to
TiO2 (1 g/l), but no UV (TiO2-only condition). The third
set was performed by exposing parathion (10 mg/l) to
UV without TiO2 (photolysis condition). Then, the
fourth set exposed parathion to TiO2 (1 g/l) in the pres-
ence of UV illumination (photocatalysis condition). The
results are presented in Fig. 2.

The blank experiment in the absence of UV and TiO2

showed that no parathion concentration change for
150 min, which was the longest reaction time of any sub-
sequent experiment. This experiment confirmed no
loss of parathion to unknown mechanisms. Next, the
experiment with TiO2-only showed a rapid loss of
approximately 10% of the parathion and a constant con-
centration for the remainder of the test. The disappear-
ance is mostly likely due to adsorption to the TiO2

particles, which is consistent with expectations since sim-
ilar results with TNT and other compounds with TiO2-
only have been observed previously in our lab (Son
et al., 2004) and by others (Bekkouche et al., 2004).
The photolysis reaction degraded approximately 83%
of the parathion concentration after 150 min, whereas
the parathion was completely removed after 60 min in
the photocatalytic reaction. Several studies have shown
that photolysis and photocatalysis involve the same
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Fig. 3. Effect of the initial parathion concentration on the (a)
parathion degradation and (b) pseudo-first-order kinetics under
photocatalysis (TiO2: 1.0 g/l).
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degradation pathway, and the difference in the reaction
rates between the two processes is due to the hydroxyl
radical concentration (Goutailler et al., 2001).

During the photocatalytic degradation of parathion,
the pH decreased from 6.5 to 3.8. During photolysis the
pH only decreased to 4.5. The pH drop with parathion
degradation can be explained by two reactions: a
decrease in the concentration of hydroxide ions (OH�)
to produce hydroxyl radicals, and the production of
low-molecular-weight organic acids during the oxida-
tion of parathion such as dimethyl phosphoric acid
and dimethylthio phosphoric acid (Doong and Chang,
1998).
3.2. Effect of the initial parathion concentration

The pollutant concentration is a very important
parameter in its treatment; therefore, the effect of the ini-
tial parathion concentration on the photocatalytic deg-
radation rate was investigated from 5 to 20 mg/l. This
was well below the solubility of parathion (55–60 mg/l
at 25 �C; WHO, 1993), and was sufficiently high to allow
the degradation products to be observed by HPLC.
Fig. 3(a) shows that the degradation rate decreased with
the initial parathion concentration.

The Langmuir–Hinshelwood kinetic expression has
been used for TiO2 photocatalysis to describe the rela-
tionship between the initial degradation rate and the ini-
tial concentration (Mills and Hoffmann, 1993; Chen and
Raym, 1998; Son et al., 2004). In this model, the reaction
rate for the second-order surface decomposition of para-
thion is written as follows:

rate ¼ � dC
dt

¼ kc
K

1þ KC0

C ¼ kobsC ð1Þ
where C is the parathion concentration at time t, kc is
the second-order rate constant, K is the equilibrium
adsorption constant of parathion onto TiO2, C0 is the
initial concentration of parathion, and kobs the observed
pseudo-first-order rate constant. According to Eq. (1),
the photocatalytic degradation of parathion in the pres-
ence of TiO2 should exhibit pseudo-first-order kinetics
with respect to the parathion concentration. The inte-
gration of Eq. (1) results in Eq. (2):

ln
C0

C

� �
¼ kobst ð2Þ

A straight-line relationship between ln(C0/C) and irradi-
ation time is predicted by Eq. (2) and this was observed
as indicated in Fig. 3(b). The kobs (min�1) at initial para-
thion concentration of 5, 10, 20 mg/l was found to be
0.167 (R2 = 0.998), 0.110 (R2 = 0.993), 0.071 (R2 =
0.973) min�1, respectively. These data indicate that the
parathion degradation does not follow simple first-order
kinetics, but pseudo-first-order kinetics based on the
Langmuir–Hinshelwood kinetics.
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3.3. Formation of ionic byproducts and mineralization

Since parathion is a phosphorothioate insecticide
containing a nitro group and sulfur and phosphorus
atoms, NO�

2 , NO�
3 , PO

3�
4 , and SO2�

4 are potential ionic
degradation byproducts (Konstantinou and Albanis,
2003). Therefore, we measured the ionic byproducts pro-
duced during photolysis and photocatalysis. Fig. 4(a)
shows the ionic byproducts during photocatalysis while
Fig. 4(b) shows the result with photolysis only.

Fig. 4(a) shows that almost all of the nitrogen was
recovered as either NO�

3 or NHþ
4 . The concentration

of NO�
2 initially increased to 20% of the initial nitrogen

present in parathion and then decreased; the maximum
NO�

3 concentration was reached when the NO�
2 concen-

tration decreased to zero. In the end, about 80% of the
total nitrogen initially present in the parathion was con-
verted to NO�

3 , while about 18% was converted to NHþ
4 .

Therefore, the predominant nitrogen product is NO�
3 ,

indicating that oxidation is the principal mode of photo-
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Fig. 4. Degradation of parathion and the formation of ionic
byproducts under (a) photocatalysis and (b) photolysis ([para-
thion]: 10 mg/l, TiO2: (a) 1.0, (b) 0 g/l).
catalytic degradation of parathion. The observed kinet-
ics can be explained by NO�

2 being first cleaved from the
parathion molecule during the photocatalytic reaction,
and then being rapidly oxidized to NO�

3 by hydroxyl
radical attack. Others have observed the conversion of
NO�

2 to NO�
3 by a hydroxyl radical in AOP processes

(Low et al., 1991; Zoh and Stenstrom, 2002).
About 18% of the NHþ

4 was also produced at the end
of photocatalysis, as shown in Fig. 4(a). The formation
of NHþ

4 indicates that there is a concurrent reduction
reaction during the photocatalytic degradation of para-
thion. According to Piccinini et al. (1997), an electron
ðe�CBÞ can reduce a nitro group to an amine. The result-
ing amine group can be detached from the benzene ring
by a hydroxyl radical.

Sulfate was also rapidly produced, and the total sul-
fur recovery was 80%. This result indicates that oxida-
tion attack of the hydroxyl radical on the P@S bond
first occurred, resulting in the formation paraoxon and
sulfate (Konstantinou et al., 2001). The formation of
PO3�

4 was only observed after 90 min of the photocata-
lytic reaction, indicating that PO3�

4 is the last ionic
byproduct of parathion degradation. The continuous at-
tack of the hydroxyl radical followed by the breakage of
the P@O bond likely resulted in the formation of 4-
nitrophenol and PO3�

4 .
In contrast to the photocatalysis reaction, the para-

thion destruction was much lower and the total amount
of nitrogen byproducts produced in the photolysis of
parathion was much lower than that produced by photo-
catalysis. As shown in Fig. 4(b), the NO�

3 produced by
the photolysis reaction, while still the major byproduct,
represented only 18% of the nitrogen associated with the
degraded parathion. Only 24% of the reacted sulfur was
recovered as SO2�

4 . This phenomenon can be explained
by the much lower hydroxyl radical concentration in
photolysis versus photocatalysis.

3.4. Formation of organic intermediates

Due to the unavailability of labeled 14C-parathion,
TOC measurements were performed to provide indirect
evidence of mineralization during the parathion photo-
lysis and photocatalysis experiments. The results are
shown in Fig. 2. Approximately 90% of the parathion
was mineralized within 150 min by the photocatalytic
reaction, while only approximately 52% was mineralized
by photolysis alone. The low conversion of TOC by
photolysis is believed to be caused by the organic
byproducts of parathion.

In order to confirm the mineralization during para-
thion photocatalysis, the organic byproducts were mea-
sured. Paraoxon is a likely organic byproduct, which
inhibits the action of acetylcholinesterase (AChE) (La-
Grega et al., 2001). Since paraoxon and 4-nitrophenol
were previously found to be two major intermediates
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in the photocatalysis of parathion (Konstantinou et al.,
2001), these two byproducts were measured during photo-
catalysis and photolysis.
Table 1
The results of (a) the Microtox test and (b) the 48-h acute D. magna t
and photolysis

Reaction time (min) EC50 (%)

0 5 10

(a)

UV + TiO2 4.31 7.76 14.36
(photocatalysis) (3.98–4.68) (7.76–7.94) (12.70–16.2

UV-only 4.59 5.64 5.67
(photolysis) (4.36–4.83) (4.85–6.54) (5.47–5.87

EC50 (%)

0 30

(b)

UV + TiO2 0.05 0.07
(photocatalysis) (0.04–0.06) (0.06–0.0

UV-only 0.04 0.10
(photolysis) (0.04–0.06) (0.08–0.1
Fig. 5(a) shows the formation of organic intermedi-
ates during the degradation of parathion in photocata-
lytic treatment. The production pattern of paraoxon
and 4-nitrophenol suggest that they are intermediates
in the degradation, and is consistent with the hypothesis
that the sulfate is produced by the oxidation attack of
the hydroxyl radical on the P@S bond, creating para-
oxon. Paraoxon undergoes further oxidative attack to
produce 4-nitrophenol, which is eventually mineralized
through further oxidation. Fig. 5(a) shows roughly
1.2 mg/l paraoxon and 0.63 mg/l 4-nitrophenol were
the highest concentrations produced during photocata-
lytic degradation and occurred in the first 30 min. The
maximum recovery of carbon in the photocatalysis was
less than 30%.

In the photolysis reaction, only trace amounts of the
organic intermediates were produced, as shown in
Fig. 5(b). Another difference in the production pattern
between photolysis and photocatalysis is that the con-
centration of intermediates did not decrease, but in-
creased steadily to about 0.07 mg/l paraoxon and
0.17 mg/l 4-nitrophenol after 150 min of photolysis.

3.5. Comparison of acute toxicity and TOC reduction

Numerous studies have examined the photocatalytic
degradation of organic contaminants in water, while
few have investigated the toxicity profile during the
course of photocatalytic degradation (Fernandez-Alba
et al., 2002). A wide range of reaction intermediates,
which might be more toxic than the parent molecule,
could be generated. In this study, less than 30% of the
carbon was recovered in the organic intermediates from
the photocatalytic degradation of parathion, and an
even smaller amount of carbon was observed in the
oxicity test on the reaction samples treated with photocatalysis

30 90 150

>81.9 >81.9 >81.9
3)

8.46 18.26 29.48
) (7.74–9.24) (17.64–18.91) (26.36–32.97)

90 150

21.02 25.00
9) (17.70–24.99) (21.48–29.10)

0.14 0.13
1) (0.12–0.17) (0.11–0.15)
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Fig. 6. Comparison between acute toxicities reduction
(V. Fischeri and D. magna) and parathion and TOC degrada-
tion under (a) photocatalysis and (b) photolysis ([parathion]:
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photolytic reaction. This indicates the possibility of un-
known byproducts from the reaction. Therefore, it is
necessary to investigate the toxicity of the treated solu-
tion at different illumination times.

In order to test the reduction of toxicity during the
photocatalytic and photolytic degradation of para-
thion, two acute toxicity tests were conducted: a modi-
fied Microtox� 81.9% test using V. fischeri, and a 48-h
acute toxicity test using D. magna. The reduction in
acute toxicity during the reactions was compared
with the pattern of parathion degradation and TOC
mineralization.

Table 1 shows the Microtox test results using V. fisc-

heri during the photocatalysis and photolysis reactions.
Table 1 indicates that the EC50 (%) increased from
4.31% to more than 81.9% during photocatalytic
degradation, showing that the acute toxicity disap-
peared. Under photolysis, the EC50 (%) of the reaction
solution increased from 4.59% to 29.48% at 150 min,
and the samples remained toxic.

Another acute toxicity test was conducted using D.

magna, and the results are also summarized in Table 1.
Table 1 shows that the EC50 (%) increased from about
0.05% to more than 25% during photocatalytic degrada-
tion. However, the EC50 (%) of the reaction solution in-
creased from 0.04% to only 0.13% at 150 min using
photolysis, indicating that almost no detoxification
occurred.

To further illustrate the reduction in toxicity, the rel-
ative toxicity (%) during the photocatalytic and photo-
lytic degradation of parathion using the EC50 (%)
values in Table 1 was plotted against illumination time,
and is shown in Fig. 6.

Relative toxicity can be expressed as follows:

relative toxicity ð%Þ ¼ initial EC50 ð%Þ
observed EC50 ð%Þ � 100 ð3Þ

The TOC profiles are overlaid on the graphs to dem-
onstrate the relationship between relative toxicity
(%) and TOC concentration. Careful examination of
the TOC and toxicity profiles reveals that as both the
TOC and parathion concentrations decreased as the
reaction proceeded, there was a significant decrease in
the acute toxicity.

Fig. 6(a) shows that the complete removal of para-
thion and a 90% reduction in TOC during photo-
catalysis was responsible for the almost complete
disappearance of acute toxicity in V. fischeri and D.

magna bioassay during the reaction. Under photolysis,
the relative toxicity decreased to 65% in D. magna, and
83% in V. fischeri while 83% of the parathion and 52%
of the TOC were removed, as shown in Fig. 6(b). These
results indicate that TOC is a parameter that can easily
be correlated with toxicity, and the intermediates pro-
duced from parathion degradation are less toxic for
V. fischeri and D. magna than the parent compound.
The acute toxicity analyses showed that in all cases,
especially photocatalysis, the products of the reactions
were less toxic for V. fischeri and D. magna than the ori-
ginal solution containing parathion. The analyses also
revealed that D. magna is a more sensitive indicator
for parathion than V. fischeri.
4. Conclusions

This study examined the efficacy of the photocata-
lytic degradation of parathion by TiO2/UV photocata-
lysis. The conclusions were as follows:

1. The rate of parathion degradation decreased with
an increasing initial concentration of parathion,
and the degradation kinetics followed pseudo-first-
order kinetics based on the Langmuir–Hinshelwood
kinetics.

2. Photocatalysis was effective in degrading parathion
and was much more effective than photolysis. TiO2

without UV light was ineffective and only 10% of
the parathion was removed by adsorption onto the
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TiO2 particles. The percent degradation of parathion
under photocatalysis and photolysis for 150 min was
100% and 83%, respectively. In the same period, the
% decrease in TOC was 90% and 47%, respectively.

3. Paraoxon and 4-nitrophenol were found to be the
intermediates and disappeared completely after
90 min under photocatalysis, but never disappeared
using photolysis.

4. NO�
3 and SO2�

4 were the dominant byproducts, and
the formation of PO3�

4 was observed under photo-
catalysis.

5. The Microtox test using V. fischeri showed that EC50

(%) was completely eliminated with photocatalysis,
but was reduced only 83% after 150 min of photolysis.
The acute 48-h toxicity test using D. magna was more
sensitive and also showed that the relative toxicity dis-
appeared after 90 min under photocatalysis, whereas
there was a 65% reduction with photolysis alone.
The pattern of toxicity reduction parallels the
decrease in TOC and the parathion concentrations.

These results show that the parathion degradation
using photocatalysis not only removed the parathion
and its intermediates, but also decreased their toxicity.
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