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Figure 4 Comparison of observed time-series isoprothiolane concentrations with those predicted by the
model

Sensitivity analysis
A sensitivity analysis of the model was conducted to elucidate pesticide runoff
phenomena.

Effects of pesticide application and precipitation date accuracy. The pesticide
concentration in the runoff increased several days after pesticide application to the rice
paddy (Figure 4). Therefore, the effect of the accuracy of input dates of pesticide
application and irrigation was studied by model simulation. The pesticide concentrations
predicted with imprecise input data, when the pesticide application dates input were
either 1 week ahead or 1 week behind the actual schedule, did not yield accurate
predictions (Figure 5). However, the concentration variation pattern is shifted 11 days
forward when the input date was shifted forward by 1 week, whereas it is shifted back by
| week when the input date was shifted back by 1 week. Thus, although the date of
pesticide application was the dominant factor determining the period of pesticide runoff,
the shift in the runoff dates did not correspond simply to the shift in pesticide application
timing.

Pesticide runoff can be caused by spill-over of rice-paddy water during or after a rain-
tall or by artificial drainage of rice-paddy water. To investigate the effect of the timing of
rainfall, model simulations were conducted with time-series model inputs in which
weather (precipitation) events were shifted by 1 week either backward or forward. A 1-
week delay or acceleration of the weather pattern changed both the peak height and time-
course variation in pesticide concentration (Figure 6). However, the pattern did not shift
forward or back by 1 week, suggesting that pesticide runoff was not caused primarily by
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Figure 5 Effect of the accuracy of agriculturat practice data on model prediction. Black line, prediction with
accurate input data; blue line, prediction with agricultural schedule inputs moved forward by 1 week; red
line, prediction with inputs moved back by 1 week. Subscribers to the online version of Water Science and
Technology can access the colour version of this figure from http://www.iwaponline.com/wst
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Figure 6 Effect of precipitation dates on model prediction. Green bars, actual precipitation; black line,
prediction with actual precipitation data; blue line, prediction with precipitation input moved forward 1 week;
red line, prediction with precipitation input moved back 1 week. Subscribers to the online version of Water
Science and Technology can access the colour version of this figure from http://www.iwaponline.com/wst

spill-over of rice-paddy water during or after rainfall but was probably related to artificial
drainage of rice-paddy water.

Effects of pesticide adsorption and decomposition. Pesticide adsorption coefficient and
degradation rate constant did not greatly affect pesticide concentration in the river water
(Figures 7 and 8). In general, the smaller the K¢ value was, the larger the pesticide
concentration was, but an increase in Kgc had a smaller effect than a decrease. An
increase in the degradation rate constant by a factor of 10 decreased the pesticide
concentration in river water by about 30%, but a decrease in the degradation rate
constant changed the pesticide concentration by a lesser amount. These results suggest
that the pesticide isoprothiolane is somewhat hydrophobic and persistent, so further
enhancement of these tendencies would not affect the runoff of the pesticide. Overall, the
effects of pesticide adsorption and degradation was not linear, and a parameter value
change in the direction of constraining pesticide runoff likely is characterised by
diminishing returns. These parameters did not significantly influence peak height of time-
varying concentrations in the pesticide pollutograph (data not shown), but instead
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Figure 7 Effect of the pesticide adsorption coefficient {Koc) on average and peak concentrations in July
and August
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Figure 8 Effect of the pesticide degradation rate constant on average and peak concentrations in July and
August

affected the low concentrations of the decreasing limb of the concentration peaks.
Pesticide runoff at these low concentrations probably occurs through soil and
groundwater percolation, leading to greater dependence on the values of the pesticide
decomposition and adsorption parameters.

Effect of quantity of pesticide applied and runoff rate. The quantity of pesticide applied
directly affects the pesticide concentration in the river water. As expected, an explicit
linear relationship was obtained between concentration and applied quantity. The total
pesticide discharge to the river was also linearly proportional to the total quantity of
pesticide applied to the paddy field (data not shown). However, all of the pesticide applied
to the paddy fields was not discharged to the river water. The pesticide discharge rate,
defined as the annual pesticide discharge in the river flow divided by the annual quantity of
pesticide applied to the paddy fields in the catchment, was 28% in 2003 and 42% in 2004
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Figure 9 Effect of quantity of pesticide applied on average river water concentrations in July and August



(see Figure 9), indicating that more than half of the pesticide applied to the paddy fields
did not reach the river. Nonetheless, the rates of adsorption and degradation of pésticide in
the soil did not significantly affect the concentration in the river water. Further study is
needed to elucidate the significant pesticide runoff processes.

Conclusions

Pesticide concentration in river water was successfully predicted by a diffuse pollution
model provided with precise model inputs, including agricultural practices of individual
farmers and experimentally derived data on pesticide adsorption and degradation rates in
paddy field soils. Although rates of both pesticide adsorption and degradation differed,
depending on soil type, similar values were obtained for soils belonging to the same soil
subgroup. The timing of concentration increases in river water was determined mostly by
agricultural practices (pesticide application and irrigation) and not greatly by weather
(precipitation) patterns. These results suggest that artificial drainage of paddy water may
be a significant process affecting pesticide runoff. However, the pesticide discharge rate
was less than 50%, possibly because of loss from pesticide degradation. Nonetheless, the
pesticide concentration in river water was not greatly affected by pesticide adsorption
and degradation rates in paddy field soils.
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We investigated effects of chlorination on four organophosphorus pesticides (diazinon,
isoxathion, malathion, and tolclofos-methyl) adsorbed on powdered activated carbon
(PAC). Following adsorption of each pesticide on 10mg/L of PAC in water, chlorine was
added. After 30 min of chlorination, the corresponding oxons were detected in the water,
but the parent compounds were not detected. Molar ratios of the oxon concentration in
solution after 30 min of chlorine addition to the initial pesticide concentration before the
adsorption process were 4.1% and 7.9% for diazinon, 3.9% and 5.8% for isoxathion, 1.2% and
1.7% for malathion, and 1.4% and 1.4% for tolchlofos-methyl, in the case of 2 and 5mg/L of
chlorine addition. The results suggested that the oxons were desorbed from the PAC by

" chlorination. The concentrations of the desorbed oxons gradually decreased with time,

apparently owing to their readsorption by the PAC. Results from additional experiments
suggest the following sequence of events: (i) adsorbed pesticides are oxidized by chlorine
on the surface of the PAC and transformed into corresponding oxons; (ii) the oxons are
released from the PAC; (iii) the released oxons are gradually readsorbed by the PAC,
decreasing their concentrations in the water phase.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

sometimes also added at the inlet. This process, known as
pre-chlorination, is also used to oxidize iron, manganese,

Organophosphorus pesticides are widely used throughout the
world and are frequently detected in surface and ground
waters (Gomezgomez et al, 1995; Tanabe et al, 2001;
Sankararamakrishnan et al., 2005; Gilliom et al., 2006). These
pesticides are mostly dissolved in water and cannot be easily
removed by solid/liquid separation processes such as coagu-
lation and sand filtration. An effective and simple method for
removing pesticides is the addition of powdered activated
carbon (PAC) at the inlet of a water purification process train.

To prevent the growth of algae in a sedimentation basin
with plate or tube settlers and in a rapid sand filter, chlorine is

*Corresponding author. Tel./fax: +81117067282.
E-mail address: chnok@eng hokudai.ac.jp (K. Ohno}.

0043-1354/% - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.watres.2007.10.040

ammonia, and other compounds. Intermediate chlorination,
which is the addition of chlorine between sedimentation
and filtration processes, is used as an alternative to pre-
chlorination.

Thus, it is likely that chlorine will come into contact with
PAC in both pre-chlorination and intermediate chlorination,
although the contact time and degree will differ. This contact
between chlorine and PAC is undesirable, because chlorine
reacts with the surface of the PAC and decreases its capacity
to adsorb targeted pollutants (Sontheimer et al, 1988).
Furthermore, Gillogly et al. (1998) showed that a taste- and
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odor-causing compound, 2-methylisoborneol, that was init-
ally adsorbed on PAC could be released back into the water
following the addition of chlorine. Huang and Yeh (1999)
showed that chlorination of natural organic matter adsorbed
on PAC caused the appearance of chlorination byproducts
such as trihalomethanes and adsorbable organic halogens in
the aqueous phase. Also, Voudrias et al. (1985) found that the
addition of chlorine to water containing phenols adsorbed on
granular activated carbon caused the formation of a variety of
chlorinated derivatives in the aqueous phase. These reactions
might also occur with organophosphorus pesticides that are
adsorbed on PAC.

the parent pesticides were transformed into the more potent
AChE inhibitors, oxon forms, which were not measured in the
survey. Therefore, it is important to understand the behavior
of not only organophosphorus pesticides, but also their
corresponding oxons.

In the present study, we investigated the effects of
chlorination of organophosphorus compounds adsorbed to
PAC. We also investigated the mechanisms of the desorption
and the readsorption of the pesticides and their oxons from
PAC.

Organophosphorus pesticides containing phosphorus-sul- 2. Materials and methods
fur double bonds (P==5) are oxidized to their corresponding
oxons, with phosphorus-oxygen double bonds (P=0), by 2.1, Reagents and materials

chlorination (Magara et al., 1994; Wu and Laird, 2003). These
oxons are relatively persistent by chlorination although some
of the oxons degrade further (Magara et al., 1994; Arai et al,,
2005; Kamoshita et al., 2007). In vitro assays, such as analysis
of acetylcholinesterase (AChE) inhibition, show that these
oxons are more potent AChE inhibitors than their parent
compounds (Monnet-Tschudi et al., 2000; Tahara et al., 2005}.
A survey of source water and finished water collected from 12
community water systems found that organophosphorus
insecticides detected in source water were not detected in
the finished potable water (Coupe and Blomquist, 2004).
Although this could be due to complete removal by the water
treatment processes, Duirk and Collette (2006) suggest that

Four organophosphorus pesticides (diazinon, isoxathion,
malathion, and tolclofos-methyl) were used as adsorbates in
this study. Diazinon, diazinon oxon, isoxathion, isoxathion
oxon, malathion, and tolclofos-methyl were purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Malaoxon
came from Dr. Ehrenstorfer-Schifers (Augsburg, Germany),
and tolclofos-methyl oxon came from Hayashi Pure Chemical
Industries, Ltd. {Osaka, Japan). The physico-chemical and
toxicological properties of these compounds are listed in
Table 1. Acceptable daily intake values for the oxons are not
available because they are unintended chemicals and oxida-
tive transformed substances of the parent pesticides. All

Table 1 - Physico-chemical and toxicological properties of the organophosphorus pesticides and their corresponding

oxons
Compound CAS #° Molecular Logarithm of Water solubility at ADI® (mg/kg
weight octanol-water 25°C (mg/L) bw per day)
partition coefficient
(logKow)

Tomlin USEPA Tomlin USEPA

(2006)° - (2007)° (2008)° (2007)°
Diazinon 333-41-5 304.35 3.30¢ 3.81¢ 60% 409 0.002%8
Diazinon oxon 962-58-3 288.29 2.07¢ 245F
Isoxathion 18854-01-8 313.31 3.88¢ 3734 1.9¢ 1.94 0.0038
Isoxathion oxon 32306-29-9 297.25 213 192b
Malathion 121-75-5 330.35 2.75¢ 2.36¢ 1459 143%¢ 0.3, 0.028
Malaoxon 1634-78-2 314.29 0.52' 7500%
Tolclofos-methyl 57018-04-9 301.13 4.56¢ 4.56¢ 114 1.1¢ 0.0648
Tolclofos-methyl 97 483-08-4 285.07 3.00' 41"

oxon

3 Chemical Abstracts Service number.

b Acceptable daily intake.

¢ See references.

¢ Experimental value.

¢ At 20°C.

! Joint meeting on Pesticide Residues (JMPR) (2002).

& Japanese Ministry of Health, Labour and Welfare (2004).
b Estimated by WSKOW v.1.41.

i Estimated by KOWWIN v.1.67.

JAt22:C.
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other reagents were purchased from Wako Pure Chemical
Industries, Ltd.

To suppress fluctuations in the pH, we prepared raw water
for experiments by adding 20mg/L of sodium hydrogen
carbonate to ultra-pure water (18.2MQcm resistivity) ob-
tained by reverse osmosis using an Osmoclear system
(Organo Corp., Tokyo, Japan) followed by a Puric MX-II water
purification system (Organo Corp.). Stock solutions of indivi-
dual pesticides were prepared at 1g/L in acetonitrile, and the
standard working solutions were obtained by dilution with
0.15% acetic acid in water. Individual pesticide solutions for
adsorption and chlorination experiments were prepared by
the direct addition of each pesticide reagent to the raw water
without assistance of organic solvent, followed by sonication
for about 0.5h by use of an ultrasonic bath, Model 8210
(Branson Ultrasonics Corp., Danbury, CT, USA). Next, the
solution was filtered through a 0.45-um hydrophilic polytetra-
fluoroethylene (PTFE) membrane filter {Advantec, Tokyo,
Japan) to remove any undissolved residue. These pesticide
solutions were prepared for every experiment. For adsorption
and chlorination experiments, the solution was diluted with
the raw water. The targeted pesticide concentration for
experiments was basically around 100 ug/L, but the concen-
tration was not constant because the dissolution of pesticide
reagents fluctuates without the help of organic solvent.
Therefore, we measured the initial pesticide concentration
for every experiment prior to PAC and chlorine addition.

Thermally activated, wood-based PAC (Taikou-W; Futamura
Chemical Industries Co., Ltd., Nagoya, Japan) was used as an
adsorbent. The BET surface area and median particle diameter
of the PAC were 862m?%g and 7.6 um. The PAC was dried in an
oven at 105°C for 20min and stored in a desiccator before use.

2.2,  Experimental procedures

2.2.1. Chlorination of PAC following adsorption of
organophosphorus pesticide

PAC (10 mg) was added to 1L of pesticide solution in a beaker.
The solution was then stirred with a mixer at 300 rpm for 1h.
Next, the pre-determined amount of sodium hypochlorite
was added to the solution, and the solution was stirred again.
The pH of the solution was maintained at 7.4+ 0.1, although it
rose to ~8.0 for a few minutes following the addition of the
chlorine. Water samples were collected before (initial con-
centration) and after the adsorption process and every 30 min
for 2h after the addition of chlorine.

2.2.2. Extraction of pesticides and their oxons adsorbed on PAC
Compounds adsorbed on PAC were extracted as follows. First,
500mL of the PAC solution was filtered through a 0.45-ym
hydrophilic PTFE membrane filter to capture the PAC on the
filter. The filter and the attached PAC were placed in a beaker,
covered with 20mL acetonitrile, and sonicated for 10min in
the ultrasonic bath. After the sonication, the suspension and
the filter were transferred to a test tube with a ground
stopper, mixed with 30mL of acetonitrile, and shaken for
10min. The suspension was then filtered through a 0.2-ym
hydrophobic PTFE membrane filter (Advantec), and the
concentrations of the parent pesticide and its oxon were
measured in the filtrate.

2.3. .Analytical methods

Residual chlorine was analyzed by the DPD colorimetric
method (Standard Method 4500-C1 G (APHA, 2005)) using
DPD total chlorine reagent packs (Hach Company, Loveland,
CO, USA). Pesticides and their corresponding oxons were
analyzed using a liquid chromatography (LC}—tandem mass
spectroscopy (MS-MS) system. LC was carried out with an
Agilent 1100 high-performance LC system (Agilent Technol-
ogies, Inc., Palo Alto, CA, USA) with a Mightysil RP-18 column
(150mm x 2.0mm internal diameter; Kanto Chemical Co.,
Inc., Tokyo, Japan). The mobile phases were 0.15% acetic acid
in water (eluent A) and 0.15% acetic acid in acetonitrile
(eluent B). The gradient elution programs were as follows. For
the analysis of diazinon, malathion, and their oxons, the
initial composition was 40% B. This was followed by a linear
gradient to 90% B over 7min and maintenance at 90% B for
Smin. For the analysis of isoxathion, tolclofos-methyl, and
their oxons, the initial composition was 50% B. This was
followed by a linear gradient to 95% B over 2min and
maintenance at 95% B for S5min. The flow rate was 0.2 mL/min,
the injection volume was 5pL, and the column temperature
was maintained at 40°C. Mass analysis was performed with
an API 3000 MS-MS system (Applied Biosystems, Foster City,
CA, USA). The operating parameters of the electrospray-
ionization-positive mode were optimized by evaluating the
sensitivity and fragmentation of each compound. For each
compound, the precursor and product ions were chosen for
quantitation (Table 2).

3. Results and discussion

3.1.  Effect of chlorine on PAC following adsorption of an
organophosphorus pesticide

Before chlorination, 10mg/L of PAC was added to each
pesticide solution. After 1h of adsorption, 0.5-1.1% of the
diazinon remained in the water, and the concentrations of
the other pesticides (isoxathion, malathion, and tolclofos-
methyl) were below the detection limits (0.03 pg/L). Following

Table 2 - Precursor and product ions in LC-MS-MS .
analysis

Compound Precursor Product ion

ion (m/z) (m/z)
Diazinon 305.2 169.2
Diazinon oxon 289.2 153.2
Isoxathion 314.0 105.3
Isoxathion oxon 298.3 2421
Malathion 3311 127.1
Malaoxon 315.1 1271
Tolclofos-methyl 301.1 1251
Tolclofos-methyl 285.0 109.0
oxon
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adsorption, chlorine was added to the PAC solution. After
30min of chlorination, the parent pesticides were not
detected in the water, but their corresponding oxons were
detected (Fig. 1). When 2mg/L of chlorine was added, molar
ratios of oxon concentration in water after 30 min of chlorine
addition to the parent pesticide concentration before PAC and
chlorine addition were 4.1% for diazinon, 3.9% for isoxathion,
1.2% for malathion, and 1.4% for tolclofos-methyl, and when
5mg/L of chlorine was added, the ratios were 7.9%, 5.8%, 1.7%,
and 1.4%, respectively. The ratios were therefore higher at
Smg/L than at 2mg/L chlorine for each pesticide except for
tolclofos-methyl, the ratio was the same in this case.
Subsequent samples (t>30min) showed that the concentra-
tions of the released oxons decreased with time. This result
implies that the peak concentration of oxon in water was
reached after less than 30 min of chlorination.

3.2.  Mechanism of decrease in the level of released oxon
with chlorination time

As mentioned above, the concentration of the released oxon
decreased with chlorination time. There are two possible
explanation for this finding: that the oxons were further

degraded, and that the oxons were readsorbed on the PAC.
To determine which of these explanations is correct, we
divided the solution into two parts, one with and the other
without PAC, after 30min of chlorination. To prepare the
solution without PAC, the suspension was filtered through a
0.45-um hydrophilic PTFE membrane filter. The oxon and
residual chlorine concentrations were measured over time
(Fig. 2). The oxon concentrations decreased with time in the
solutions with PAC, but not in the solutions without PAC
(but with residual chlorine). This was true of all four
pesticides, although the trend was weaker for malathion
and tolclofos-methyl. Therefore, the progressive decrease in
oxon levels in water appeared to be due to the readsorption of
the oxons by PAC rather than to further degradation.
Kamoshita et al. (2007) added about 1.0mg/L of chlorine to a
number of single oxon solutions, of which concentration was
5.7-12pg/L. The residual ratios of the four oxons by 24-h
contact with chlorine were 76% for diazinon oxon, 61% for
isoxathion oxon, 99% malaoxon, and 104% for tolxlofos
methyl oxon. Diazinon oxon and isoxathion oxon appeared
to relatively degrade, but they degrade only a little, less than
10%, by 4-h contact with chlorine. These results supported
our results.
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initial concentrations of the parent pesticide solution were the same as in Fig. 1.

As shown in Fig. 2, the residual chlorine decreased with
time in the solutions with PAC but not in the solutions
without PAC. This is due to progressive oxidation of the PAC
by chlorine. This oxidation causes a decrease in the number
of adsorptibn sites, which may reduce the rate of oxon
readsorption. To examine this effect, we performed the
chlorination experiment using isoxathion, and after 30min,
we divided the solution into two parts, one of which was
treated with sodiumn thiosulfate to quench the residual
chlorine (Fig. 3). Owing to the action of PAC as a catalyst
(Sontheimer et al., 1988), the oxon could be further degraded
when both PAC and chlorine are present, but we found that
the oxon concentration in water decreased faster when
chlorine was absent. These results indicate that the dominant
factor in the decrease in the released oxon concentration is
not the further degradation of the oxon, but rather its
readsorption to the PAC. The results also show that the
residual chlorine continues to oxidize the surface of the PAC,
decreasing the adsorptive capacity.

We considered that the desorption of oxons was due to the
decrease of the adsorptive capacity of PAC by chlorination.
The observed data also suggested that readsorption rate of
oxons was slower than adsorption rate of the parent
pesticides (Figs. 1~3), for almost all the parent pesticides were
adsorbed on PAC for 1h as mentioned in the result of the first
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Fig. 3 - Effect of chlorine on isoxathion oxon concentrations
released during 30 min of chlorination. For the condition
without chlorine, chlorine was quenched after 30 min of
chlorination. The initial chlorine dose was 5mg/L, and the
initial concentration of isoxathion in the solution was

2.8uM (880 pg/L).

experiment. This slower adsorption rate of oxons can be also
explained by the decrease of the adsorptive capacity. There
are, however, other possible explanations for the slower
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adsorption rate and for the dominant desorption of the
oxons: the oxons may have slower adsorption rates. The
lower adsorption capacity is consistent with the physico-
chemical data (Table 1): the oxons have lower octanol-water
partition coefficient (Kow) than the parent pesticides. There-
fore, the slower readsdrption rate of the oxons was consid-
ered to be due to the combination of the decrease of
adsorption capacity and the lower adsorption capacity of
the oxons.

3.3.  Mechanism of the desorption of oxon forms from PAC

Our results showed that chlorination of the PAC caused the
desorption of previously adsorbed organophosphorus pesti-
cides. The desorbed substances, however, were not the parent
pesticides but the oxon forms (Fig. 1). One possible explana-
tion for these results is that chlorine oxidizes the sites where
the parent pesticide was adsorbed, causing the pesticide to be
released back into the water, where it is oxidized to the
corresponding oxon. A second possibility is that the adsorbed
parent pesticide is first oxidized to the corresponding oxon on
the PAC and then released from its adsorption site. To
examine these two possibilities, we performed the chlorina-
tion experiment using isoxathion solution, and measured the
levels of isoxathion and its oxon after 30min (Fig. 4). After
the chlorination, ~80% of the isoxathion was degraded to the
isoxathion oxon. Following the chlorination of isoxathion-
adsorbed PAC, the parent isoxathion was not detected (Fig. 1).
If the first explanation were correct, the parent isoxathion
should have been detected. Therefore, it appears that the
second explanation is correct.

To investigate the reaction of isoxathion on the PAC surface
during chlorination, we extracted the compounds adsorbed
on the PAC after 30min of contact with chlorine. We found
that 53% of the compound adsorbed on the PAC was
isoxathion oxon and 47% was isoxathion (Fig. 5). Thus,
approximately half of the isoxathion adsorbed on the PAC
remained untransformed, and the remaining half was
transformed to the oxon form. These findings support the
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Fig. 4 - Concentrations of isoxathion and its oxon after
direct chlorination in aqueous solution. The initial
concentration of isoxathion in the solution was 0.20 yM

(62 pg/L), and the chlorine dose was 2.0mg/L.
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Fig. 5 - Change in the state of isoxathion and its oxon during
the adsorption and chlorination experiment. The initial
chlorine dose was 5mg/L. The amount of isoxathion
adsorbed on PAC after 1h of adsorption was an estimate,
whereas the amounts of isoxathion for the other samples
were experimentally measured.

idea that organophosphorus pesticides are oxidized to their
oxon forms on the PAC and then released. Furthermore, if the
isoxathion was released from the PAC and then transformed
to the oxon form in the water phase, both the isoxathion and
the oxon should have been detected in the water phase,
because not all of the isoxathion in the water phase was
transformed to the oxon form after 30min of chlorination
(Fig. 4). In the experiment in which isoxathion was adsorbed
by PAC and chlorinated, however, isoxathion was not detected
in the water phase. Thus, it is unlikely that isoxathion
adsorbed on the PAC surface was released and then trans-
formed to the oxon form in the water phase.

4, Conclusions

We investigated the effects of chlorination of organopho-
sphorus compounds adsorbed to PAC. The oxons rather than
the parent pesticides were detected in the water phase after
chlorination. In addition, the concentrations of the desorbed
oxons decreased with chlorination time. This result can be
explained by the readsorption of oxons in the water phase by
PAC. Results from additional experiments suggest that the
parent pesticides adsorbed to PAC are first oxidized to the
correspondihg oxon, then released from the adsorption sites.
In the case of isoxathion, after 30min of chlorination,
approximately half of the parent compound adsorbed to the
PAC surface was converted into the corresponding oxon.

In this study, we focused on the clarification of mechanism
of desorption and oxon formation of organophosphorus
pesticides that were pre-adsorbed on PAC by contact with
chlorine. To elucidate the mechanism more clearly, we
conducted the chlorination experiments with the pesticide
solutions at much higher concentrations than environmen-
tally relevant concentrations. The reactivity of chlorine and
the pesticides that are adsorbed on PAC at lower concentra-
tions remained unrevealed. As a result of this study, however,
we may provide the following recommendations for water
purification facilities that have a possibility for contact
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between PAC and chorine: oxon concentrations in addition to
those of the parent pesticides should be monitored in finished
water, and longer contact time between PAC and the desorbed
oxons for readsorption should be taken.
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Abstract : In order to carry out a precise water-purity control regarding pesticides, it is essential to
judge the pesticides: runoff situation of the river basin.-In this paper, we modeled a mechanism of
- pesticide runoff by using level Il fugacity model in order to decide the priority of runoff pesticides on each
basin, and constructed .a method of calculating the index which indicated pesticide runoff potential on
each period. We evaluated the pesticides runoff situation of Sagamiriver and Sakawariver in
Kanagawa prefecture by using this method. As a result, estimated runoff volume of pesticides could be
used as an index which indicated runoff potential, and RRI value which indicated runoff volume per ADI

could be used as an index deciding the priority of runoff pesticides in detail.
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Abstract

Male and female Crl:CD(SD) rats were fed a diet containing rubber accelerator N,N-dicyclohexyl-2-benzothiazolesulfenamide (DCBS) at 0,
80. 600 or 4500 ppm throughout the study beginning at the onset of a 10-week pre-mating period and continuing through the mating, gestation,
and lactation periods for two generations. At 4500 ppm, decreases in the body weight, body weight gain, and food consumption were found in FO
males and females. No changes in the estrous cyclicity, copulation index, fertility index, gestation index, delivery index, number of implantations,
precoital interval, or gestation length were observed in any generation at any dose of DCBS. Delayed preputial separation at 4500 ppm as well as
delayed vaginal opening and higher body weight at the age of vaginal opening at 600 and 4500 ppm were found in the F1 generation. A transient
change in performance in a water-filled multiple T-maze was found at 600 and 4500 ppm in F1 females. There were no compound-related changes
in number of pups delivered, sex ratio of pups, viabilily of pups, anogenital distance, surface righting reflex, negative geotaxis reflex, mid-air
righting reflex, pinna unfolding, incisor eruption, or eye opening in the F1 and F2 generations. The body weight of F1 and F2 male and female
pups was lowered at 4500 ppm. Reduced uterine weight of the weanlings was noted in the F1 generation at 4500 ppm and in the F2 generation at
600 and 4500 ppm. The data indicate that the NOAEL of DCBS for two-generation reproductive toxicity is 80 ppm (5.2 mg/kg bw per day) in rats.
© 2007 Elsevier Inc. All rights reserved.

Keywords: N,N-Dicyclohexyl-2-benzothiazolesulfenamide: Rubber accelerator; Two-generation reproductive toxicity; Developmental toxicity; Rat

1. Intreduction in Japan with an annual production level of about 1000 tonnes

in 1990-1993 and 1900 tons in 2000-2003, and most of this

N.N-Dicyclohexyl-2-benzothiazolesulfenamide (DCBS) is a
sulfenamide accelerator. The sulfenamide accelerator class of
rubber accelerators has been manufactured in the USA for
over 60 years [1]. Sulfenamide accelerator compounds are
widely used in the manufacture of automotive compartments and
industrial rubber products such as tires, hoses, conveyer belts,
bushings seals, gaskets and windshield wiper blades, and the
typical usage for sulfenamide accelerators is from 0.5 to 4 parts
accelerator per every 100 parts of rubber [1]. Sulfenamide accel-
erator materials are shipped extensively throughout the world
from manufacturing plants located in North America, South
America, Europe, Asia and Africa [1]. DCBS was produced

* Corresponding author. Tel.: +81 3 3700 9878; fax: +81 3 3700 1408.
E-mail address: ema@nihs.go.jp (M. Ema).
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amount was sold and handled domestically [2]. DCBS is used
as an accelerator of vulcanization and is completely reacted in
the vulcanizing process [2]. DCBS is regulated for use in arti-
cles in contact with food in Germany, but this compound is not
regulated for use in FDA food contact applications [3]. Expo-
sure of workers handling sulfenamide accelerator materials is
likely to be highest in the area of materials packaging. During
material packout at the manufacturing site and to a lesser degree
during weigh-up activities at the consumer site, there is potential
for skin and inhalation exposure. Although consumer exposure
would be minimal, the most likely route of consumer exposure
is skin contact from rubber or latex articles [1].

Only up to 6% biodegradation for DCBS was determined in a
ready biodegradability test, and a measured log Kqw value of 4.8
suggests that DCBS may have a high bioaccumulation poten-
tial [2]. The possibility of such a chemical compound entering
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into biological systems has aroused great concern regarding its
toxicological potential. Generally, biological effects produced
by chemicals should be studied in laboratory animals to inves-
tigate their possible influences on human health, and the results
of animal tests of chemical toxicity are relevant to humans
[4]. However, very little information on the toxicity of DCBS
has been published. Vorobera (1969) [5] reported that the oral
LD350 value was 8500 mg/kg bw in male mice and that repeated
inhalation exposure of male rats for 15 days, daily, 2 h/day, at
350400 mg/m? caused mucous membrane irritation. Although
the toxic effects of DCBS have been briefly summarized by the
European Chemical Bureau [6] and EPA [1], descriptions regard-
ing the toxicity of DCBS are insufficient to assess the adverse
cffects of this compound. The EPA [1] noted that the oral LD50
values were 1077-10000 mg/kg bw in rats, the oral NOAEL for
44-day repeated dose toxicity was higher than 100 mg/kg bw
per day in rats, and no effects on reproduction were observed at
doses up to 400 mg/kg bw per day in rats. Toxicity studies includ-
ing acute toxicity, in vitro genotoxicity, and repeat dose toxicity
combincd with reproductive/developmental toxicity studies of
DCBS were performed as a part of the Safety Examination
of Existing Chemical Substances and Chemical Safety Pro-
grammes by the Japanese Government [7]. These toxicity studies
are summarized in the [IUCLID Data Sets [8], OECD Screen-
ing Information Data Sets [2] and the Hazard Assessment Sheet
[91. We previously reported results of repeat dose toxicity com-
bined with a reproductive/developmental toxicity screening test
of DCBS showing that DCBS at 400 mg/kg bw perday possessed
adcleterious effect on reproduction and development and caused
a marked decrease in the number of live pups as well as a total
loss of pups until postnatal day (PND) 4 [10]. The primary effects
may be on the gestation index for dams and live birth index for
pups, which both appear to be affected at multiple points along
the female reproductive process; the viability of neonatal pups
may also be affected. The previous study was performed in com-
pliance with the OECD guideline for a Combined Repeated Dose
Toxicity Study with the Reproduction/Developmental Toxicity
Screening Test [11,12], but this screening test guideline does
not provide complete information on all aspects of reproduction
and development due to the relatively small numbers of animals
in the dose groups and selectivity of the endpoints. In order to
further evaluate the reproductive and developmental toxicity of
DCBS in rats, a two-generation reproductive toxicity study was
conducted. We cxamined reproductive and developmental end-
points such as sexual development, estrous cyclicity, anogenital
distance (AGD), physical and functional development, serum
hormone levels, and sperm count and motility.

2. Materials and methods

This study was performed in 2006-2007 at the Safety Research Institute
for Chemical Compounds Co. Ltd. (Sapporo, Japan) in compliance with OECD
guideline 416 Two-generation Reproduction Toxicity Study [}3] and in accor-
dance with the principles for Good Laboratory Practice [14], “Law for the
Humane Treatment and Management of Animals” [Law No. 105, 1 Octo-
ber 1973. revised 22 December 1999, Revised Law No. 221; revised 22 June
2005, Revised Law No. 68]. “Standards Relating to the Care, Management and
Refinement of Laboratory Animals” [Notification No. 88 of the Ministry of the

Environmént, Japan, 28 April 2006] and “Fundamental Guidelines for Proper
Conduct of Animal Experiment and Related Activities in the Testing Facility
under the Jurisdiction of the Ministry of Health, Labour and Welfare™ [Notifica-
tion No. 0601005 of the Health Sciences Division, Ministry of Health, Labour
and Welfare, Japan, 1 June 2006].

2.1. Chemical and dosing

N,N-Dicyclohexyl-2-benzothiazolesulfenamide (DCBS. CAS No. 4979-32-
2) was obtained from Ouchishinko Chemical Industrial Co. Lid. (Tokyo, Japan).
DCBS in the form of off white to tan granules is very slightly soluble in water and
methanol but soluble in oil, and its melting point is 100-105 °C, density at 21 “C
is 1230 kg/m’, and molecular weight is 347 [3]. The DCBS (Lot no. 508001)
used in this study was 99.7% pure, and it was kept in a sealed container under
cool (1-8 °C) and dark conditions. The purity and stability of the chemical were
verified by analysis using high-performance liquid chromatography before and
after the study. Rats were given dietary DCBS at a concentration of 0 (control),
80, 600 or 4500 ppm. The dosage levels were determined based on the results
of our previous dose-finding study in male and female rats fed a diet containing
DCBS at 0, 1500, 3600, 60600 or 10,000 ppm (0, 83, 172, 343 or 551 mg/kgbw
per day in males and 0, 126, 264, 476 or 707 mg/kg bw per day in females)
for a total of eight weeks beginning 16 days before mating in males and a
total of nine weeks in females throughout the mating, gestation and lactation
periods beginning 16 days before mating. In that study. we found reduced body
weight gain in males at 6000 ppm and higher and females at 3000 ppm and
higher, reduced number of implantations at 6000 ppm and higher, decreased
absolute and relative weight of the spleen in females at 6000 ppm and higher,
reduced number of pups born at 10000 ppm, lowered body weight of pups at
6000 ppm and higher, and decreased absolute and relative weight of the spleen
in male weanlings at 1500 ppm and higher and female weanlings at 3000 ppm
and higher [15]. Dosed diet preparations were formulated by mixing DCBS into
an appropriate amount of a powdered basal diet (CRF-1, Oriental Yeast Co. Ltd.,
Tokyo, Japan) for each dietary concentration. The control rats were fed a basal
diet only. Analysis showed that DCBS was homogeneous in the diet and stable
for at least 21 days in a room temperature, and formulations were maintained
in a room temperature for no more than 21 days. Generally, diet was replaced
every 1 week.

2.2. Animals and housing conditions

Crl:CD(SD) rats were used throughout this study. Rats of this strain were
chosen because they are the most commonly used in reproductive and develop-
mental toxicity studies and historical control data are available. Male and female
rats at 4 weeks of age were purchased from Hino Breeding Center, Charles River
Laboratories Japan, Inc. (Yokohama, Japan). The males and females were accli-
mated to the laboratory for eight days prior to the start of the experiment. Male
and female rats found to be in good health were selected for use. One hun-
dred and ninety two rats were randomly assigned 24/sex/group and all animals
were assigned a unique number and ear tattooed prior to the start of the experi-
ment. Animals were housed individually in suspended aluminium/stainless steel
cages except during the acclimation, mating and nursing periods. From day 17
of pregnancy to the day of weaning, individual dams and litters were reared
using wood chips as bedding (White Flake; Charles River Laboratories Japan,
Inc.).

Animals were reared on a basal diet or diet containing DCBS and filtered tap
water ad libinon and maintained in an air-conditioned room at 22 & 3°C, with a
humidity of 504 20%, a 12-h light (8:00-20:00)/dark (20:00-8:00) cycle, and
ventilation at 10-15 times/h.

2.3. Experimental design

Twenty-four rats (5-week-old males and females)/sex/group were fed a diet
containing DCBS at 0, 80, 600 or 4500 ppm for 10 weeks prior to the mat-
ing period. Each female FO rat was mated with a male rat of the same dosage
group, with administration of DCBS in the diet continuing throughout the mat-
ing period. Administration of DCBS was continued throughout gestation and
lactation. Twenty-four male and 24 female F1 weanlings (1 male and 1 female



