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Using precise data sets on farming and pesticide
properties to verify a diffuse pollution hydrological
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Y. Matsui*, K. Narita*; T. Inoue** and T. Matsushita*

*School of Engineering, Hokkaido University, N13W8, Sapporo 060-8628, Japan

(E-mail: matsui@®eng.hokudai.ac.jp; n_exodus_k@yahoo.co.jp; taku-m@eng.hokudai.ac.jp)
**Department of Architecture and Civil Engineering, Toyohashi University of Technology, Tempakucho,
Toyohashi, Aichi 441-8680, Japan (E-mail: inoue@tutrp.tut.ac.jp)

Abstract Verification of a diffuse pollution model involves comparing results actually observed with those
predicted by precise model inputs. Acquisition of precise model inputs is, however, problematic. In
particular, when the target catchment is large and substantial estimation uncertainty exists, not only model
verification but also prediction is difficult. Therefore, in this study, rice-farming data were collected for all
paddy fields from all farmers in a catchment and pesticide adsorption and degradation rates in paddy field
soil samples were measured to obtain precise model inputs. The model inputs successtully verified the
model's capability to predict pesticide concentrations in river water. Sensitivity analyses of the model inputs
elucidated the processes significantly affecting pesticide runoff from rice farms. Pesticide adsorption and
degradation rates of the soil did not significantly affect pesticide concentrations, although pesticide
discharge to river water accounted for less than 50% of the total quantity of pesticide applied to fields,
possibly owing to pesticide adsorption and degradation. The timing of increases in pesticide concentrations
in river water was affected mostly by the farming schedule, including the time of pesticide application and
irrigation, and secondarily by rainfall events.

Keywords Adsorption; degradation; isoprothiolane; pollutograph; uncertainty

Introduction

Pesticide release from agricultural fields and contamination of surface waters are major
threats to human health as well as local ecology in many regions, because surface waters
are a primary source of drinking water (e.g. Gilliom er al., 1999). Although pesticide
usage in Japan has recently begun to gradually decrease (Ministry of Agriculture, For-
estry and Fisheries of Japan, 2005), coinciding with changes in farming practices, the
more stringent, recently promulgated drinking water quality guidelines have caused con-
cern at local, regional, and national scales. In general, the amount of pesticide transported
to surface waters depends on several factors, including pesticide and soil properties, agri-
cultural practices, watershed characteristics, and weather conditions. Pesticides that are
sufficiently resistant to degradation in water and soil and are adequately soluble may be
transported readily and may reach water bodies in significant amounts. Various math-
ematical models have been developed to describe quantitatively pesticide runoff as a
function of the factors mentioned above and to predict pesticide concentrations in surface
waters (Borah and Bera, 2003, 2004). However, pesticide runoff and the processes by
which pesticides are distributed environmentally are complex, and their modelling inevi-
tably involves uncertainty associated with model shortcomings (structural errors or model
inadequacy) as well as model inputs and parameters (Dubus ef al., 2003). The ability or
inability of a model to represent reality and the accurate determination of significant pro-
cesses affecting pesticide fate can be tested if adequate and precise model inputs and
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parameters are used. However, precise model inputs and parameters are hard to obtain,
and substantial estimation uncertainty also exists, in particular for large, basin-scale
caichments, making not only model prediction but also model testing difficult (Matsui
et al., 2005, 2006). Pesticides applied to rice paddies are the main types of pollutant
pesticides in Japan and some other countries, because pesticides used in rice farming add
poliutants to surface waters at higher rates than do those used in upland fields (Matsui
et al., 2002). Rice-farming pesticides may be transported from rice paddy fields to surface
waters primarily by spill-over during or after rainfall or by rice-paddy drainage.

In this study, a daunting task is undertaken: collection of precise information on the
farming work schedules of all farmers in a river basin and obtaining pesticide adsorp-
tion/decomposition rates for rice-paddy soils in the catchment. Our objective was to test
the ability of a diffuse poliution hydrological model to reproduce experimental obser-
vations of rice-farming pesticide concentrations in river water by using adequate and pre-
cise model inputs. The sensitivity of the model is also analysed to elucidate rice-farming
pesticide runoff phenomena.

Materials and methods

Site description and modelling

The Kakkonda River basin (191km?), consisting mainly of forest and rice-paddy fields
cultivated by 372 farmers (Figure 1), was selected to test the model and to predict pesti-
cide concentrations. In the model, the river basin was divided into a grid of 1km by [ km
grid cells. Each grid cell was subdivided into 12 or more compartments: several rice-
paddy ponding compartments (W compartments), rice-paddy soil compartments (X and Y
compartments), a river-water compartment (R compartment), a riverbed compartment (S
compartment), and so on, as shown in Figure 2. The paddy fields in the river basin were
divided into a total of 686 W compartments. The size of each compartment varied,
depending upon the land cover of the grid cell containing the compartments, allowing the
heterogeneity of the watershed characteristics to be taken into account. Areas of the W
compartments were obtained from the Iwate Agricultural Research Center, and those of

Figure 1 The target catchment area. The red dot indicates the water sampling point, where pesticide
concentrations were measured (composed using Google sateflite map). Subscribers to the online version of
Water Science and Technology can access the colour version of this figure from http://www.iwaponline.
com/wst



Figure 2 Compartments in a 1-km? grid cell and flow directions

the other compartments were determined from a Geographic Information System (GIS)
land-cover data file (Geographical Survey Institute, Tokyo, Japan). Water flow directions
among grid cells were determined from GIS data and a 1:50 000 topographic map (Geo-
graphical Survey Institute, Tokyo, Japan). In modelling, the solute concentration and
water level were assumed to be uniform within a compartment, and each was represented
by a single variable. Therefore, a set of differential mass-balance equations describing
the dynamics of a solute (pesticide) and water in each compartment was defined, based

on the law of conservation (i.e. mass balance) for the solute and the water. The details of

the model have been published elsewhere (Matsui er al., 2002, 2005, 2006).

Target pesticide and farming data

The target pesticide was a fungicide, isoprothiolane, one of the most applied pesticides in
the rice-paddy fields of the target catchment area. The data on pesticide concentrations,
observed at a site close to Kakkonda Bridge. were provided as a courtesy by A. Nakano
and used for the comparison with the model predictions. Data from the Cultivation Man-
agement Register, which contains the complete farming schedule, including irrigation and
pesticide application dates and the quantity of pesticide applied for each paddy field, for
the years 2003 and 2004 for all 372 farmers cultivating the 686 paddy fields, were com-
piled, and a database was constructed for use as model input,

Soil map and sampling

Rice paddy field soils in the target watershed belong mainly to six soil groups or sub-
groups: three types of wet Andosol and Brown Lowland, Gray Lowland, and Peat soils
(Iwate Agricultural Research Center 1997). In the model, therefore, paddy soils were
categorised into six types: three subgroups of wet Andosols (wet Andosol I, wet Andosol
2. and wet Andosol 3), Brown Lowland soils, Gray Lowland soils, and Peat soils, and the
soil types present in each paddy field were determined. Twenty-seven soil samples repre-
senting all soil types were collected on 1 July 2005 from nine paddy fields (three soil
samples were collected from each paddy ficld) and stored at 4°C in a refrigerator. Batch
pesticide adsorption and degradation tests were conducted on the individual soil samples
in a laboratory maintained at 20 °C to estimate the soil adsorption coefficient (Ky) and the
degradation rate constant for the pesticide.

Estimation of Ky

Batch tests for estimation of K4 were conducted according to the Organisation for Econ-
omic Co-operation and Development (OECD) guidelines (OECD, 2000), with some
modifications as follows. Four grams (dry weight) of wet soil was added to a glass tube
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containing 20 mL of 0.01 M CaCl, and 2.0 mg/L isoprothiolane. The tube was shaken at
100 pm for 12h at 20°C in the dark; it was confirmed that shaking for 12h resulted in
an equilibrium distribution of isoprothiolane between the soil and water. After shaking,
the water phase was separated from the soil by centrifugation at 3500 rpm for 10 min, fol-
lowed by filtration through a glass filter (GF/F, ¢ = 0.7 wm, Whatman Japan K. K.,
Tokyo, Japan). The water phase was then extracted with 10 mL of n-hexane. The extract
was dried over anhydrous sodium sulphate and subjected to gas chromatography—mass
spectrometry (GC—MS) analysis for quantification of isoprothiolane.

Estimation of the degradation rate constant

Ten grams (dry weight) of wet soil was added to a glass tube, Ultrapure water was then
added to the tube to a water depth of 1-2cm, which was maintained during the batch
test by adding additional ultrapure water as needed. The soil-water mixture was pre-
incubated for 3 days at 20°C in the dark for conditioning. After 3 days, isoprothiolane
was added to the tube at a final concentration of 7.2 mg/kg-dry soil, which is the average
application dose recommended for actual paddy fields (Japan Plant Protection Association,
1994). The soil was then incubated again at 20°C in the dark. Samples were withdrawn
on days 0, 5. 10, and 20 for quantification of residual isoprothiolane as follows. The
samples were centrifuged at 3500 rpm for 10 min to separate the water and soil. The pro-
cedure used for the extraction of the isoprothiolane from the water phase was the same as
that described in the previous section, and the extract was subjected to the GC~MS anal-
ysis. To extract the isoprothiolane from the soil, 10 mL of acetone was added to the soil
and the mixture was vortexed for 20 min. After vortexing, the mixture was centrifuged at
3500rpm for 10 min, and the supernatant was subjected to the GC—MS analysis.

Analytical methods

Isoprothiolane was quantified by GC~MS (Agilent 6890N gas chromatograph, Agilent
5973 mass spectrometry detector) equipped with a capillary column (Agilent HP-5MS,
5% diphenyl 95% dimethylsiloxane; i.d., 0.25 mm; length, 30 m). The temperature of the
ion source, injector, and transfer line was 250°C. GC—MS was performed in selected ion
monitoring mode; the fragment ions of isoprothiolane were detected at m/z 118. The rela-
tive contents of organic compounds in the soil were measured by NC analyzer (Sumi-
graph NC-800, Sumika Chemical Analysis Service, Lid., Tokyo, Japan) so that the
adsorption coefficient of soil organic cormpounds (Koc) could be calculated from Kj.

Other model inputs and parameters

‘The time-series hydrological input for the model was precipitation after subtracting eva-
potranspiration: these data were calculated from published meteorological data (Japan
Meteorological Agency, Tokyo) by a method described elsewhere (Matsui et al., 2005).
The model takes into account 23 hydrologic parameters. The values of 13 parameters are
provided a priori or a posteriori from observation data (Matsui et al., 2005), and those of
the remaining 10 parameters are adjustable. Their values are searched for during model
simulation so as to give the best fit to observed water flow rates (Ministry of Land, Infra-
structure and Transport of Japan, 2005) in accordance with the minimum error criterion
of the Nash—Sutcliffe coefficient (Nash and Sutcliffe, 1970).

Results and discussion

Isoprothiolane adsorption and degradation in soil

The isoprothiolane concentration changes in the soils due to depradation were well
described by first-order reaction kinetics (data not shown), and the degradation rate was



parameterised by the first-order reaction constant (k). The degradation rate constant (k)
varied greatly depending on the soil type (Figure 3). Even within the same soil group
(wet Andosols), rate constants differed by a factor of 12. For soil samples within the
same soil subgroup (for example, wet Andosols 2) collected from different paddy fields,
the difference in rate constants became smaller. The adsorption coefficient of the soils
sampled from various paddy fields, expressed as the ratio of the amount of pesticide
adsorbed per unit weight of organic carbon (K¢), also varied depending on the soil type.
However, in soils of the same soil subgroup, Koc was roughly similar. The organic car-
bon contents of soils from the same soil subgroup were similar. Since soils of the paddy
fields in the target catchment area were mostly wet Andosols, we assumed that in the
model, the isoprothiolane degradation rate could be described by a first-order reaction
with the degradation rate constant determined in accordance with the soil type. Koc and
OC values in the model were also determined in accordance with soil type. In addition,
we confirmed that the literature-reported values of the degradation rate (half-life) and the
soil adsorption coefficient (Uchida, 1978; Kuwatsuka and Yamamoto, 1998; Kishimoto
et al., 1999) were in the same range as our values.

Predicting isoprothiolane concentration in river water

Agricultural records were collected for all 372 farmers engaged in paddy-rice cultivation
in the river basin, including dates of rice transplanting, dates and amounts of herbicide,
fungicide, and insecticide applications, irrigation practices and water level of rice-paddy
pondings, and harvest time. From these, a model input data set for all of the farmers were
created. Model inputs for isoprothiolane adsorption and degradation in the soil were
developed from the above mentioned observational data. Uncertainty in model inputs was
minimised by using these data, making it possible to test the predictive capability of the
model. Predicted and observed time variations in the isoprothiolane concentrations in
river water are compared and given in Figure 4. In 2003, the concentration was predicted
to peak on July 20, but regrettably there were no observed data on that day. Therefore,
the ability of the model to predict peak concentration could not be confirmed. In 2004,
fairly good agreement was obtained for both concentration peak height and timing
between predicted and observed values, because adequate water samples had been col-
lected at suitable times. Overall, the predicted concentrations were close to observed
values. These results suggested that the model was capable of predicting pesticide con-
centration in river water when precise model inputs and parameter values were provided.
In other words, the model realistically predicted pesticide fate without neglecting signifi-
cant processes such as pesticide transport and decomposition.

Wetandosols 1
Wet andosols 2 {5
Wetandusols 2 BT aR
Wetandosols 2 |2

Wet andosols 3
Wetandosaly 3

Brown lowland soils {7

Gray lowland soils

Peat soils gy
oG 002 004 006 008 1000 2000 3000
Degradation rate constant, d-1 Koc, Lfkg-OC

Figure 3 Soil characteristics for isoprothiolane degradation and adsorption in soils sampled from nine
paddy fields. Error bars were calculated from data of three soil samples from each paddy field
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Figure 4 Comparison of observed time-series isoprothiolane concentrations with those predicted by the
model
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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 | 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
I 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-
fall 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 § Effect of the accuracy of agricultural practice data on model prediction. Black line, prediction with

accurate input data; blue fine, 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
76 Technology can access the colour version of this figure from http://www.iwaponline.com/wst



3 3
=10} i E
S i g
= I K
£ A g
] N {160 &
{180 &
O
0-0— ' > 100
[-Jul-04 1-Aug-04 1-Sep-04

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 Koc value was, the larger the pesticide
concentration was, but an increase in Koc 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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Scaling fuctor for pesticide adsorption
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Figure 7 Effect of the pesticide adsorption coefficient (Kgc) 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 8 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 pesticide 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 resuits 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.

Acknowledgements

The authors thank Ms. Nakano of Iwate Agricultural Research Center, Japan, for provid-
ing the pesticide concentration data and for her assistance in collecting copies of the Cul-
tivation Management Register. This work was supported in part by a Grant-in-aid
(Hazardous Chemicals) from the Ministry of Agriculture, Forestry and Fisheries of Japan
(HC-06-2114-2) and a Grant-in-Aid for Scientific Research from the Ministry of Health,
Labour and Welfare (H16-Health-066).

References

Borah, D.K. and Bera, M. (2003). Watershed-scale hydrologic and nonpoint-source poliution models: review
of mathematical bases. Trans, ASAE, 46(6), 1353-1566.

Borah, D.K. and Bera, M. (2004). Watershed-scale hydrologic and nonpoint-source poliution models: review
of applications. Trans. ASAE, 47(3), 789~803.

Dubus, 1.G., Brown, C.D. and Beulke, S. (2003). Sources of uncertainty in pesticide fate modeling. Sci. Total
Environ., 317, 53-72.

Gilliom, R.J., Barbash, LE., Koipin, D.W. and Larson, S.J. (1999). Testing water quality for pesticide
pollution. Environ. Sci. Technol, 33(7), 164A-169A.

Iwate Agricultural Research Center (1997). Soil Map of Iwate Prefecture. No.6, Iwate, Japan.

Japan Plant Protection Association (1994). Pesticide Handbook, Tokyo (in Japanese).

Kishimoto, M., Momonoi, K., Komatsu. T. and Kameya. T. (1999). Behavior of isoprothiolane in a paddy
field., Annual Conference Abstract Book of Japan Society on Warer Envirommnent. pp.508 (in Japanese).

Kuwatsuka, S. and Yamamoto, H. (1998). Soils and Pesticides—Fates of Pesticides in Environment. Japan
Plant Protection Association {in Japanese).

Matsui, Y., ltoshiro, S., Buma, M., Hosogoe, K., Yuasa, A., Shinoda, S., Matsushita, T. and Inoue, T. (2002).
Predicting pesticide concentrations in river water by hydrologically calibrated basin-scale runoff model.
Water Sci. Tech., 45(9), 141-148.

Matsui. Y., Inoue, T., Matsushita. T., Yamada, T., Yamamoto, M. and Sumigama. Y. (2005). Effect of
uncertainties of agricultural working schiedule and Monte-Carlo evaluation of the model input in basin-
scale runoff model analysis of herbicides. Warer Sci. Tech., 51(3—4), 329-337.

Matsui, Y., Narita, K., Inoue, T. and Matsushita. T. (2006). Screening level analysis for monitoring pesticide
in river water using a hydrological diffuse pollution model with limited input data. Warer Sci. Tech.,
53(10), 173-181.

78 10 INSTEN A

79



Je j8 INsieN "\ 1

80

Nash, L.E. and Sutcliffe. I.V. (1970). River flow forecasting through conceptual models. J. Hvdrol,, 10,

282-290.
Organisation for Economic Co-operation and Development [OECD] (2000) Adsorption—Desorption. Using a
Batch Equilibrium Method. OECD Guideline for Testing of Chemicals 106. http://www.oecd.org/

Ministry of Agriculture, Forestry and Fisheries of Japan (2005). http://www.maff.go.jp/nouyaku/aca-info.htm
(in Japanese).

Ministry of Land, Tnfrastructure and Transport of Japan (2005). Water Information System. hitp://wwwi.
river.go.jp/ (in Japanese).

Uchida, M. (1978). Fuji-one and soils. Pesticide, 25(3), 50~55 (in Japanese).



WATER RESEARCH 42 {2008) 1753-1759

journal homepage: www.clsevicr.com/locate/watrcs

Available at www.sciencedirect.com

Effects of chlorine on organophosphorus pesticides
adsorbed on activated carbon: Desorption
and oxon formation

Koichi Ohno®*, Takehiro Minami®, Yoshihiko Matsui®, Yasumoto Magara®

2Department of Socio-Environmental Engineering, Hokkaido University, N13W8, Sapporo 060-8628, Japan
PCreative Research Initiative “Sousei”, Hokkaido University, N21W10, Sapporo 001-0021, Japan

ARTICLE INFO

ABSTRACT

Article history:

Received 7 june 2007

Received in revised form

26 October 2007

Accepted 29 October 2007
Available online 6 November 2007

Keywords:

Activated carbon
Chlorination
Organophosphorus pesticides
Oxon

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 30min 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 S5mg/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; (i) the oxons are
released from the PAC; (ili) 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: ohnok@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 initi-
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 Blomgquist, 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-Schiifers (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)° (2006) (2007)¢
Diazinon 333-41-5 304.35 3.30¢ 3.81¢ 60% 404 0.002t2
Diazinon oxon 962-58-3 288.29 2,074 245"
Isoxathion 18854-01-8 313,31 3.88¢ 3.73¢ 1.94 1.9¢ 0.0038
Isoxathion oxon 32306-29-9 297.25 2.13 1928
Malathion 121-75-5 330.35 2,754 2,364 145¢ 143%¢ 0.3, 0.028
Malaoxon 1634-78-2 314.29 0.52! 75004
Tolclofos-methyl 57018-04-9 301.13 456% 456¢ 1.1 114 0.0648
Tolclofos-methyl 97 483-08-4 285.07 3.00! 41P

oxon

? Chemical Abstracts Service number.

b Acceptable daily intake.

¢ See references.

4 Experimental value,

€ At 20°C.

{ Joint meeting on Pesticide Residues (MPR} (2002).

E Japanese Ministry of Health, Labour and Welfare {2004).
P Estimated by WSKOW v.1.41.

! Estimated by KOWWIN v.1.67.

JAt22°C




WATER RESEARCH 42 {(2008) 1753-1759

1755

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 hydrogén
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-pm 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 100pg/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 ym. 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 (10mg) was added to 1L of pesticide solution in a beaker.
The solution was then stirred with a mixer at 300rpm 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,
S00mL of the PAC solution was filtered through a 0.45-pm
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-uym
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-Cl 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
S5min. 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 Smin. 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 ug/L). Following

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

Compound Precursor Product ion

ion (m/z) (m/2)
Diazinon 305.2 169.2
Diazinon oxon 289.2 153.2
Isoxathion 314.0 105.3
Isoxathion oxon 298.3 242.1
Malathion 331.1 127.1
Malaoxon 315.1 127.1
Tolclofos-methyl 3011 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
5mg/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 30min 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 fltered through a
0.45-pym 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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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 adsorption 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 sodium 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

2.8 M (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 octanocl-water
partition coefficient (Kow) than the parent pesticides. There-
fore, the slower readsorption 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 M
(62 ug/L), and the chlorine dose was 2.0 mg/L.
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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
corresponding 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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Evaluation of Priority of Pesticides Runoff using Fugacity Model

MA R
Takahiro IKEGAI
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ZRWT, FERROTEE) R ONEE) | ORSRRHIR LA TG Uz, € ORER, FUsBMH R B
EMERTHEL LTRIATETSH Y, ADI Hih OFBEHETH S RRI EExAVWCHEHERD S
AZVT 4 BEEICHETED T EERLE,
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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 caleulating the index which indicated pesticide runoff potential on
each period. We evaluated the pesticides runoff situation of Sagami-river and Sakawa-river 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.
Key Words : pesticide runoff, fugacity model, spillage estimation, basin
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