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was calculated by multiplying TOCI by 4toc1 (=1.53).
Then, this number was subtracted from the observed
number of chromosomal aberrations to obtain the
estimated number of chromosomal aberrations
induced by TOBr. The number of chromosomal
aberrations from TOBr on TOX basis fell in a

’ I ' l ' ' ' Table 1. Estimation of the activity inducing
chromosomal aberrations of TOCI on TOX basis
without bromide ion. Conditions: NOM type, humic

150 |- 7 acid; TOC, 1000 mg/L; reaction time, 1 day; pH, 7.0.
=
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750 20 92.4 1.52
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Figure 2. Effect of chlorine dose on TOCI
formation. Conditions: NOM type, humic acid;
TOC, 1000 mg/L; reaction time, 1 day; pH, 7.0;
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relatively narrow range (6.37-8.91). The average value (4ros:) was 7.34 L/(100 cells mg Cl) and
the standard deviation was 0.68 L/(100 cells mg Cl) (n=15). Based on this result, it was assumed
that the number of chromosomal aberrations induced by TOBr on TOX basis did not change and
was equal to Artop; to calculate the contribution of TOBr in the next subsection.

The ratio of Aros: to Atoct was 4.8. Therefore, it can be said that the mixture of brominated
DBPs was approximately 4.8 times more toxic than TOBr on TOX basis. This result was in
agreement with the evaluation based on the chromosomal aberration test on the reaction products
between hypobromous acid and humic acid (i.e., only brominated products) and the ones from
chlorination without bromide ion (chlorinated DBPs only) [8].

Table 2. Estimation of the activity inducing chromosomal aberrations of TOBr on TOX basis.
Conditions: see the caption of Figure 3. Also note that TOBr concentration is in mg CVL for comparison

Number of Chromosomal :
Chlorine dose ~ Bromide jon  chromosomal TOCl  abermrations induced Activity per TOX
aberrations by TOBr TOBr
(mg CL/L) (mg Br/L) (/100cells)  (mg CVL) (/100cells) (mg CVL)  (LA100 cells mg CI))
50 22 53.0 10.4 9.6 7.60
100 27 375 18.8 18.5 7.11
500 150 28 23.5 229 17.9 891
200 34 24.4 28.7 312 6.42
250 42 25.6 36.4 329 7.74
50 30 93.4 9.5 T105 ' 6.37
100 38 V 83.6 19.7 18.9 7.31
1000 150 41 60.7 217 25.0 775
200 49 55.9 36.8 387 6.65
250 56 512 44.8 453 6.91
50 39 . 1313 10.2 10.6- 6.76
100 48 105.7 24.8 24.3 7.16
1500 150 59 94.6 383 334 8.02
' 200 69 78.1 519 460 7.90
250 74 72.4 58.1 54.5 7417

Contribution of brominated DBPs to the activity inducing chromosomal aberrations of chlorinated
humic acid. Under the assumption that the numbers of chromosomal aberrations induced by TOBr
and TOCI on TOX basis do not change and these values are equal to Aros: and Arocy, respectively,
the contribution of TOBr at each condition was obtained from these two values, TOBr (Figure 3),
and TOCI (Figure 4). The contribution of TOBr was defined as: '

B Number of chromosomal aberrations from TOBr <100

Total number of chromosomal aberrations (3)’
= r x100
Aroq * TOCL+ Apgp, ® TOBr

Contribution of TOBr (%)

The contributions of TOBr at other conditions are shown in Figure 6. The contribution of
brominated DBPs tends to be high at low chlorine-to-TOC ratio and high bromide-to-TOC ratio.
Also, under the assumption that the relationship between the two ratios and the contribution of
TOBr holds for real souse water, the contribution of brominated DBPs in drinking water can be
estimated. For example, for a source water with TOC of 1.5 mg/L and bromide ion concentration of
75 ng/L, the contribution of TOBr was estimated to be 27.9%. Also, if the bromide ion
concentration is above 150 pg/L for the same TOC level, the contribution of TOBr exceeds 50%.
Considering that the average bromide concentrations in US source waters is 100 pg/L [1], it is not
uncommon that the contribution of TOBr is close to or more than 50% in real drinking water




practice. The above estimation indicates that the contribution of brominated DBPs is not negligible
even at relatively low bromide ion concentration.

100
90
80
70
60
50
40
30
20

Contribution of TOBr (%)

" Chlcrine-to-
TOC ratio
(mg/mg)

Figure 6. Contribution of TOBr to the activity inducing chromosomal aberrations of
the reaction products from the chlorination of humic acid in the presence of bromide.
Condition: see the caption of Figure 3. Note that both chlorine-to-TOC and bromide-to-
TOC ratios were close to those in actual drinking water treatment practice.

Contribution of brominated DBPs to the activity inducing chromosomal aberrations of
chlorinated Lake Biwa water '

Effect of bromide ion concentration on TOBr, TOCI, and the activity inducing chromosomal
aberrations. The trends of TOBr and TOCI formation for elevated bromide ion concentration were
the same as for humic acid solution i.e., TOBr increased and TOC] decreased with increasing
bromide ion concentration (Figure 7). Also, the number of chromosomal aberrations increased
with bromide ion concentration (Figure 8).
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Figure 7. Effect of bromide ion concentration on Figure8. Effect of bromide ion concentration on
TOBr and TOCl formation (Lake Biwa Water). the activity inducing chromosomal aberrations
Conditions: TOC, 1.88 mg/L; chlorine dose, 2.89 mg/L, (Lake Biwa Water). Conditions: see the caption of
pH, 7.0; reaction time, 1 day. Figure 7.




Aroci and Aropr values of chlorinated Lake Biwa water. _

The Aroc) and Artop; values of chlorinated Lake Biwa water were determined by multiple linear
regressions. This was because bromide ion was present in Liake Biwa water, and it was impossible
to obtain the samples that contain only chlorinated DBPs to estimate 4roc separately. The result of
the regression is shown in Table 3.

The Atoc and Arop; values of the chlorinated Lake Biwa water were 1.00 and 6.58 L/(100 cells mg
Cl) , respectively. Both the Atoci and 4top: values of chlorinated Lake Biwa water were close to
the ones of chlorinated humic acid solution. Also, the Atoc; and Atop: values of the chlorinated
humic acid solution were recalculated by multiple linear regression for comparison. These values
are in good agreement with the values obtained in the previous section.

The ratio of Atop: to Atoc: was 6.58 for chlorinated Lake Biwa water (note that the ratio for
chlorinated humic acid was 4.8). Thus, the contribution of TOBr to the toxicity of chlorinated
water is not negligible even for a real source water.

The slight differences in Atos: (50%) and Aroc1 (10%) between Lake Biwa water and humic
acid solution could be attributed to the difference in chemical structure of NOM. But, more
comprehensive characterization of NOM would be necessary to elucidate the reaction pathways
between NOM and hypohalous acids that are responsible for these difference. Also, it should be
noted that Arop; and Artoc values were estimated under the assumption that the recovery of
mutagenic compounds by solid phase extraction was 100%. This assumption is reasonable as the
major fraction of mutagenic compounds is hydrophobic compounds, but may have caused some
bias in Ator: and Atoq estimation.

Table 3. Summary of the activities inducing chromosomal
aberrations on TOX basis.

Ao, Arog R? Adjusted R?
Lake Biwa Water 6.58 1.00 0.985 0.646
Humic Acid |
(multiple linear regression) 7.36 1.54 0.973 0.894
Humic Acid
(based on Aygq Without 7.34 1.53 - - -
bromide)

Contribution of brominated DBPs. From TOCI and TOBr values and Atog: and Atoc; values (Table
3), the contribution of TOBr was estimated (Table 4). Even at the ambient bromide ion
concentration (38.2 pg/L), the contribution of TOBr was more than 30%. Also, it was demonstrated
that the contribution does exceed 50% for a real source water that contains bromide ion higher than

120 pg/L.

Table 4. Contribution of brominated DBPs to
the activity inducing chromosomal aberrations.
of chlorinated Lake Biwa water.

Bromide ion concentration Contribution of TOBr

(pg/L) %)
38 31.3
120 56.6
240 722
400 784

600 85.8




CONCLUSIONS

The combination of chromosomal aberration test and an analytical technique to differentiate total
organic chlorine (TOCI) and total organic bromine (TOBr) revealed that brominated DBPs
produced during chlorination is 5 to 7 times more mutagenic than chlorinated DBPs on TOX basis.

The contribution of TOBr to the mutagenicity of chlorinated water could be more than 50% for a
bromide-to-TOC ratio commonly found in source waters. From these results, it is concluded that
brominated disinfection by-products (DBPs) can be significant contributors to the toxicity of
drinking water. Thus, controlling of brominated DBPs is a critical issue for drinking water utilities
that rely on source waters containing relatively high concentration of bromide ion.
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ABSTRACT

A nation-wide survey on bromate level in raw water and finished water was conducted at
87 waterworks in 2002 and 2003 prior to the determination of revised water quality standards for
dfinking water in Japan. Excess level(>10 ug/L) of bromate was detected from several finished
water samples, which were taken from the waterworks with ozonation facilities. Increase of
bromate in the finished water was chiefly due to formation in the course of ozonation, and
addition by chlorination as impurity of commercially available and on-site produced sodium
hypochlorite. Case of excess bromate in tap water after the enforcement of the revised standard
and countermeasures are also described.
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bromate, ozonation, sodium hypochlorite, water quality standards for drinking water
INTRODUCTION

Bromate is known as a positive mutagenic compound confirmed by both in vivo and in
vitro tests such as Ames test, a chromosomal aberration test and a micronucleus test. It is also
classified as IARC(International Agency for the Research on Cancer) Group 2B substances, 1.e.
"Possibly carcinogenic to humans". In recent years, existence of bromate(BrOs) in drinking
water has been one of great concerns. Bromate is hardly removed by conventional drinking
water treatment system. Moreover, it is known that bromate level increases after ozonation due
to oxidation of bromide into bromate(Haag and Hoigne, 1983). Dosing of sodium hypochlorite
for chlorination also causes increase of bromate level in finished water because it contains




bromate as impurity.

Revised water quality standards for drinking water have been enforced in Japan since
April 2004. Bromate was newly added as one of fifty standard items and its standard value was
set at 10 pug/L. Chemical standards for drinking water treatments were also set at the same time
and increase of bromate in finished water should be less than 5 pg/L at the maximum dosing of
the chemicals. USEPA has already set the maximum contamination level of bromate for drinking
water at 10 pg/L. WHO has also set the same level of guideline value in the latest Guideline of
Drinking Water Quality, announced in September 2004.

This paper shows results of a nation-wide survey of bromate level in raw water and
finished water in 87 waterworks, prior to the determination of the revised water quality standards
for drinking water in Japan. Case of excess bromate in tap water and countermeasures are also
described. '

MATERIALS AND METHODS

Site selection and sampling

Sources of bromate in drinking water were assumed that; (1) bromate exists in raw water
and remains after drinking water treatment, (2) bromide in raw water was oxidized into bromate
by ozonation process, and (3) sodium hypochlorite for chlorination contains bromate as impurity.
87 waterworks were selected for sampling in this survey as shown in Figure 1. They contain 38
waterworks with ozonation facilities and 49 waterworks without ozonation, Chlorine agents used
in the waterworks were on-site produced sodium hypochlorite with or without membrane
separation in electrolytic bath, commercially available sodium hypochlorite and liquid chlorine.

Raw water and finished water samples were taken at each waterworks in November and
December 2002. 1000 mL polyethylene bottles were filled without any bubbles, sealed tightly,
transported in dark and cool condition, and immediately served for instrumental analyses of
bromate, bromide and chloride. A questionnaire survey was also performed to each waterworks
on operating conditions of ozonation(dose, locations, retention time, type of reactor) and
chlorination(reagent, dose, locations).- Water qualities and climate conditions(weather, air
temperature, water temperature, pH, color, turbidity, potassium permanganate consumption, total
organic carbon) in the sampling date were also included in the questionnaire.

In February 2003, follow-up survey was performed at 19 waterworks, in which bromate
‘level in raw water was more than 0.5 pg/L, or that in finished water was more than 2.0 pg/L
without ozonation, or more than 4.0 pg/L with ozonation.

Analytical procedures

All samples were filtered with 0.2 um membrane filter prior to instrumental analyses.
High levels of chloride and sulfate were also removed before analysis of bromate by filtering
samples through silver éartridges and barium cartridges, respectively. Bromate was determined
with ion chromatography by post-column reaction(Dionex AQ1120 with post-column reactor).




@ with ozonation(38)
O w/o ozonation(49)

Figure 1 Location of 87 waterworks selected in the nation-wide survey

Table 1 Analytical conditions of ion chromatography by post-column reaction

Analytical instrument Dionex AQl 120 with post-column reactor
Column Dionex Ionpac AS-9HC (250mm x 4mm)
Guard column Dionex Ionpac AG-9HC ( 50mm x 4mm)
Suppressor ASRS-ULTRA 4mm in chemical mode

Eluent 9mM Na ,CO, '
Flow rate 1.0mL/min.

Temperature _ 40C

Injection volume 500_L

Detection UV/VIS 268nm

Table 2 Analytical conditions of ion chromatography
Analytical instrument Dionex DX320

Column Dionex Ionpac AS-9HC (250mm x 4mm)
Guard column Dionex Ionpac AG-9HC ( 50mm x 4mm)
Suppressor ASRS-ULTRA in external mode

Eluent 9mM Na,CO,

Flow rate 1.0mL/min.

Temperature 35C

Injection volume 100 L

Detection UV/VIS 205nm (bromide ion)

electrical conductivity (chloride ion)




Determination limit was 0.02 pg/L. Bromide and chloride were measured by ion chromatography
(Dionex DX320). Table 1 and 2 show analytical conditions of ion chromatography by
post-column reaction and ion chromatography, respectively. '

RESULTS AND DISCUSSION

Figure 2 shows histograms of bromate level in raw water taken at 87 waterworks.
Bromate level in 62 raw water samples was less than the. determination limit(0.02 pg/L). In the
case of river water samples in urbanized areas, bromate level was around 0.5 pg/L. Maximum
bromate level was 1.6 pg/L, which was probably due to effluent from a waste landfill site located
at upstream of the waterworks. Thus, bromate originally exist in raw water was not significant in
most waterworks. Bromide level in 53 raw water samples was less than the determination
1imit(0.50 pg/L) as shown in Figure 3. In 7 samples, bromide leével was higher than 100 pg/L and
maximum level was 445 pg/L. Potential of bromate formation by ozonation might be much higher
in these waterworks than others. _ '

At 27 out of 38 waterworks with ozonation facilities, bromate levels in the finished water
samples were higher than 1.0 pg/L, which is equivalent to 10% of the revised water quality
standard value(10 pg/L) as shown in figure 4. Two finished water samples contained higher
bromate than the standard value and the maximum observed bromate was 21.5 pg/L. The
waterworks with the highest bromate in finished water also observed the highest bromate(l 61
pg/L) and bromide(0.35 mg/L) in its raw water. Moreover, it uses on-site produced sodium
hypochlorite without membrane separation, which may contains much bromate as described latter.
There is a possibility that multiple sources of bromate caused the highest bromate level in the '
finished water observed in the survey. A

In the finished water samples without ozonation, bromate level was lower than that with
ozonation as Figure 5. However, 11 out of 49 samples contained bromate higher than 1.0pg/L,
which was certainly due to the impurity of bromate in the chlorine agents. Table 3 shows increase
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of bromate in the raw and finished water samples at 49 waterworks without ozonation. On-site
produced sodium hypochlorite without membrane separation caused much increase of
bromate(0.50 - 3.99 ug/L) compared to that with membrane separation(0.22 - 0.71 pg/L). Higher
dosing ratio of the former sodium hypochlorite is part of the reasons of much bromate increase
because available chlorine level in the former was the lowest(1%) as shown in Table 3. Bromide
as impurity of raw salts might also affect the bromate in both type of on-site produced sodium
hypochlorite. Ozaka et al. pointed that bromide level in raw salts for on-site production of sodium
hypochlorite was much varied depending on purity and production method of the salts (Ozaka et
al., 2003). | |

It is noticeable that specific commercially available sodium hypochlorite also increased
bromate level in the finished water up to 6.33 pg/L, which was higher than the chemical standards |
of for drinking water treatments(up to 5 pg/L). 7 out of 9 waterworks, where increase of bromate
level was more than 1.0 pg/L, used commercially available sodium hypochlorite for chlorination.
Other 2 waterworks used the on-site produced sodium hypochlorite without membrane separation.
~ Increase of bromate level after dosing of liquid chlorine was not over 0.52 pg/L at 11 waterworks.

Figure 6 shows results of the follow-up survey at 19 waterworks, in which bromate level
in the raw water was more than 0.5 ug/L, or that in the finished water. was more than 2.0 pg/L
without ozonation, or more than 4.0 pg/L with ozonation. Bromate level in 19 finished water
samples was less than the previous survey at most waterworks, partly due to decrease of ozone
and/or chlorine dosing ratio. Colder water temperature compared to the previous survey might be
also one of the reasons of less bromate formation, especially in the course of ozonation. However,
2 out of 11 finished water samples with ozonation still contained excess bromate, which was
taken from the same waterworks as in the previous survey. Increases of bromate in the course of
chlorination were 0.13 pg/L by liquid chlorine, 2.8 - 3.0 pg/L by on-site produced sodium
hypochlorite, and 0.42 - 5.0 pg/L by commercially available sodium hypochlorite.
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Table 3 Increase of bromate level between the raw and finished water samples
at 49 waterworks without ozonation

. No. of Available , Increase of
Chlorine agent samples Chlorine [%] bromate ion [ ¢/ g/L1
On-site produced sodium hyp?chlorite 3 | 0.50 « 3.99
(W/o membrane separation)
On-site produced sodium hypochlorite s 022 ~ 071
- (with membrane separation) > . ’ )
Commercially available sodium 30 100r12 0~ 6.33
Liquid chlorine 11 12 0~ 0.52
25 1 , Figure 6 Bromate in raw and finished water
‘ @ : .at 19 waterworks
—20 T | (Follow-up survey in Feb. 2003)
o 15 F A: Raw water :
= s .
'-;‘ B: Finished water (Ozonation)
g 10 C: Finished water
o (On-site produced sodium hypochlorite)
@5 é D: Finished water
0 L L ! (Commercially available sodium hypochlorite)

C D E E: Finished water (Liquid chlorine)

Case of excess bromate in drinking water and countermeasures

Excess of bromate in drinking water have been reported from several waterworks since
the enforcement of the water quality standards for drinking water in April 2004. In the case of a
small water utility located in Hokkaido Prefecture, 147 pg/L of bromate, which was 14.7 times
higher than the standard value, was detected in tap water just after they started measurement of
bromate in April 2004. Finished water taken from the utility still contained 168 pg/L. of bromate
on the remeasurement. The local municipality restricted usage of the water for drinking and
'cooking, and distributed drinking water from neighboring water utilities by plastic canteens for
nearly a week. '

Source of the bromate contamination in the drinking water was identified as its
commercially available sodium hypochlorite purchased from a local supplier. It contained
extremely high level of bromate up to 668 mg/L. Bromate was not detected in its raw water. After
the sodium hypochlorite was replaced with new one, which contained 19 mg/L of bromate,
bromate in finished water decreased to 2 pg/L and the restriction was released. The water utility
has increased the frequency of bromate measurement in tap water from every 3 months to every
month. It has also continued investigation of bromate in the sodium hypochlorite for chlorination
and asked the local supplier to submit a component analysis sheet of the sodium hypochlorite.

In June 2004, Ministry of Health, Labour and Welfare has promoted awareness of
bromate contamination in sodium hypochlorite for drinking water treatment. This advised every
waterworks and local municipalities as to; (1) confirmation of bromate level in both commercially




available and on-site produced sodium hypochlorite, (2) appropriate use and storage of sodium
hypochlorite taking account of bromate increase and available chlorine decrease that may occur
under high temperature, (3) attention to chlorination in high dosing ratio against ammonium
nitrogen, iron, and manganese in raw water, and so on.

CONCLUSION

The nation-wide survey of bromate level in drinking water, sampled at various
waterworks in Japan, determined excess level of bromate in several finished water samples.
Increase of bromate in the finished water was chiefly due to formation in the course of ozonation
process and addition in chlorination process as impurity of commercially available and on-site
produced sodium hypochlorite. Result of the survey was utilized for the determination of the
revised water quality standards for drinking water in Japan.

It is concluded that potential of excess bromate in the drinking water is very high at a
number of waterworks, where ozonation and/or chlorination in high dosing ratio are performed
especially in summer seasons. It is recommended to control dosing ratio and retention time in
ozonation and chlorination process, and to make routine check of sodium hypochlorite quality on

bromate and available chlorine level.

ACKNOWLEDGEMENT

This survey was promoted and financially supported by Ministry of the Environment
from FY 2001 to 2003. The authors are grateful to research committee on "Existence of
Hydrophilic and Persistent Toxic Chemicals in the Drinking Water Resources, Control by
Drinking Water Treatments, and Risk Assessment", Ministry of Health, Labour and Welfare.

REFERENCES

Haag, W.R. and Hoigne, J. (1983) Ozonation of bromide containing waters: Kinetics of formation
of hypobromous acid and bromate, Environmental Science and Technology, 17, 261-267.

Ministry of the Environment (2004) Researches on existence of hydrophilic and persistent toxic
chemicals in the drinking water resources, control by drinking water treatments, and risk
assessment, Environmental Research in Japan, 2003. (in press)

Osaka, H. et al. (2003) Occurrence of bromate in the course of sodium hypochlorite production, -
Journal of Japan Water Works Association, 72(8), 2-7 (in Japanese).

World Health Organization (2004) Guidelines for drinking-water quality, 3rd Edition
http://www.who.int/water_sanitation_health/dwq/gdwq3/en/




42 EIEN TR 7 + — 5 L HHRME - 2005

B—39 UKIERIUBBIRICE T 5/ \OFRERICEDL 2 EBEEOR Y Y —=0

IR TR OREME—

FEKEREE TR AR
REKEREETETR S

1. [FL®IZ

H/ESRIOEERE TAR T D HBRERND 5 b, NoFEAHAA, RHRE FEE ROHERO—DT
H5, T, BREFL—HOLOBMEFITECFEEETT20, IHEEBZEDRD TR Y, TOARME
FEADEERLEE > TETND, LALRNDE, BIEE TICARBEMIZIER S Ml Sh T\ A i8ERIE
BNE b U sm 2 Z ATHMOATH Y, HAADARGERBIZ OV TR AR Z L,

FIT, AT, HAA ERERAO—RE LT, B2 RMLAMOERIIEN DL D HAA £RE%H
EL, TOERBICKE REBE 52 DS ORELRIT, SbIT, 5T 58U 40 HAA &
I RIS RELRE L,

2. SBERAE _
®1ICHERMRLE Ui 4 BoFREEMERT, TOEERL = LRIEMRICEY
bico T, FEREAY TR, THM £BICKE 2EEE 5% |—22ELeD EHEhes
BLENDT =) —NEE RuFL il RS ET L/ XfeB
WKELSEENDIINVRFIAED, B I ONEERICER L E] ﬁﬁ_f #;L/&fz : Z;{;gg
oo BEARILEHOBIRTIY, ANERFIAEL LG, B-Y [ £ :n:-‘gg%ﬁﬁg& 3;77;;4»5;;@&
S syt - s 8 i <
b N ARSI ER A VR VBRI, [ onasioe T gg
NEFERTHHOREE Uiz b O, CHamnBraCla-COOH(, °"‘£f§_‘ = ;:’;’” 777 .
mi0,1,2,0037>Ometn >1) TR ENS I TH 5, HRMEDOE ke S
R, EBIREEDSS mg-C/L, HFRMEN 30 me/LOKIHERE e 7z ;&%‘f . =
P = 3 = B b FOfsq, oEFy
ZHI), PH=T, BULH =24 L L, TORRENTDHAA ERFRRxl anl Jocdi
AERFEERE Ui, ZhUC%, B(bA A Br)did mg/LfFfE [250cFaksmgza oL 0o
_ . _ 35Sk FnF I RAEH Tha—2x
TAEGTHRBROERIEREIT, TOEELWE L, [23SeFosomgsm ZDA—R
" . s iy N 26-CE FOFLREFH I h-X
HAABREDRIERL, HAAZBEA Z /) —/MEVTATFMY, 1R [3aSrFozoapas Sy r—x%
W Ui f8, ZhaGCOMS(GC:Agilent 6890 series GC e e

system, MS:JEOL JMS-AX505HEY) THIE L TiT - 7z,

3. RERR

RIE LI HAA AR EE b LIZILEMEHELZOONRR 2BV S THDH, AL L RS THESRLE

LI aD7 v ai i A(CHCIAERE S, SR 20 bESB LIS EEMIT OV TR L,

4, BR
4.1 HAA £ 7%E & CHCls ARE DS

HAA 4B E CHCLARED I LHESE 11071, HAA £RENKEVMEAMWIE, CHCl &5

BLRBONRKE L, (LAMOREERBE~DUMEB K2, IWEOLERCEETH S LEZDNS,

- 150 -




F2EBHECESHONE (BERBUmolmg-TOC, FHRITHE)ITLY | ~VIZHELE)

T10-0.18) ;
Ta(0-0.04) Th0.04-0.18) | H(0.18-0.4) 111{0.4-1.5) . V(15-5) V(5)-
HAA Fra—Tb EFOx/ o o g b= 1T T~ PEYES” JARTRT S
(BrizL) |REER 3,4-DHB R FE U F B m-HBA Sk FRds L Vo2 LE
TAAR 2,4-DHB p-HBA
2,5-DHB 2,6-DHB o- A bEL TS~
. |2,3-DHB REDRY. ]
3,5-DHB
HAR |[hra—iv EFRAF/ & TIST—It FIFIR PRI
(Br) RBGFEH 2,5-DHB ! 0- LY —il m-HBA 5-t- RS Y IR LR
DENE 2,3-DHB i ERTR jp-HBA
3,4-DHB i 2,4-DHB 0- X bHUDT /=N
N REDP
1 1 1 13,5-DHB I
! 2,6-DHB
ol
CHCI, tFax/ > Ip-HBA Jx/— FEYE [V
[¢=2::H FUFAR YR jo-A REITZ/ L Iaadniy
R 2)) LRRTR ! ! - 13,5-DHB
lBraL) i i i i
EPMBECE FoF o RBEE, FBALE FOF VR B eHO TRt ABR CHh 5
% JERILEMOSE Erin2 0B EER
T{0-0.18} )
Ta{0-0.04) ] T5{0.04-0.18) 11 (0.18-0.4)] 111{0.4-1.5)] IV(1.5-5) V(5-)
HAR |70 Fo& PELEERS 3 TELESR TL IR 1375 FFILHLE |
BriL)viLs o8 1Fasts - 7R b 7AFER . TRFLTE LY
anvi IFLUTYa—i 172
I Ira—2
JUtRLNE RYO—-R
ki 4 7.7 -3
[ 57 k=2
|5LE FULTLI—R
Inass
AAA [P Fol  JOET OB ERECR TEIVE
(Br) SV -] 1-Fok/— i FHEFPALTFER 3-4 RSB LB
andB . IFLYIYI—N iTERY [ i 1 172FL7HE by
TYNE Yra~2R
FYFELLE A28~
{374 TH bR
433 59 k=R
SR - FURTLI—N
CHCly |28 i1 ELE PERY 3-4 FTAENE
(B, |7INE nE
X2 (T UFFOABR rFLYIUa-R
(Brizl) lﬁ& Jra—2

BT RRRSIRI LA OVWTIE, TAREROHEEIIEY, —F,

-
-4
o

EERECAW ISR R TEDDE BKEC, LEME |y ohrostr drapozrbey R hoostr
X B AR EAE  LHERE NS, S o |o
e \rewem | | A
42 FEHEBLOEHREAYDbO HAA £rtkofl; g | Lo
FERCEWP DO HAA Efid b ) ~eER> U o ;4% b
B> NuBEROIETCH o7z, BT ) ~aEEEOAREIL 3 ol b
FERIUNEL, BHENRVEERED T, =" A
—%, IEELAMOBE, FEHRLAMTL~T, with F ek

wiﬁiﬁ%lj\éb\%@isgﬂ}/cho if:’ %wéf&%%ﬁiﬁ 0.0;.0‘()1 0.01 | 0.1 1 10 100
v, I uEEROERENERIICRE 0T, " HAA% R B ( umol/mg-TOC)

| 1:THM(CHCl) & HAA R B D Hs
4.3 LS L AR EOBROES , ’

(OEBRAY  FERICER ULEHEED Y b, BRI SRS RON T =/ —Ee Fo¥ L VE(OH
EICER LTHLAMEENEL, 2B 307kE, BLU—RMGENEZE LD BDERLTTY, -

- 151 -




0 U7 = ) —/VIETIE, -OHE % 4-OH B L AEBRILAMOSE

SHEVMNZ A Z4T 21 L S8R beXiil —BRBBE
zj\m ; j? Bro BRI 25 OHEZREEMEET] la | ERELERIED
VY )=V DERENIE E)J7z) )8 | 1=V | -OREZREHEMEENE YHAAERERA
BT E, ZOERE LT, S91 - | awlV CHCl; £ E>HAAERE

;%}t‘z/ ~)b§®$ﬁiﬁ7§é§ ;

- — AREREE) I/ —LEEUT
L2/ =R -V ohe, &mBizE, Yo/ —VEEYX
Fy Tz — 8 M.V TS > BB TR

-OHZEM A Z AL DBURI b B
A, B-VF b ABEETER
AIRET, -OHEITHE NI R

| OFUSHERAE MBI LT OND, ¥i, TOMOEATICOVT, ERLEEERVBILR
eRERERoTNA EELZLRD, '

o7 = ) —/VEEIY, (REESRMC S ARG, ) 7=/ —/MRE RIS EEE X BB, HAAKER
BB/ NS Do t, DhiE, REESER ORI RCHCERIZEDN B 7= L ES NS,
o-OHEX 3K LAWTH B, Tuu s L BRATFEOROHAAEREOHEIIREVE, B
3 0D-OHENEWIZ A FAICER L TN D Z EREOEA LB OND, BEDEA T, -OHEIHE
N RERER 5-OHETBRSNAED, LY ) —E VEVERERT L LHETE 5,

(QREMIEICEY - IR LA CARBBRE VO, TEFAT R b, 8- DTN ENEE, 7 B0 3
DOHRTHY, FOMDEEMTTRTERID 1IET 5, LEED 3 2D{LEMICIBTHHE LT, B8
Dl NABE RGO, BB b ) —VEEREATRL, ARdVARSEELTO HAA LU
CHCls AmATEER - b Thd, 2T, 7TVEIC VT, EREE T CRAINEF VNVERGERE
LIABIT, 8- RS AZABRIZ 2 o THIDT, & b)) —VEREMERTZ LICEERE TS, EbIZ0
T &%, HAA RN 8- b NS N> 7 = UBTHBBAN—OTHDE L bEL LIS,

4.4 BAtinA A DRE B o —

RAit 4y B BT 5 &, FRELAUPOD o o LEKLEY A{
HAA AREE—BEIC 15 FRECHIT BT EAELD S ’ ;/é
Lok(@2), O Lit, BrkEERBICB s TE X | | b 900
R HWERSRES, FEROH L OKEERRE ) bA 4

FUSHEERROT LERRLTHD LV 5, %* 01 .

7, WA SO HAA ERBIKBrAEL T 3 ye
bEOBELEDoT, LIL, TEFATE L E0biE B oo 74{::12897_”(0 A
FHEOIEFITIRE ) 7 0T AN PHER SN, S 11574 {1,008y Ri= 02362

_ . 5 0001 001 04 1 10 100
5. LD : Br#ifmAR TOHAAE B &( umol/mg-TOC)
UT, AFETELNEHED D b, TRbOEFIETS, 2Bro) HAA RIS X A58

o— RN, B T x ) —VEIY T 2 ) - NMELVHAARZLEKT B,

o THM(CHCloA M E & HAASEREORIC, BICEHELAIZENT, RWEERR BN,

oBr3fHET B2 & THEIH AWM TITHAASREN B Uiz, BRI OFRIh S o7,

SEXH

1) US EPA : Determination of haloacetic acids and dalapon in drinking water by Hquid-liquid
microextraction, derivatization, and gas chromatography with electron capture detection(Method

552.3), 2003,
2) (LEEE AV B I USRI LA LFE IR %, RERFEE LIRS, 1987,

- 152 -



Screening level analysis for monitoring pesticide in
river water using a hydrological diffuse pollution model
with limited input data

Y. Matsui*, K. Narita*, T. Inoue** and T. Matsushita™
- *Department of Environmental Engineering, Hokkaido University, Sapporo 060-8628, Japan,
(E-mail: matsui@eng.hokudai.ac.jp)

**Department of Civil-Engineering, Gifu University, Gifu 501-1193, Jépan

***Tayohashi Univeréity of Technology, Toychashi 441-8580, Japan

Abstract To predict rice-farming pesticide concentrations in river water with imprecise model inputs for
screening-level analysis, a basin-scale runoff model was developed. The Monte Carlo method was applied
1o create estimates of input data regarding agricultural work schedules and parameters for pesticide
decomposition and sorption in solids and water. The prediction accuracy of the model was evaluated when
used with non-optimised pesticide parameters; the model was calibrated using hydrological data alone
without reference to observed pesticide concentration data. Overall, predictions for the pesticide
concentrations were successful within order-of-magnitude accuracy. The pesticide rankings according

to the predicted concentration roughly agreed with those observed. The success of screening-level analysis
indicates that the model prediction can help in selection of pesticides 1o be monitored and in determining
the monitoring schedule for the river basin. ’

Keywords quellingi pesticides; pollutograph; prediction; runoff; water quality

Nomenclature

awy infiltration rate coefficients of the rice paddy field (m/s).
aw,in» Gw,ou irmigation and drainage rate coefficients of the rice paddy field,
* respectively (s7%)

ay vertical flow rate coefficient ™hH

ay lateral flow rate coefficient (m/s)

A area of the compartment (m%)

B length on a side of a square grid (m)

C;and C,  concentration in each compartment (kg/ms)

D diffusion coefficient (m?/s)

L distance between compartments (m)

Ly river length in a compartment

h water level of the compartment (m)

hg depth of the compartment (m)

hw water depth of the rice paddy field (m)

hwo objective water depth of the rice paddy field (m)
I slope (dimensionless)

Mg Manning coefficient (m*3s/m*)

gD “solute diffusion rate between compartments (kg/s)

doi: 10.2166/wst.2006.310
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qw flow rate of spill-over irrigation divided by the paddy area (rate of
continuous irrigation in order to keep a certain water depth and to pre-
vent hot water damage: extra amount of irrigated water spill over
from the outlet of the paddy, m/s)

ka vertical flow rate (m>/s)

Or river flow rate (m%/s)

On lateral flow rate (m’/s)

Ow.in irrigation rate (flow rate of water to the paddy field, m/s)

Ow ou drainage rate (flow rate of water from the paddy field, m/s)
introduction -

A wide range of possible sources of diffuse pollution, including pesticides, have been
found to originate on farms. In Japan, the fate of rice-farming pesticides and their con-
centrations in river water are particularly important issues for management of drinking-
water suppliés, because (1) more stringent regulations have been promulgated for pesti-
cide concentrations in drinking water and (2) rice-farming pesticides run off to river
water at higher rates than do other pesticides used in upland fields. Rice-farming pesti-
cides are dusted directly over the ponding water of paddy fields, and thus are more likely
to contaminate river water by spill-over following rainfall or by water-ponding depth con-
trol, etc. Although the annual pesticide consumption for upland fields in Japan is no less
than that for rice paddy fields, most of the pesticides detected in river water are those
used in rice farming (Matsui ez al., 2002). The prediction of pesticide concentrations in
river water is of practical importance when used as a screening-level analysis, providing
order-of-magnitude accuracy with minimal investment in time and resources in water-
quality monitoring (Dabrowski et al, 2002). Screening-level analysis is important for
sciccting pesticides to be monitored and determining the monitoring schedule for river
basins where different pesticides are applied from year to year. »

‘While many models and their applications have been reported, few have been applied
to rice-farming pesticides in runoff from rice-paddy fields (Inao and Kitamura, 1999; Li
and Migita, 1992). Moreover, no attempt has been made to predict rice-farming pesticide
concentrations in river water in a large catchment area that constitutes the local pﬁma.ry
source of drinking water, probably owing to the difficultly of acquiring input data. Such
data include the name of each pesticide product dusted, the quantity used, the dates of
pesticide dusting, the varieties of rice planted, the dates of transplantation of rice seed-
lings, the time~variation patterns of water depth of rice-paddy ponding, parameter values
of pesticide decomposition, and parameter values of pesticide sorption. Accordingly, the
objective of this research is to predict rice-farming pesticide concentrations in river water
with imprecise model inputs and no parameter optimization for a screeming-level
analysis.

Model description

Compartment model

A compartment model was used to describe the movement of pesticides in a river basin
and to create pesticide pollutographs. In the model, a river basin was divided into a grid
of 1km X 1km grid cells. Each grid cell was subdivided into 12 compartments, includ-
ing a river-water (R) compartment, a river-bed (S) compartment, and paddy-field-soil
(X and Y) compartments (Figore 1): Water and pesticides from all compartments except




To river
of the next
grid cell

Figure 1 Compartment model in a grid cell and flow directions

the C compartment move laterally to the R compartment. of one of the immediately sur-
rounding eight grid cells, specifically, to the cell along the steepest downhill slope from
the source cell. Lateral movement from the C compartment goes to the R compartment of
the next grid cell via the S conipartment of that grid cell. The irrigation water in the W
compartment comes from the R compartment of the same grid cell. Vertical flows from
all compartments except the R and S compartments are downward.

A set of differential mass-balance equations describing the dynamics of a solute (pesti-
cide) and water in each compartment was formulated, based on the law of conservation
of mass for the pesticide and the water. In the hydrology (water flow) part of the model,
the rates of lateral water flow into and out of the W compartment (Qw ;i and Ow oue
respectively) are described as functions of the water level (hw) in the compartment:

Ow,n = Aawin max (0, hwo — hw) + Agw (1)
QW,oul = AaW.out max (0, hw — hW,O) (2)

The water depth in the paddy field (hyw) is artificially controlled at various levels accord-
ing to weather conditions and the growth stage of the rice. The desired water level in the
rice paddy field (hwyg) and the spill-over irrigation flow rate (qw) are input variables,
which are determined by the rice farming schedules.

Vertical flow from the W compartment (Qwv) is described as a function of water
level in the rice paddy field; this water goes into the X compartment beneath the W com-
partment in the same grid cell:

i ,
Owyv = ayvA (ﬁ) 3)

The rates of lateral flow (Qy) from the M, F, and U compartments are described by the
Manning equation: :

A 1 :
Ou= Eh——hwl‘” @
nm

The rates of lateral interflow from the X, Y, N, G, B, and C compartments are described
as a function of the water level in the compartment and the slope of the compartment:

A
On = anl (§>h o (5)

Vertical flows from the X, Y, M, N, F, G, B, and C compartments are described as a
function of percentages of each water content, which is equivalent to the water level
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relative to the compartment height:

h .
Ov = avA (—) : ©)
The Manning equation is also used to describe the flow rate in the R compartment:
A1
Or =—h—hK"?\"2 ™
Lr my

For solute movement between _compaﬁments, advection and diffusion are considered.
Solute advection is given as the product of the concentration and water flow rate calcu-
lated from Eqgs. 1-7. However, the maximum real concentration for each solute is limited
by its solubility in water, so any amount of pesticide over the solubility limit must exist
in the solid phase and is not subject to movement. The rate of solute movement by diffu-
sion between compartments is given by the linear driving force model:

D
gp =Az(C1 —C) (8

Within a compartment, both the solute concentration and the water level are assumed to
be uniform, each repreéented by a single variable. For example, rainfall is assumed to
mix completely and uniformly with pesticides in the paddy-field-water (W) compartment.
If a compartment consists of multiple subelements (soil-solid and soil-water), a
dynamic equilibrium exists between the dissolved and sorbed fractions at all times; sorp-
tion processes are considered to be instantaneous and are described by a single constant
(the solid—water partition coefficient) in the linear equilibrium relationship. Therefore,
once the concentration in one phase is known, the concentration in the other phase can be
calculated. Degradation of pesticides in each compartment follows first-order kinetics.
The processes of pesticide uptake by plants and pesticide evaporation into the atmosphere
were not considered in this model. The flow rate coefficient in each type of compartment
(e.g. W, X) is assumed to be a single value (for each compartment) throughout the entire
set of grid cells in the basin. These assumptions were made to reduce the total number of
hydrologic parameters, even though the target river basin was divided into numerous grid
cells, which prevented excessive uncertainty in determining the model parameter values.

Site description and model application

The Chikugo River basin (1882 km?; Figure 2) was selected to test the model and to pre-
dict rice-farming pesticide concentration. The Chikugo River basin includes rice-paddy
fields (261 km?) cultivated by 22,860 farmers dusting with more than 100 kinds of pesti-
cides. The Chikugo River basin was divided into 1882 grid cells. The catchment area
comprised 22,584 compartments. A set of 45,168  equations was solved to describe the
movements of water and a pesticide in the river basin. The model equations were solved
as a system of ordinary differential equations by Gear’s stiff method from the TMSL
MATH/LIBRARY.

Application of the compartment model to the river basin required geographic data.
The altitude of each compartment was determined from Geographic Information System
(GIS) data (Geographical Survey Institute, 1999), and water flow directions between com-
partments were determined based on the direction of the steepest gradient. The GIS data
(Geographical Survey Institute, 1990) were also used to calculate the areas of the com-
partments {(e.g., paddy field, river, forest) in each grid. However, the GIS- data available
were old and may not reflect current land utilization. The area of the paddy fields, which




Figure 2 Location of Chikugo River and the target river basin

is the most important geographical information used in this study, was corrected with
data published by the local governments (Census Statistics Office, 1997, 2002), which
include data on the percentage of rice-paddy area removed from cultivation due to com-
pulsory adjustments in production. The fallow paddy fields were regarded as upland field
compartments.

Model inputs

Thirteen pesticides (Table 1 and Figure 3) were selected for verifying the model predic-
tions, according to quantity consumed in the target river basin and detection in river
water at high concentrations and frequency. Each pesticide is included as an active sub-
stance in several commercial pesticide products on the market. Pesticide dusting, irriga-
tion, and drainage are the processes that most affect pesticide runoff among the numerous
factors regarding agricultural work. Many factors (e.g., aerobic/anaerobic conditions,
soil-sediment organic coutent) also affect pesticide decomposition and its partition
between soil and water. Although some information has been reported and is available
for these model inputs, the reported values for input parameters are subject to different
kinds of uncertainties (Dubus et al., 2003). Therefore, a single reported value would not
be appropriate to represent an input parameter in a whole area. It is more reasonable
to assume that all rate parameter uncertainties are random. Model input data sets of

Table 1 Properties of each pesticide (British Crop Protection Council, 1994, 20083; U.S. Environmental
Protection Agency, 2004)

Pesticide . Water solubility, Soil sorption Half-life in
mg/L coefficients, Koc (mL/g) solls (days)
Daimuron 1.2 at20°C © 959, 6855 50
Mefenacet 4 at 20°C 3063 23--223
Thiobencarb 30 at 20°C 3170 14-21, 180—-240
Bromobutide 3.54 at 25°C ' 652, 10430 31-64
Pyrazolate 0.056 at 25°C 7855, 29830 8-10,10-20
Esprocarb 4.9 at 20°C 581, 7952 30-70
Pretilachlor 50 at 20°C 254, 1159 30
Pyributicarb 0.32 at 20°C 1885 13-18
Bensulfuron- 67 at 25°C 370 88.5, 28-140
Methyi
Cafenstrole 2.5 at 20°C 738, 13950 7
Cyhalofop-butyl 0.44 at 20°C 1371, 9280 . 0.083-0.42
Pyrazosulfuron-ethyl 9.76 at 20°C 10, 455 28

Dimethametryn 50 at 20°C 254, 1357 140
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