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In previous studies, an urban river called Kamo River was found to be polluted 
with nonylphenol (NP) by a rubber product manufacturing factory.  To determine the 

conducted for NP, nonylphenol ethoxylates (NPnEOs, n = 1–15), and nonylphenol car-
boxylates (NPmECs, m
The total concentration of nonylphenolic compounds (T-NPCs) in the river water was 
4.6 nM/L at the upstream sampling point and 54.6 nM/L at the downstream sampling 

channels connected to the targeted river section, and the highest value was observed in 

T-NPCs were 458.0 mM/day for Input (the upstream sampling point and outlets of 10 

-

of NP and NPnEOs (n = 1–3) in Output, and their potential source was determined to 
be the river sediment.

1. Introduction

Nonylphenol ethoxylates (NPnEOs, where ‘n’ indicates the number of ethoxy (EO) 

and dispersants.  Commercially produced NPnEOs are a mixture of compounds with 
various numbers of EO units and frequently show a normal distribution pattern with 
a peak in concentration at around NP9EO.(1,2)  In Japan, 18,000 tons of NPnEOs were 

2003.(3)  Commercial NPnEOs with long EO chains that are released into the environ-
ment are mostly transferred to the water environment because of their low volatiliza-
tion and high water solubility.(3–5)

In general, NPnEOs with long EO chains discharged into the water environment are 
biodegraded by microorganisms into NPnEOs with short EO chains and to nonylphe-
nol carboxylates (NPmECs, where ‘mECs’ indicates the number of ‘n-1’ ethoxy units 
plus one terminal CH2COOH) by carboxylation of their terminal EO under aerobic 
condition.(5,6)  Furthermore, nonylphenoxy monoethoxylate (NP1EO) and nonylphe-
noxy acetic acid (NP1EC) are transformed to nonylphenol (NP) by microorganisms 
under anaerobic condition. In sewage treatment plants (STPs), NPn
are mainly transformed into NPmECs with short EO chains such as NP1EC and nonyl-
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phenol monoethoxy acetic acid (NP2EC) during the treatment process under aerobic 
condition.(1,7–9)  These phenomena are considered to occur also in the natural water 
environment.(10)

(11)  In addition, 
-

nol diethoxylate (NP2EO), and NP1EC.(12–14)

Some European countries have introduced a regulatory environmental quality 
standard (EQS) for NP as 1 μg/L,(5) and a stringent EQS of 0.3 μg/L has been intro-
duced in Italy in 2003.(15)

the NP concentration often exceeded 1 μg/L in some river waters.(16–19)  Because an 
industry-level self-regulation banning the household use of NPnEOs as detergents 
began in 1998 in Japan, the pollution of river water with nonylphenolic compounds 

(16,17)

In our previous study on the Kamo River, which is a small urban river running 
through Saitama Prefecture in Japan, we found that the maximum concentrations 
of NP in the water and sediment were 3.7 μg/L and 11,000 μg/kg dry weight (dw), 
respectively.(19)  In the sediment, NP1EO and NP2EO were also detected, but their 
concentrations were an order of magnitude lower than the NP concentration.  In the 
river water, the total concentrations of  NP, NPnEOs (n = 1–15), and NPmECs (m = 1–10) (T-
NPCs) increased between Sites 1 and 2 (Fig. 1). 

To identify the pollution sources of nonylphenolic compounds, a survey was con-

the river basin.  This survey was carried out in cooperation with the Department of 
Environment and Disaster Prevention, Saitama Prefecture Government from August 

-
tories.  Results showed that 1.1 μg/L (5.1 nM/L) of NP, 1,600 μg/L (2,600 nM/L) of 
NPnEOs (n = 1–15), and 1.6 μg/L (5.3 nM/L) of NPmECs (m = 1–10) were detected 

the right basin between Sites 1 and 2.

Fig. 1. (a) Location of the Kamo River and (b) sampling sites along the Kamo River ( :
: DR1–7, DL1–3). 



11

Environmental Sciences Vol. 14, Supplement (2007) 009–021 M. Motegi et al.

Under these circumstances, a mass balance study of these nonylphenolic com-

of nonylphenolic compounds in the river. 

2. Materials and Methods

2.1 Study area and sampling
The Kamo River is a typical urban river located in Saitama Prefecture in Japan 

and a tributary of the Ara River, which is one of the major rivers in Japan (Fig. 1(a)).    
The Kamo River is 19.2 km in length, and its basin area is approximately 62 km2.  A 

water supply for agricultural purposes.  Although the left basin has been almost com-
pletely covered by the sewerage system, its coverage ratio in the right basin is ap-

The length of the river between Sites 1 and 2 is 5.6 km and approximately 10,000 
persons living in the right basin are not served by the sewerage system in the study 
area.  Site 1 is located at the uppermost stream of the river and is the outlet of an 
underground drain for domestic wastewater collected from the upper basin.  Seven 
sampling points at the right basin (DR1–7) and three sampling points at the left basin 

are the outlets of drainage conduits.  DL3 and DR7 are the outlets of an open chan-

channels.
The survey was conducted in February 2005, and rainfall was not observed for 

Sites 1 and 2 were 0.2 and 0.45 m, respectively.

nEOs
used for industry, and showed a seminormal distribution pattern with a peak at NP10EO.
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The details of sampling methods are described in our previous study.(19)  A brief 
summary is explained as follows.  Each water sample was collected from the sur-
face at the sampling points.  One liter of the sample was used for NP analysis, and 
another liter was used for NPnEOs and NPmECs analyses.  Each water sample was 
also collected in a polypropylene bottle to measure chemical oxygen demand (CODMn), 
suspended solids (SS), chloride ion (Cl–), pH, and electrical conductivity (EC).  Wa-
ter temperature was measured on site.

2.2 Sample treatment and analytical methods
The details of sample treatment and analytical methods for nonylphenolic com-

pounds are described previously by Motegi et al.(19)

-
romethane, respectively.  After ethyl derivatization, a cleanup procedure using a Flo-
risil Cartridge was adopted for each extract.  NP was analyzed using a gas chromato-
graph (GC) mass spectrometer (MS) under the selected ion monitoring (SIM) mode.

NP1EO and NP2EO were extracted in the same manner as NP.  After trimethylsilyl 
derivatization, a cleanup procedure using a Florisil Cartridge was adopted for each 
extract.  These compounds were also analyzed using the GC/MS under the SIM 
mode.

The extractions of NPnEOs (n = 3–15) and NPmECs (m

for NP1EO and NP2EO.  Measurements of  NPnEOs (n = 3–15) and NPmECs (m = 1–10) 
were performed using a high-performance liquid chromatograph MS under the SIM 
mode.

The concentrations of NP, NP1EO and NP2EO were not corrected by the recov-
ery ratios, because their surrogates were added before the extraction.  The concentra-
tions of NPnEOs (n = 3–15) and NPmECs (m = 1–10) were corrected by the recov-
ery ratios to corresponding compounds for the accurate mass balance, because these 

-
tion of nonylphenolic compounds in water was obtained by summing the concentra-

2.3 General parameters
The general parameters (CODMn, SS, pH, and EC) were measured to characterize 

-
mined according to the Japanese Industrial Standard K0102.  Cl–

determined as a conserved substance in a mass balance study using an ion chromato-
graphic analyzer (IC7000 series 2, YOKOGAWA, Japan).

2.4

Cl–
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3. Results

3.1 General parameters in water
Results of the measured parameters are summarized in Table 1.  EC, SS, CODMn,

and Cl– at DR1, DR4, DR5, and DR7 in the right basin were higher than those at 

comprised of domestic wastewater.  On the other hand, the general parameter values 
were low at DL1–3 in the left basin, which is completely covered by the sewerage 
system.

CODMn concentrations were 5.7 mg/L at Site 1 and 5.3 mg/L at Site 2.  Those at 
DR1–7 in the right basin ranged from 3.3 to 46.6 mg/L, and those at DL1–3 in the 
left basin ranged from 1.2 to 3.5 mg/L.  The SS concentration increased from 2 mg/L 
at Site 1 to 8 mg/L at Site 2.  The concentration ranged from 1 to 26 mg/L at DR1–7, 
and was below 1 mg/L at DL1–3.  pH was 7.4 at both Sites 1 and 2, and ranged from 

The EC value 
increased from 31 mS/m at Site 1 to 45 mS/m at Site 2, and ranged from 22 to 
61 mS/m at DR1–7 and from 22 to 33 mS/m at DL1–3.  The Cl– concentration in-
creased from 17.6 mg/L at Site 1 to 43.8 mg/L at Site 2.  Although its concentrations 
at DL1–3 (7.2–14.7 mg/L) were lower than those of the river water, those at DR1–7 
ranged from 9.8 to 70.3 mg/L.  Water temperature was 12.7°C at Site 1 and 9.1°C at 

3.2 Concentrations of nonylphenolic compounds
Table 2 shows the molar concentrations of nonylphenolic compounds in the water 

nEOs
(n = 1–15) and NPmECs (m = 1–10), indicated by ‘T-NPCs’, were 4.6 nM/L at Site 1 
and 54.6 nM/L at Site 2.  At DR6, the maximum concentration of 487.1 nM/L was 

Unit CODMn

(mg/L)
SS

(mg/L)
pH EC

(mS/m)
Cl–

(mg/L)
WT
(°C)

Input
Site 1 5.7 2 7.4 31 17.6 12.7
DR1 46.6 26 7.6 61 42.6 7.8
DL1 2.1 <1 7.9 24 7.2 19.1
DR2 6.1 3 7.5 28 9.8 11.3
DR3 3.3 1 7.1 22 13.9 14.6
DL2 1.2 <1 7.4 22 9.5 11.5
DR4 10.8 8 7.4 55 63.5 11.9
DR5 11.2 5 7.4 44 34.0 12.1
DR6 7.5 3 7.6 29 13.8 16.7
DL3 3.5 <1 8.0 33 14.7 6.9
DR7 18.0 12 7.1 57 70.3 10.3

Output
Site 2 5.3 8 7.4 45 43.8 9.1

Abbreviations are as follows; CODMn: chemical oxygen demand, SS: suspended solids, EC:electrical 
conductivity, Cl–: chloride ion, WT: water temperature.

Table 1
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detected, and its value was nine times higher than that at Site 2.  T-NPCs concentra-
tions at DR1–7 (except for DR6) were in the range of 1.6 to 12.6 nM/L and only that 
at DR3 was lower than that at Site 1.  T-NPCs concentrations at DL1–3 ranged from 0.4 
to 1.7 nM/L.

+ NP2EO, NP1EC + NP2EC, NPnEOs (n = 3–15), and NPmECs (m = 3–10).  NP con-
centrations at Sites 1 and 2 were 0.4 and 7.0 nM/L, respectively.  NP concentrations
at DL1–3 were below the detection limit (<0.3 nM/L), and those at DR1–7 ranged 
from not detected (ND) to 6.1 nM/L.  NP concentrations at Site 2 and DR6 exceeded 
1 μg/L (4.5 nM/L); however, their levels were not very different from those of the 
other water samples.

The NP1EO+NP2EO concentrations in river water increased from 1.2 nM/L 
at Site 1 to 21.2 nM/L at Site 2, and the NPnEOs (n = 3–15) concentration also 
increased from 2.5 nM/L at Site 1 to 24.5 nM/L at Site 2.  The concentrations of 
NP1EO+NP2EO and NPnEOs (n = 3–15) at DR6 were 93.6 and 375.3 nM/L, respec-
tively, and were the highest among the samples.  On the other hand, those at DR1–7 
(except for DR6) and DL1–3 ranged from ND (<0.3 nM/L) to 6.3 nM/L and from 0.3 
to 4.3 nM/L, respectively.

The NP1EC+NP2EC concentrations at Sites 1 and 2 were 0.4 and 0.9 nM/L, re-

waters, and the maximum concentration was 7.3 nM/L at DR6.  NPmEC (m = 3–10) con-
centrations at Sites 1 and 2 were ND (<0.6 nM/L) and 1.0 nM/L, respectively.  The 

maximum concentration was 4.7 nM/L at DR6.

Sampling
site

Type NP NP1EO
+NP2EO

NP1EC
+NP2EC

NPnEOs
(n = 3–15)

NPmECs
(m = 3–10)

T-NPCs*

Input
Site 1 River 0.4 1.2 0.4 2.5 ND** 4.6
DR1 Drainage 3.6 6.3 ND 0.9 0.6 11.4
DL1 Drainage ND 0.3 0.4 0.3 ND 1.0
DR2 Drainage 0.8 3.8 2.5 4.3 1.2 12.6
DR3 Drainage ND 0.5 ND 1.1 ND 1.6
DL2 Drainage ND ND ND 0.4 ND 0.4
DR4 Drainage 0.5 3.3 0.1 2.4 ND 6.2
DR5 Drainage 0.7 3.2 ND 2.6 0.7 7.2
DR6 Drainage 6.1 93.6 7.3 375.3 4.7 487.1
DL3 Open

channel
ND ND ND 1.1 0.6 1.7

DR7 Brook 0.3 1.2 ND 1.7 1.5 4.8

Output
Site 2 River 7.0 21.2 0.9 24.5 1.0 54.6

Unit: nM/L
*T-NPCs: NP + NPnEOs (n = 1–15) + NPmECs (m = 1–10).
**ND denotes not detected and is set to zero for T-NPCs concentration.  Detection limits for NP, 
NP1EO+NP2EO, NP1EC+NP2EC, NPnEOs (n = 3–15), and NPmECs (m = 3–10) are 0.3, 0.3, 0.1, 0.2, 
and 0.6 nM/L, respectively.

Table 2

channels.
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3.3
Figure 3 shows the distribution patterns in concentration ratio for oligomers of 

nonylphenolic compounds at DR6 and Site 2.  The concentration ratio denotes the 
ratio of the concentration of individual nonylphenolic compounds to T-NPCs.  The 
NP2EO ratio at DR6 was the largest.  The concentration ratio decreased largely ac-
cording to the increase in the EO unit until NP6EO, and presented a weak peak at 
NP8EO and NP9EO.  Although the NP2EC ratio was the largest among NPmECs
(m -
sented a peak at NP1EO, and also showed high concentration ratios of NP, NP2EO, 
and NP3EO.  The concentration ratios of NPnEOs with long EO chains (n
Site 2 were clearly lower than that at DR6.  As for the distribution patterns of Site 2 
and DR6, the concentration ratios of NP and NP1EO were much higher at Site 2 than 
that at DR6.

3.4
– -

of T-NPCs were 458.0 and 828.2 mM/day, respectively.  The percentage of Output 
-

-

–, a highly con-
– in Input and 

Output were 480.9 and 664.1 g/day, respectively.  The percentage of Output was ap-

DR6 and Site 2.
The concentration ratio denotes the ratio of concentration of individual nonylphenolic 

at Site 2 seemed to shift to NP and NPnEOs with short EO chains as compared with that in the 
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–.  Although this mat-

higher than that in Input.

Output were 106.7, 167.6, 154.0, and 84.0 mM/day, respectively.  The ratios of Out-

of the other nonylphenolic compounds agreed well with Output.  Moreover, the mass 
nEOs (n = 2–15) at DR6 were predominant in Input.

4. Discussion

4.1 Sources of nonylphenolic compounds in the Kamo River

Because an industry-level self-regulation has banned the household use of NPnEOs
from 1998 in Japan, it was suggested that a small but non-negligible amount of the 
pollutants was contributed by the use of some products that contained NPnEOs, such 
as imported detergents, cosmetics, and spreading agents for pesticides.(3)

Table 3

T-NPCs* Chloride ion (Cl–)
Sampling site Distance

from
Site 1 (km)

Flow rate
(m3/sec) (mM/day) ratio** (g/day) ratio

Input
Site 1 0.0 0.0470 18.6 4.1 71.5 14.9
DR1 0.9 0.0002 0.1 0.0 0.6 0.1
DL1 0.9 0.0143 1.2 0.3 8.9 1.8
DR2 1.6 0.0185 20.0 4.4 15.6 3.2
DR3 2.0 0.0110 1.5 0.3 13.2 2.7
DL2 2.6 0.0049 0.2 0.0 4.1 0.8
DR4 2.8 0.0407 22.0 4.8 223.4 46.5
DR5 3.7 0.0187 11.6 2.5 54.8 11.4
DR6 4.4 0.0090 377.2 82.4 10.7 2.2
DL3 4.8 0.0050 0.7 0.2 6.4 1.3
DR7 4.8 0.0118 4.9 1.1 71.8 14.9
Total input — 0.1810 458.0 100.0 480.9 100.0

Output
Site 2 5.6 0.1755 828.2 180.8 664.1 138.1

*T-NPCs: NP + NPnEOs (n = 1–15) + NPmECs (m = 1–10).
**
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4.2 Oligomer pattern

in Fig. 2 was similar to that of NPnEOs frequently used for industrial purposes, 
which has a peak at around NP9EO.  This indicates that the wastewater of the fac-
tory was not or poorly treated.  The oligomer pattern at DR6 seemed to be shifted to 
NPn
phenomenon might be attributed to the microbiological transformation of NPnEOs
under aerobic conditions.(20,21)  On the other hand, the oligomer pattern at Site 2 had a 
peak at NP1EO and was distinctly different from the pattern at DR6.  It is concluded 
that the oligomer pattern of nonylphenolic compounds at Site 2 was not attributable 

4.3 Mass balance of nonylphenolic compounds
Ahel et al. performed a mass balance study of NP, NPnEOs (n = 1–20), and 

NPmECs (m = 1–2) in the Glatt River in Switzerland.(10)  They found that the mass 

-

the river basin).  The component ratio of NPmECs (m = 1–2) to total nonylphenolic 

suggested that some part of NPnEOs with longer EO chains was transformed into 
NP1EC and NP2EC in the river. 

In contrast, NP1EC and NP2EC concentrations were not considerably increased 
at Site 2 in our survey.  This difference could be attributable to the fact that the 
microbiological transformation to NPmECs from their precursors has been acceler-
ated in the Glatt River, because their investigation was conducted during the warm 
season and the surveyed length of the river was long (35 km).  Regarding the tem-
perature effects on the microbiological transformation of nonylphenolic compounds, 
it was reported that the ultimate biodegradation rate of NP is accelerated more by 
warm temperature than by the cold condition in water, sediment, activated sludge, 
and soil;(22–25) low temperature decreased the shortening velocity of the EO chain of 
NPnEOs.(20,21)

Input (others) denotes the sum of  nonylphenolic compounds in the water at Site 1, DR1–5, 
DR7, and DL1–3.  Although Inputs of NPnEOs (n = 4–15) agreed well with Output, those of 
NP, NP1EO, NP2EO, and NP3EO were much lower than those of Output.
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of Cl–

nEOs
with short EO chains were high.

In general, river sediment contains a higher proportion of hydrophobic com-
pounds such as NP, NP1EO, and NP2EO than the other nonylphenolic com-
pounds.(10,26)  In our previous study, we also detected high seasonal average concen-
trations of  NP (5,200 μg/kg dw), NP1EO (3,600 μg/kg dw), and NP2EO (630 μg/kg dw) 
in river sediments at Site 2.(19)  Moreover, the concentration ratios on a molar basis 

for NP2EO.
Düring et al. showed that a part of the NP initially adsorbed to the soil was 

released to the water layer under the given experimental conditions.(27)  It was sug-
-

nated from river sediments by the sediment-water partitioning and the disturbance of 
sediments.  A preliminary experiment supports this suggestion as shown in §4.4.

4.4 Elution of nonylphenolic compounds from sediment
To know the possibility of the elution of nonylphenolic compounds from river 

sediment, we conducted a simple experiment.  The sediment was collected at the 
Kamo River near by DR6 in September 2004 and stored at –20°C until use.  Ap-
proximately 20 g of the wet sediment was placed in a 100-ml glass centrifuge test 
tube, and centrifuged at 3,000 rpm for 10 min.  The supernatant was discarded, and 
the residue was placed into a 500-ml glass bottle.  Then, 200 ml of pure water was 
poured into the bottle.  The mixture in the bottle was transferred to four glass centri-
fuged tubes within a minute, and these tubes were centrifuged at 3,000 rpm for 
10 min.  The supernatant and the residue in each tube were combined to make a wa-
ter sample and a residue sample, respectively.  This whole procedure was performed 
in duplicate.

The concentrations of nonylphenolic compounds in the water sample and the 
residue sample were determined according to the methods described in our previous 
study.(19)  Figure 5 shows the average concentrations of nonylphenolic compounds 
in the samples.  The average concentrations of NP, NP1EO, NP2EO, and NP3EO in 
two residue samples were 31,000, 2,000, 860, and 240 μg/kg dw, respectively.  The 
average concentrations of NP, NP1EO, NP2EO, and NP3EO in two water samples 
were 18, 1.6, 0.76, and 0.18 μg/L, respectively.

These results suggest that NP and nonylphenolic compounds with short EO 
chains might be supplied from the sediment to the river water even by the slight 
disturbance of the sediment.  NP concentration was the maximum among the nonyl-
phenolic compounds in the water sample, and 3.1 μg/L of NP2EC was also detected 

observed (Fig. 4).  At this moment, the reason of this matter is not clear.  Further in-
vestigation is required concerning the transport of nonylphenolic compounds in the 
sediment-water system.

5. Conclusion

In our previous study, seasonal changes in nonylphenolic compounds in the water 
and sediment were investigated in the Kamo River whose water and sediment had 
been found to be polluted with NP.  A river section in which nonylphenolic com-

that the major pollution source was a rubber product manufacturing factory.  In this 
paper, a mass balance study of nonylphenolic compounds in this river section was 
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carried out to clarify the contribution of this pollution source to the river pollution.  
The results are summarized as follows.
(1) T-NPCs concentrations in the water at the upstream (Site 1) and the downstream 

(Site 2) of the river were 4.6 and 54.6 nM/L, respectively.  Those in the waters at 

the T-NPCs concentration at DR6 was the highest and approximately ninefold 
higher than that at Site 2.

(2) The oligomer pattern of nonylphenolic compounds in the drainage water at DR6 
seemed to be shifted to NPnEOs with short EO chains as compared with that in 

respectively.  The latter was 1.8-fold higher than the former.  Moreover, the mass 

(4) In comparison with the mass balance of Cl–, a conserved substance in the water 

NPnEOs (n = 1–3) in Output.  It was suggested that these compounds might 
originate from the sediment to the river water by the disturbance of the sediment 
and the sediment-water partitioning.

Fig. 5. Elution of nonylphenolic compounds from (a) the residue sample to (b) the water 
sample.
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