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 本報告書は平成１５年度、１６年度の助成金で研究した、多環式芳香族炭化

水素（ＰＡＨｓ）を中心とする難分解性有機環境汚染物質（ＰＯＰｓ）の分布

を中心に研究報告したまとめである。ＰＡＨｓは燃焼由来の、環境ホルモン作

用、発癌性などの作用を持つ有機汚染物質であり、ＰＯＰｓに分類されない場

合もあるが、Andrea Gambaro 等によれば、ＰＯＰｓの一つとして取り上げら

れている（Environ.Sci. Technol.(2004), 38, 5357-5364）。本報告書では 
第１章は多摩川河口域におけるＰＡＨｓの除去過程の研究、 
第２章はこうしたＰＡＨｓが河川などの水環境中で、とくに太陽光などによっ

てどのような化合物に分解してゆくかを調べた。すなわち環境汚染物質の運命

予測とも言うべき研究である。 
第３章はこうした分解にかかわる物質として、太陽光誘起活性酸素種が考えら

れるが、フローインジェクション分析法をもちい、活性酸素種の一つであるス

ーパーオキシド陰イオンの多摩川での寿命測定の報告である。 
第４章は環境ホルモンアルキルフェノールの多摩川での分布も報告した。 
なお外洋域については現在も研究が進行しており、以下の概要に示す結果のみ

得られている。 
 
 
概要 
 多環式芳香族炭化水素（以下ＰＡＨｓと略）は、難分解性有機汚染物質の一

つとして、発癌性、環境ホルモン作用などの点から取り上げられている（例え

ば Andrea et al. Environ. Sci. Technol. 38, 5357-5364 (2004)）。ＰＡＨｓは燃

焼由来物質とされているが、とくに道路からの run-off による供給が、都市近郊

では重要であると考え、溶存態にいては多摩川、東京湾、及び太平洋外洋域に

ついてその濃度を測定した。また多摩川については懸濁態についてもその河口

域における除去過程を検討した。多摩川については、溶存態で５－５０，懸濁

態で１００－７００ｎｇ／Ｌを測定した。相模湾沖及び外洋域については海水

１００Ｌを２連のポリウレタンフォームに吸着して測定した。その結果相模湾

表層海水で３－５環のＰＡＨｓについて、２，３００ｐｇ／Ｌ、また赤道付近

の海水から３－７環について１００－３１８ｐｇ／ＬのＰＡＨｓを測定した。

またＰＡＨｓの太陽光分解によって生成する化合物についても同定した。 
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第２章 多環式芳香族炭化水素の太陽光光分解に関する研究 

Solar-Induced Decomposition of Polycyclic Aromatic Hydrocarbons in Aquatic Media 
 
Solar-induced decomposition of ten polycyclic aromatic hydrocarbons (PAHs) was observed in 

aquatic media.  All the PAHs observed were half-decomposed within 120 min. In anthracene 

derivatives, the decomposition rates are: anthracene = 1-methylanthracene < 2-methylanthracene < 

9-methylanthracene.  Addition of commercial humic acid did not make any effect on the 

decomposition rate for the observed PAHs.  Deuterium water also hastened the decomposition of 

PAH.  The products obtained by the solar radiation of PAH after extraction to DCM were mainly 

keton and hydroxyl delivatives. 
 

     Polyaromatic hydrocarbons (PAHs) are originated from combustion of fossil fuel 
and biomass.  Carcinogenic and or endocrine disruptive actions of PAHs are suspected 
on  occasion of their exposure to human beings. On the hand, decomposition under the 
solar radiation has been discussed by several workers. In this process, it has been 
proposed that the active oxygen species participate the PAHs decomposition.  Although 
the quantum yields of some PAHs have been obtained, the photo-chemical products 
were not elucidated.  In this communication, the decomposition rates of anthracene 
derivatives are first given as well as the photo-products observed by a GC-MS. 
     PAHs were dissolved in acetonitrile and dissolved with 0.05 M phosphate buffer 
(80 %; pH 7.0).  The concentration of PAHs was adjusted at 1 μg/mL.  The solution 
was in a quartz square cell with stirring, which was irradiated by a solar simulator (150 
W, Oriel Co. Ltd.) through air-mass filters (AM0 and AM1.5).  Output at the cell was 
about 0.97 W by measuring a power meter.  The progress of the PAHs decomposition 
was monitored with a HPLC observed at the absorption of 253 nm (JASCO UV 930).  
The decomposition products were extracted to dichloromethane (DCM).  After 
dehydration with unhydrated sodium sulfate, 20μL of DCM was injected into a GC-MS 
(GEOL Automass System II) and the chemical structure of decomposition product was 
judged from the GC-MS library.  The acidic (< 3.0) or alkaline (.9.0) pH adjustment did 
not give the extrtact to DCM. 
                 Half Life Time of PAHs 

media anthracene 1-methyl 
anthracene 

2-methyl 
anthracene 

9-methyl 
anthracene

benz［ a］

anthracene
pyrene Benzo

［ a ］

pyrene

Benzo
［ e ］

pyrene 

chrysene fluorancene

buffer 74 min 74 min 52.5 min 28 min 73.4 min 120 
min 

47.7 
min 

48.1 
min 

11.8 
min 

159.6 min

deuterium 25 min 27.5 min 22.5 min 10 min   －  －  －  －  －   － 
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In the derivatives of anthracene, 9-methylanthracene was most rapidly 

decomposed.  On the other hand, the decomposition speed of 1-methyl derivative was 
not different from non-derivative anthracene.  This fact means the derivatization at 
the central part of anthracene gives the target for decomposition.  Among the 
polycyclicaromatic hydrocarbons, the decomposition speeds are:chrysene > benz［a］
pyrene > benz［a］anthracene > pyrene > benz［e］pyrene > fluoranthen.  Addition of 
deuterium water made fast to these decomposition.   
As the decomposition products, ketone and hydroxyl-compounds were found.   
 
 
Figure1  Decomposition rate of PAHs 
 

Pyrene

Benz [a]p yreneChrysene

Benzo[ e] pyrene Fluo ranthene

Benz [a]antharacene

> ＞

＞ ＞ ＞ 

 
 
 
Figure 2   Procedure for decomposition products. 
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Figure 3  Photo-decomposition products from pyrene 

 
Figure 4  Photo-decomposition products from anthracene 

         

 
Figure 5  Photo-decomposition products from 1-methyl anthracene 

               
 
 

O

OH
OH

O
O

O

O

OHO

O

O

OCH3

OHO O

36



Figure 6  Photo-decomposition products from 2-methyl anthracene 
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Figure 7  Photo-decomposition products from 9-methyl anthracene 
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Abstract 

In connection with the photo-chemical processes in the aquatic environment, the evaluation system 

for the production ability of superoxide anion was constructed.  The technique was based on the 

flow injection method with luminol chemiluminescence detection.  The injected sample was first 

irradiated by a solar simulator in a vortex quartz cell (cell volume = 0.167 mL), whose vortex face 

was exposed to light after passing through two air-mass filters.  The carrier was the aqueous 

solution at pH 11 adjusted by NaOH.  After irradiation was finished, the carrier (with sample) flow 

was merged with 1.52 mM of the luminol solution and was introduced into a chemiluminescence 

detector.  The results of the laboratory experiment show that the production of superoxide is 

linearly related to the concentration of humic acid up to 50 ppm, and also to that of dissolved oxygen.  

In addition, the chemiluminescence intensity (superoxide production) was proportionally related 

with the irradiation intensity of the solar simulator.  By means of changing the flow rate of the 

carrier, the half-life time of superoxide at pH 11 aqueous solution was estimated as 15 s.  ESR was 

measured for the sample containing 0.5 % humic acid, 0.5 % NaOH and 20 μL DMPO (spin trap 

agent).  ESR spectra were obtained after 5 min. irradiation of the solar simulator.  In addition to 

the four sharp peaks due to OH radicals, a broad peak  appeared at the middle of the OH signal.  

The obtained signal cannot conclusively be ascribed to superoxide, but, the peak that appeared, may 

be due to the radical produced in the humic acid molecule.  The river water was collected at 18 

points of the Tamagawa River located in Tokyo.  Upstream, the production ability of superoxide 

was observed, but not downstream or in the estuarine district.  Although the concentration of humic 

acid is much higher in the estuarine sample, some quenching mechanisms work for superoxide 

production. 
 
 

Keywords : superoxide anion, flow injection analysis, humic acid, life time, river water. 

 

 

 

 

 

1. Introduction 

 

     In natural waters, the superoxide anion, which is an active oxygen species generated via the 

photochemical process where the dissolved organic matter (DOM) plays an important role in their 

generation.  In the initial stage of the solar-induced photochemical processes, the hydrated electron 

produced by the photolysis of DOM is proposed as the source of the superoxide anion.  This 

第３章 フローインジェクション法に基づくスーパーオキシド陰イオンの天然

水中での寿命測定と、多摩川河川水への応用 
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process was examined by Zika［1］and Zafariou ［2］in the early 80th.  The proposed reaction 

pathway for superoxide generation and quenching was as follows: 

Org.  +   hν →  Org.
*

Org.*  → Org.
+

  +  eaq
-

eaq
-
  +  O2  →  O2

-

2O2
-
  +  2H

+ 
 →  H2O2  + O2 

where Org. : dissolved organic matter like humic acid, hν : solar radiation, Org.
*

 : excited 

dissolved organic matter, eaq
-
 : hydrated electron, O2 : dissolved oxygen, O2

- 
: superoxide anion, 

and H2O2
 : hydrogen peroxide.  Since their stdies, Millero estimated the lifetime of superoxide in 

natural waters ［3］.  Kochany et al. suggest that indoles, including those in aqueous coal oil, show 

a high quantum yield to give superoxide anions via hydrated electrons, which participates in their 

autocatalyzed photo-oxidation［4］.  In this case, the active oxygen species are utilized to remove 

organic substrates including polyaromatic hydrocarbons, colored substances, and COD ［5］.  In 

general, humic acid has been focused on as an mediator of superoxide production［6-9］ .  

Furthermore, it causes cellular injury , i.e., Liang et al.［10］ found that the commercial humic acid 

reduces the viability of rabbit articular chondrocyte cells.  The poisonous effect of the humic acid is 

ascribed to the generation of superoxide anions via lactate dehydrogenase released in this biological 

system.   

    There are several methods of detecting the superoxide anion; fluorometry［11］, absorption 

spectrophotometry［12,13］, electrochemical technique［14］, and chemiluminescence emission 

spectrometry［15-17］.  These techniques are able to detect from 1μmol to 10 nmol/L of superoxide 

anion.  Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) is commonly used as the reagent of 

chemiluminescence, i.e., it has been concluded that the superoxide anion reacts rapidly with luminol 

and primarily gives the chemiluminescence ［18-20］.  Since the occurrence of superoxide is of 

major interest in the biological tissue, luminol chemiluminescence is mainly applied in the living 

systems ［21-25］.  However, other fields also use luminol chemiluminescence.  Nosaka et al. used 

this method for to monitor superoxide radicals produced in TIO2 photocatalysis ［26］, where they 

found an immediate reaction between luminol and superoxide, but a slow reaction between luminol 

and H2O2. 
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In this paper, a flow injection system with luminol chemiluminescence detection has been 

constructed for the sake of elucidating the photochemical production ability of superoxide anions in 

the respective natural water samples, i.e., the high capability of the flow injection system has been 

pointed out for the detection of superoxide not only for biological systems［27-32］, but also in 

natural water［33］.     

 

2. Experimental 

 

2.1. Materials 

     Analytical grade sodium hydroxide and luminol were and purchased from Wako Chem. Co.  

Humic acid was purchased from Aldrich Chem. Co. (AHA).  These chemicals were used without 

further purification.  In the case of humic acid, 1 (w/v) % AHA was dissolved into 0.01 M (= 

mol/L) NaOH and filtrated with a glass-fiber filter with 1-μm-diameter pore.  This solution was 

diluted with Milli-Q water and was used in the experiment.  All the solutions (carrier and luminol 

in the flow injection analysis) were saturated with oxygen (18 mg/L) by bubbling oxygen (DO) for 

about 15 min.  The amount of dissolved oxygen in the solution was measured by a DO meter 

(Iijima Electronics Co., model B-505).  In ESR measurements, humic acid was dissolved in the 

NaOH solution at a concentration of 0.5 %, and the solution was filtrated by a membrane filter with 

0.7-μm-diameter pore.  Then 20 μL of DMPO (5,5-dimethyl-1-pyrrolin-N-oxide, purchased 

from Labotech Ltd.) was added to 140 μL of the humic acid solution mentioned above. 

  

2.2. Instruments 

     The system used in the present experiment is illustrated in Fig. 1.  The flow lines were 

constructed by a Teflon tube of i.d. 0.5 mm and o.d. 1.5 mm.  About 0.01M NaOH aqueous 

solution (adjusted pH = 11) was sent as a carrier to the system by a pump (JASCO:model PU-980) at 

a flow rate of 5 mL/min.  Without the sample injection, the carrier travels to the flat vortex cell, 

which was made of a quartz tube (i.d. = 1 mm, o.d. = 2 mm).  The volume of this cell is 0.167 mL.  

The vortex cell and two air mass filters (AM 0 (81090) and AM 1.5D (81092) purchased from Oriel 

Co.) were set in the cylinder that was placed in front of a 150-W solar simulator lamp (Oriel Co. 

model 68905).  The irradiated energy collected on the surface of the vortex cell was about 0.85 W 

in its radiation intensity measured by a power meter (Ophir Japan Ltd.; type 89018).  The sample 

was injected into a six-way injection port (Rheodyne Co. model 9725), from which to the exit of the 

vortex cell, the volume of the flow line was 260 μL.  Since the injection volume of the sample was 

300 μL, the sample solution already reached to the irradiation coil and was, therefore, immediately 

irradiated by the solar simulator after injection.  The carrier flow started exactly 4 s after the sample 

injection.  The solution flows in a tube at the length of 10 cm and was merged with the flow line of 
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luminol which was dissolved into 0.01 M NaOH solution at a concentration of 95 mM.  The flow 

rate of the luminol solution was 1 mL/min.  Both the carrier and luminol solutions were saturated 

by oxygen.    The sample solution mixed with luminol was sent to the light emission 

detector(JASCO, model 825-CL), in which the detection was performed in the Teflon coil (i.d.:0.5 

mm, length:80 cm, cell volume = 0.16 mL) faced on the photomultiplier. 

     ESR (JEOL: JES-FR 30 Free Radical Monitor) was used for the measurement.  The sample 

containing 0.5% humic acid, 0.5% NaOH and 20 μL DMPO (spin trap agent) was irradiated by the 

same solar simulator illustrated in Fig. 1 for 4 min. and was measured in a flat cell (LLC-048 made 

by LABOTEC Co. Ltd.) of which volume is 130 μ L. 

 

2.3. Sampling of river water 

     The river water was sampled in the Asakawa River which is one of the branch streams of the 

Tamagawa River in Tokyo.  Several points at the estuary of the Tamagawa River were also chosen 

for the sampling.  These sampling points are indicated in Fig. 2.  The river water was collected at 

midstream, and stored in a plastic bottle.  After airation, the sampled water filtrated with a sintered 

glass fiber filter with 0.7-μm-diameter pores was measured according to the above-mentioned 

system.  As an index of humic acid, fluorescence of the river water samples was measured by a 

fluorescence spectrophotometer (JASCO, model FP-777), where the fluorescence intensity was 

taken against the variations of the wavelengths of emission and excitation.  

 

3. Results and Discussion 

     Figure 3 shows the chart track of flow injection when introducing various amounts of AHA 

through the injector shown in Fig. 1.  In the figure, the chemiluminescence peak increases along 

with the increase of AHA up to 50 ppm, which means that AHA quantitatively contributes to the 

superoxide generation under light radiation.  The some signals appeared without the irradiation of 

the solar simulator.  The preparation of the solutions was carefully performed under the control of 

light.  However, elimination of the signal due to the non-irradiated sample was difficult, i.e., the 

superoxide is not generated under complete darkness only.  In Fig. 3, the flow injection signals 

were taken for different DO in the solution.  The higher DO solution (18 mg/L) gave a higher 

chemiluminescence signal than the lower DO solution (4 mg/L).  The DO concentration in the 

injected solution was changed by the bubbling period of oxygen; the concentration of DO increases 

from about 3-4 mg/L and becomes constant at 14-20 mg/L by changing the bubbling period from 0 

to 20 min.  

     The chemiluminescence emission intensity is also dependent on the irradiation intensity of the 

solar simulator onto the vortex flow cell, in which a linear relationship was found as shown in Fig. 4.  

The intensity of the solar simulator radiation intensity was varied by using neutral density filters.  It 
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is evident that the production of superoxide anions (or the substance causing the luminescence of 

luminol) is due to the photoreaction under the existence of humic acid.  Figure 5 shows the 

relationship between the flow rate of the carrier solution and the chemiluminescence intensity, where 

the humic acid solution (50 ppm) was injected. The injection volume was 300 μL which is 

sufficient to fulfill the humic acid solution from the injector to the whole irradiation cell.    The 

irradiation time was 4 s which is a sufficient period to give the saturated signal for the 

chemiluminescence signal.  The chemiluminescence signal detected ( Iv ) at the carrier flow rate of 

v is given as: 

b p b

VL VL
vIv I I e I e

− −
= + −

λ λ

［ ］ v
        (1) 

where bI and pI  are the chemiluminescence signal without the irradiation of the solar simulator 

and the chemiluminescence signal assumed at the exit of the irradiation cell, respectively.  λand 

VL are the attenuation constant and the volume from the exit of the irradiation cell to the 

chemiluminescence detector, respectively.  It is difficult to estimate Ip .  However, Ip  is related 

to difference between the chemiluminescence signals at 100% (I100) and 0% (I0) irradiations in Fig. 3.  

In this case, the Scheme (1) can be rewritten as 

100 0
*( )

VL VL
vIv I I e e

−
= −

λ λ

・ v               (2) 

where v* is the flow rate of the carrier obtaining 100I  and  (in the present case, the flow rate 

was 5 mL/min (1/v* = 12 s/mL).  Therefore, from the Scheme (2), λ is given by 

0I

100 01 ln1 1( )
*

I I
IvVL

v v

−
=

−
λ

             (3) 

 In the present flow injection system, VL was 1.88 mL and I100 - I0 was about 70,500.  When these 

values were used, λ were given as from 0,031 to 0.083 s-1.  The half-life  was  

1
2

ln 2t =
λ

 

 

Since the averaged λ is about 0.064, a half-life of the superoxide anion in the pH 11 aqueous 

solution can be estimated as about 15 s (the range = 22.4 – 8.4 s).  It can not be ignored the 

possibility that some reactive oxygen species (except for ・OH) interfere the chemiluminescence and 
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cause in the change of life time in the different carrier flow rate.  When the tube length from the 

radiation coil to the merge of luminol was changed from 50 (life-time:24s) to 400(life time:11.5s) cm, 

the calculated half life time varied twice.  This variation can be explained not the a decay 

mechanism of superoxide in the present flow injection system.  This half- life is rather short 

compared to the value (100 s) given by Millero［3］; he mathematically calculated the half-life as to 

the disproportionation of HO2 based on the concentration of H2O2.  His calculation was based on 

the two body reaction of HO2.  Although Millero’s result was given for seawater, the order of the 

calculation and the observed values are close to each other.  The linearity of flow rate and 

chemiluminescence was always given in the present samples, and seems to be negligible in 

exponential component.  As for the half-life of superoxide, 10 min. was given in aprotic conditions, 

where ESR was employed for the measurement［34］.  In addition, 5.7 min was obtained at pH 7.4 

by the spin-trap ESR measurement［35］.  The simple aqueous solution including seawater reduces 

the half- life of the superoxide anion compared to complex biological cells.  As the substances 

affecting the life-time of superoxide, several metal ions existing in the river water can be considered.  

We inspected the sulfates of Fe(II) and Cu(II).  These ions reduce the flow injection peak, but the 

life-time of superoxide was not influenced with their additions upto 100 μM (mol/L).  The main 

extinguish mechanism of superoxide is in the reaction participates with superoxide dismutase in the 

biological system.  However, hydrogen ion is major species in river water as shown in the reaction 

scheme.  Due to the past data [36], generation of hydrated electron was reduced by nitrate and 

nitrite ion.  These ions are also candidate of the interferent.  

     Figure 6 shows the ESR spectra, where DMPO was used as a spin trap reagent.  When 

DMPO was added after the irradiation, a very small signal was obtained.  As shown in the figure, 

four peaks (which seem to be due to OH radicals) appeared irrespective of being with or without 

humic acid.  Under the irradiation on the humic acid solution, a small peak appeared at the center of 

the ESR chart.  The data given［37］is insufficient to ascribe this signal to superoxide, i.e.,  

superoxide shows various branch signals close to four peaks of the OH radical.  The obtained signal 

that appeared in the center of the ESR chart seems to correspond with the radicals occurring in the 

molecules of humic acid, which has many aromatic rings.  The radicals may generate in the humic 

acid molecule after solar irradiation. 

     The present flow injection system was applied to the river water.  The flow injection signals 

are shown in Fig. 7, where the river water was taken from the Asakawa River, upper stream of the 

Tamagawa River in the Tokyo district, Japan ( the sampling points are shown in Fig. 2).  In Fig. 7, 

the river water sampled in the upstream of the Asakawa River (sampling points:2 ~ 4 in Fig. 2) 

provided the slight increase in the intensity of chemiluminescence by irradiation of the solar 

simulator.  The water at the lower stream gave the significant chemiluminescence signal either with 

irradiation or without irradiation of the solar simulator.  This situation is the same in the water 
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sampled at the estuary of the Tamagawa River.  The obtained results can not be explained by means 

of the photo-production of superoxide in the river water except for the upstream of the Asakawa 

River, but some reactive components originally exist in the river water making emission with 

luminol.  Reports in literatures show that luminol reacts with H2O2, also other than superoxide.  

However, the reaction between luminol and H2O2 is slow and the amount of H2O2 in river water is 

negligible for the chemiluminescence reaction.  The several ingredients gave the luminol 

chemiluminescence either with or without the solar irradiation.  As the result, the half life-time can 

be determined only the river water sampled around the upper stream of the Asakawa river (2.5-3.2 

sec) by addition of 50 ppm AHA.  The river water sampled at the estuary of the Tamagawa river 

(sampling points 1 to 10). gave the chmiluminescence either with or without irradiation of the solar 

simulator.  Figure 8 shows examples of the three- dimensional measurement of excitation and 

emission for river water fluorescence.  In this figure, emission observed at 450 nm corresponds to 

humic acid.  The result in Fig. 8 shows that humic acid does not contribute to an increase (by 

photo-induction) of the intrinsic chemiluminescence in river water. 

     In conclusion, the present flow injection system is applicable for observing the 

photo-production of superoxide mediated by humic acid.  However, due to luminol giving 

chemiluminescence with the substances existent in the natural river water, the photo-production of 

superoxide was conducted in a limited natural sample.  In spite of the limited cases, it is important 

that the flow injection technique has a potential to measure the life-time of some unstable chemical 

species as shown in the case of the superoxide anions in the aquatic system.  
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Fig. 1 
Flow injection system for superoxide production.  P1, P2: pump, AM1.5D, AM0: 
air-mass filter, MC: mixing coil, PM: photomultiplier, SAMPLE INJECTOR: six-way 
valve (Rheodyne 9275). 
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Fig. 2  Sampling points in river water. 
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Fig. 3 
Flow injection signals for humic acid solution of different concentrations.   
Concentration of O2 (dissolved oxygen) was changed by bubbling oxygen through the 
solution, which was measured by a DO meter.  The concentration of AHA was 1 (w/v)%.  
The concentration of NaOH was 0.01 M (= mol/L) and the pH of the solution after 
mixing NaOH was pH 11.  The concentration of luminol was 1.52 mM.  The 
irradiation time of the solar simulator was 4 s. 
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Fig. 4  Dependence of chemiluminescence intensity on irradiation intensity of solar 
simulator. 
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Fig. 5  Dependence of chemiluminescence intensity (arbitrary unit) on the flow rate 
of carrier solution. 
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Fig. 6    ESR spectra for the solutions with (left) and without (right) humic acid. 
In the left, ESR was measured for the sample containing 0.5 % humic acid, 0.5 % NaOH and 20 

μL DMPO (spin trap agent).  ESR spectra were obtained just after 5 min. irradiation of the solar 

simulator.  The right spectra is the same without humic acid. 
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Fig. 7  Flow injection signals of the sample collected in the Asakawa River. 
The flow injection signals with and without irradiation of the solar simulator were 

given.  The number shown in the figure is the sampling points shown in Fig. 2. 
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Upstream of Asakawa       Downstream of Asakawa         Estuary of Tamagawa 

(sampling point:2, 3, 4)        (sampling point: 5, 6, 7, 8, ) 

 
Fig. 8  Three dimensional measurement of excitation and emission (3DEEM) for river 
fluorescence. 
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第４章  多摩川におけるアルキルフェノール類（ノニルフェノール、オクチ

ルフェノール）の測定 
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