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Abstract Analytical methods were developed to determine
the concentration of total dissolved iron and its chemical
speciation in freshwater using cathodic stripping voltam-
metry (CSV) with 1-nitroso-2-naphthol (NN) at pH 8.1. The
concentrations of total dissolved iron in river water that
iron concentration was certified and in natural water
samples from Lake Kasumigaura were determined success-
fully. The natural iron ligand concentration and the condi-
tional stability constant were determined by ligand
competition between NN and the natural ligands present in
the sample. In the water samples from Lake Kasumigaura,
the concentrations of total dissolved iron and natural ligand
were 47.8 £ 44n0M and 80.0 + 19.6nM and the conditional
stability constant (K%, ) was 107°***M ™ (n = 3). The value
of Kz, was greater than any reported Kp,, for seawater.
More than 99.9% of the dissolved iron existed as organic
species due to the very high value of the conditional stabil-
ity constant. The inorganic iron concentration calculated
from these results was 107*M, indicating that the inor-
ganic iron level in Lake Kasumigaura was similar to that in
the open ocean and therefore that iron can be a limiting
factor for algal growth in Lake Kasumigaura. This is the first
report of the complexation of iron(III} and inorganic iron
levels in lake water determined by CSV.
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introduction

Iron is an essential micronutrient for algal growth, and
cyanobacteria, in particular, have a higher cellular iron re-
quirement than other algae (Brand 1991). Iron may be the
limiting factor for primary production in parts of the open
ocean (Martin and Fitzwater 1988; Martin et al. 1990;
Martin et al. 1994). Although the concentration of dissolved
iron in freshwater is generally greater than that in seawater,
iron can be a limiting factor in the growth of bloom-forming
cyanobacteria: the growth of Microcystis aeruginosa in fil-
trates of water samples from eutrophic Iake Kasumigaura
was stimulated by the addition of FeCl, or ethyle-
nediaminetetraacetic acid (EDTA) (Yagi et al. 1987); addi-
tion of iron was essential for the occurrence of a Microcystis
bloom in outdoor experimental ponds (Aizaki and Aoyama
1995); the ambient level of fulvic acid in Lake Kasumigaura
significantly inhibited the growth of M. aeruginosa in
defined growth media because of complexation of Fe(III)
with fulvic acid (Imai et al. 1999),

Several studies of dissolved iron concentration in
lake water have been reported (Balistrieri et al. 1992;
Achterberg et al. 1997; Inaba et al. 1997), but determining
the concentration of dissolved iron in unpolluted natural
lake water is difficult without preconcentration. Therefore,
there is a need to develop a highly sensitive method requir-
ing minimal sample pretreatment. -

It is also important to determine the chemical speciation
of tron as well as its concentration to examine the effect of
iron on algal growth. The free hydrated and hydrolyzed
ferric iron species [such as FeOH®*, Fe(OH),", Fe(OH),",
and Fe(OH), ] are thought to be the biologically active
species (Hudson et al. 1992). In the oceanic water column,
most of the dissolved iron is stxongly complexed with or-
ganic matter (Gledhill and van den Berg 1994; Rue and
Bruland 1995; van den Berg 1995; Boye et al. 2001), suggest-
ing that algal growth is limited not cnly by the general lack
of iron but also by its low availability. On the other hand,
in lake water, it has long been known that only a small
part of the iron is available to phytoplankton (Hutchinson
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1957). The existence of organic complexes of iron (Perdue
et al. 1976), iron—fulvic acid complexes (Sojo and De Haan
1991), and stabilized colloidal iron (Cameron and Liss
1984) in freshwater has been reported. However, to date, no
studies have been published that report the fraction of
organic and inorganic (bioavailable for algae) iron in natu-
ral freshwater. Thus the methodology has not yet been
established.

Cathodic stripping voltammetry (CSV) for determina-
tion of low levels of iron in seawater has been developed.
This method relies on the specific adsorption of a complex
of the metal ion with an added chelator onto a hanging
mercury drop electrode followed by a voltammetric scan to
determine the amount of adsorbed metal ion. An important
advantage of this voltammetric method is that it can be used
to determine the chemical speciation of iron as well as
its concentration. A competitive ligand equilibration/CSV
method using the competitive ligand 1-nitroso-2-naphthol
(NN) (Gledhill and van den Berg 1994) or salicylaldoxime
(SA) (Rue and Bruland 1995) has been used to study com-
plexation of iron(I1I) by natural organic ligands in seawater.
However, it is difficult to study metai complexation by CSV
in lake water that contains a high concentration of organic
matter, part of which is surface active. This organic matter,
especially the surface-active material, is prone to interfere
with voltammetric measurement. During measurement, the
dissolved organic matter shields part of the electrode sur-
face from the sample, which results in nonreproducible scat-
ter in the data.

In this study, we modified the CSV method using NN
with bromate and determined the dissolved iron concentra-
tion and its speciation in freshwater at pH 8.1. The CSV
method using NN has advantages over that using SA: a
short deposition time with a catalytic effect with H,0,
(Yokoi and van den Berg 1992) or bromate (Aldrich and
van den Berg 1998) and a lafge linear range of the CSV
response for iron, which is suitable for freshwater analysis.
pH 8.1 was chosen because it is the appropriate value for
freshwater and the conditional stability constant for the
complexation of iron(III) by NN (needed for calculation of
iron speciation) can be obtained from the literature
(Gledhill and van den Berg 1994; van den Berg 1995). Here,
we describe the method in detail and demonstrate its valid-
ity by determining the concentration of dissolved iron and
its speciation in Lake Kasumiganra,

Methods
Materials

The voltammetric system consisted of a Princeton Applied
Research (PAR; Oak Ridge, Tennessee, USA) 303A static
mercury drop electrode connected to a PAR 394 voltamme-
tric analyzer. The working electrode was a hanging mercury
drop (medium size), the reference electrode was Ag/AgCl
in 3-M KCl saturated with AgCl and the counter electrode
was a platinum wire. Solutions in the Teflon voltammetric

cell were stirred with a Teflon-coated magnetic stirring bar
driven by a PAR 305 electric stirring motor.

Milli-Q water (MQ; Millipore, Billerica, USA, resistance
18.3MQ) was used for reagent and sample preparation. A
0.02-M stock solution of 1-nitroso-2-naphthol (NN) was
prepared in methanol (Wako, Infinity Pure Grade, Osaka,
Japan). A 1-M stock solution of tris (hydroxymethyl)
aminomethane (Tris) was adjusted to pH 8 with HCI
(Merck, suprapur grade, Darmstadt, Germany). A 0.4-M
stock solution of potassivm bromate and a 5-M stock solu-
tion of NaCl were prepared in MQ. Iron contaminants wete
removed from the Tris, potassium bromate, and NaCl stock
solutions (the potassium bromate and NaCl stock solutions
were buffered at pH 8 with 10-mM Tris) by adding 20 uM
NN and passing the mixture through a Sep-Pak C18 car-
tridge (Waters, Milford, USA.; precleaned with methanol,
HCI, and then MQ). Iron standard solutions were prepared
by diluting a 100-ppm-Fe standard (Wako) with MQ and
acidifying to pH 2.5 with HCI.

The freshwater samples were collected from the center
of Lake Kasumigaura, a shallow, eutrophic lake in Japan
{Lake Kasumigaura is the second largest lake in Japan).
Surface-water samples were collected directly into 250-mi
high-density polyethylene bottles on January 10, 2003. The
samples were immediately cooled in an ice cooler, brought
back to the laboratory, and filtered through a 0.2-pm-pore-
size polycarbonate membrane filter (Nuclepore, Whatman,
Brentford, UK). The filtrates were stored frozen (—20°C) in
high-density polyethylene bottles until analysis of the iron
speciation. Separate samples were stored at 3°C in Teflon
vials after acidification to pH 2.5 with HCl for the deter-
mination of total dissolved iron. The high-density polycthyl-
ene bottles were cleaned by soaking in 3-M HCI for 3 days
and then rinsing with MQ. The Teflon voltammetric cells
and Teflon vials were cleaned by soaking in 3-M HCI for 3
days, then soaking in 2-M HNO; for 3 days, and finally
rinsing with MQ.

Determination of total dissolved iron

Samples for the determination of total dissolved iron were
ultraviolet (UV) irradiated prior to analysis to decompose
interfering organic compounds. Samples (10ml) were
placed in acid-washed quartz tubes and then UV irradiated
with a 400-W low-pressure Hg lamp for 60min. Details of
the UV irradiation system were previously described
(Yokoi et al. 1999). UV-irradiated samples were diluted
with an appropriate amount of MQ (usually ten times), and
10-m! aliquots of the diluted solutions were pipetted into
the Teflon vials. Ten microliters of a 0.02-M NN solution
(final concentration 20uM) and 100ul of a 5-M NaCl
solution (final concentration 50mM) were added to the
samples. The pH was made approximately neutral using
ammonia solution, and 100ul of a 1-M Tris solution (final
concentration 10mM) was added (final pH 8.1). The solu-
tion was deaerated by purging for 4min with nitrogen gas,
and 250ul of a 0.4-M potassium bromate solution (final
concentration 10mM) was added prior to the voltammetric



scan. Deposition onto a fresh mercury drop was carried out
for 30s at —0.15V while the solution was stilied. The stirrer
was stopped and 10s later the potential was scanned in the
differential pulse stripping mode (pulse height 20mV)
from —0.15 to —0.7 V at a scan rate of 20mV's™". This mea-
surement was repeated with three standard additions of
iron to the sample sufficient to double the peak height, and
quantification was made by the standard addition method.

Determination of iron(I1I) complexation by natural
organic ligands

The conditional stability constants and complexation ca-
pacities of the natural iron(IIl) complexing ligands in the
freshwater samples were determined by a competitive
ligand equilibration method {Gledhill and van den Berg
1994). Samples (10ml} were diluted ten times with MQ and
the diluted solutions were mixed with NN (final concentra-
tion 20puM), Tris (final concentration 10mM), and NaCl
(final concentration 50mM). The final pH of the mixture
was 8.1. Appropriate amounts of a 1.79-pM (100-ppb) iron
standard solution weré pipetted into the Teflon vials in 9
increments (0--140pl) and 10ml of the mixture was pipetted
into each vial (final added iron concentration increasing
from 0 to 25nM). The added irom, NN, and natural
complexing ligands were allowed to equilibrate overnight
with gentle shaking. At the same time, the voitammetric cell
was conditioned in the remaining 10ml of the mixture. The
iron complexed by the added NN was determined by CSV
after purging and addition of potassium bromate (final con-
centration 10mM). The voltammetric procedure was the
same as that described above.

Theory

Ligand concentrations (C;) and conditional stability con-
stants (K}, ) are defined as follows:

K = [Fer] [ 1)

C, =[Fel] + L]

€y
@

where [FeL] is the concentration of iron complexed by
natural organic ligand, L, and [L'] is the concentration of
ligand L not complexed by iron. We made the assumption
that iron is complexed with L in the ratio of one to one.
[Fe**}is directly related to the labile iron concentration ({Fe
labile], the concentration of iron complexed by the added
NN as well as all inorganic iron) as follows:

©)

where ap, is the a-coefficient for the inorganic complex-
ation of iron and . IS the a-coefficient for the complex-
ation of Fe** by NN (see below).

Cy and Kt,; were calculated from the slope and the y-axis
intercept of the following equation based on the Langmuir
transformation (Ruzic 1982; Gledhill and van den Berg
1994):

[Fe’*] = [Fe labile}/(ck, + o)

89
[Fe labile]/[FeL] = [Fe labile}/C, _
+ (oo + churae)/(CLKbu) (4)

Equation 4 is given by substituting Eq. 2 and Eq. 3 into Eq.
1. The data were fitted to Eq. 4 by linear least-squares
regression from plotting the ratio [Fe labile]/[FeL] against
[Fe labile]. [Fe labile] is related to the CSV peak height (i,)
via sensitivity S:

[Fe labile] = 4,/ (5)

where S is obtained from the slope of the linear part of the
titration curve where all organic ligand L is saturated. [FeL]
was calculated from [FeL] = C;, ~ [Fe labile], where Cg, is
the total dissolved iron concentration, including the added
and originally present iron.

The value for af, (defined as af, = [Fe'l/[Fe’*], where
[Fe'] is the concentration of inorganic iron) in freshwater is
different from that in seawater. A value for a%, of 10" was
caleulated for freshwater at pH 8.1 as follows. Because the
inorganic iron in freshwater at pH 8.1 exists mostly as hy-
drolyzed species, the mass balance of inorganic iron (Fe') is
given by:

[Fe'] = [Fe**] + [FeOH™] + [Fe(OR);
o] - (6)
+[Fe(OH)]| + [Fe(OH);]

where the multimeric species Fe,(OH)s* and Fe,(OH);* can
be neglected because the inorganic iron concentration is
very low (see below); thus af, is expressed by:

o, = [Fe'}/[Fe™*]
= 1+ [FeO>*]/[Fe"] + [Fe(Om); ] /[Fe”"]
+ |Fe(on);]/[Fe*] + [Fe(om);] /[Fe]
-1+ &[]+ g/ + /5T + 8T
™)

where K, ;. 5, and 8, are the stability constants for each
hydrolyzed species and Eq. 7 is solved using the stability
constants from Turner et al. {1981).

Iron(III) and NN form a complex of the type of Fe{NN),.
Therefore, apy is described by:

Grans = [Fe(NN), | /[Fe™] = Kius[NNT (8)

where K.yy; 15 the conditional stability constant for com-
plexation of iron(IIT} by NN and is defined by:

Ktenws = [Fe(NN), ]/[Fe][NNT ©)

A value for ek of 10'%7 was calculated from the NN con-
centration and Kgage. A value for Kpges of 10°° was de-
rived using the following equation (Gledhill and van den
Berg 1994):



o0
log Ktenns =—1.04 log(salinity) + 30.12 (10)

Here, a value for salinity of 2.9 was used (equivalent to

50mM NaCl which was added to the sample, see above).

Salinity derived from the original sample was negligible
against the salinity derived from added NaCl because the
salinity of the original sample was 0.16 practical salinity
units (psu) and in addition to that, the sample was diluted
ten times. Equation 10 was obtained for seawater at pH 6.9

but can be applied to cases at pH 8.1, such as in our experi--

ment, because the conditional stability constant of Fe{NN),

for seawater at pH 8.1 is the same as for seawater at pH 6.9

(van den Berg 1995). ‘

The free metal ion concentration [Fe’] originally
present in the sample was calculated from the following
equation (Boye et al. 2001):

[Feﬁ]zaf’cK;'cL -+ [Fe3+](a{=e + Ker G, — Kg’eL CF'-)
- CFe =0

(11)

The concentration of inorganic iron [Fe'} originally present
in the sample was calculated from [Fe'] = ap[Fe’'),
and pFe’ is defined as —log[Fe']. The fraction of ifon
oceurring as organic species was calculated as {(Cy, — [Fe'])/
Cr} X 100.

Results amnd discussion
Method development

A standard addition voltammetric scan showed that the iron
peak appeared at —0.5V and that the peak heights in-
creased linearly with increasing iron concentration until at
least 40nM (Fig. 1). The increase in the peak height became
nonlinear and flattened out at iron concentrations higher
than 40nM because of saturation of the mercury drop elec-
trode. Therefore, most of the freshwater samples needed to
~ be diluted prior to analysis.

We used the differential pulse stripping mode for vol-
tammetric scans and 50mM of NaCl as electrolyte. Square-
wave voltammetry is often used for trace metal analysis in
seawater but is prone to contamination because this scan
mode requires high concentrations of electrolyte. For this
reason, square-wave voltammetry is suitable for seawater
samples but not for freshwater samples.

We determined the optimum conditions of sample pre-
treatment for analysis of total dissolved iron. We examined
the efficiency of our irradiation system for the UV digestion
of typical lake water acidified to pH 2.5 with HCl. Figure 2
shows the effect of UV irradiation time on dissolved organic
catbon (DOC) and absorbance at 260um of water from
Lake Kasumigaura. The DOC decreased more slowly than
the absorbance with irradiation time, and the organic com-
pounds were completely digested within 60min [Yokoi et
al. (1999) reported that, with our irradiation system, all
tested compounds having complexing ability or surface ac-
tivity were 80% decomposed within 25min]. An irradiation
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Fig. 1. Cathodic stripping voltammetry scans for 0, 8.5, 16.9, 25.3, 33.7,
and 42.0nM iron in Milli-Q water (A) and peak heights as a function of
iron concentration (B)
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Fig. 2. Effect of ultraviolet (UV) irradiation time on absorbance at
260nm and dissolved organic carbon (DOC) levels, Absorbance was
measured with a Shimadzu UV-2500 UV/VIS spectrometer (Kyoto,
Japan) and DOC was measured with a Shimadzu TOC 5000 total
organic carbon analyzer



time of 60min was used for all analyses. Samples were
acidified to pH 2.5 with HCI before UV irradiation to pre-
vent iron precipitation. HCl rather than HNO, was used for
acidification because, during UV irradiation, nitrate ions
are reduced to nitrite ions, which greatly interfere with
the voltammetric scan. When samples were acidified to
pH <2.5, more time was needed for complete UV digestion
because chloride ions derived from HC| decreased the di-
gestion efficiency significantly (data not shown). Therefore
we concluded that the optimum pH for UV digestion was
2.5, which minimizes the risk of precipitation and sample
evaporation.

In the speciation experiment, the problem of measure-
ment instability caused by interfering organic compounds
was overcome by using a high NN concentration (50uM),
dilution of the samples, and a well-conditioned voltamme-
tric cell. Although seawater has been successfully analyzed
by using NN concentrations of 2-13.6uM, our attempts to
analyze lake water using such NN concentrations were not
successful. Surface active materials reduce the available sur-
face area of the electrode and therefore reduce the linear
range of the CSV response for iron. However, the linear
range was extended by using a high NN concentration. Wy
and Luther (1995) also reported a nonlinear signal response
for iron concentrations greater than 4nM when using NN at
concentrations less than 6.8uM. Dilution of the samples
prevents saturation of the iron peak and reduces the con-
centration of dissolved organic matter. Conditioning the
voltammetric cell improves the stability of the iron peak
(van den Berg 1995; Wu and Luther 1993),

Total dissolved iron

We estimated the detection limit of our voltaminetric
method from experiments using blank solutions. MQ was
filtered through a 0.2-um Nuclepore filter and then stored
in a high-density polyethylene bottle after acidification to
PH 2.5. The iron concentration was determined five times
after UV irradiation. A detection limit of 1.8nM was found
(3 X the standard deviation of the measurement).

We verified the accuracy of our method by analyzing two
standard river waters for which the iron concentration
was certified (123.5 = 9.0nM for JAC 0031 and 1020.6 +
35.8nM for JAC 0032; standard samples obtained from The
Japan Society for Analytical Chemistry). The iron concen-
tration range between the two standards is in the normal
range for freshwater, but the standards are not appropriate
for our CSV method because they are acidified to pH <1.2
with nitric acid. To reduce the effect of nitrite ion produced
from nitrate ions, we diluted the standards with MQ 20
times (for JAC 0031) and 50 times (for JAC 0032). The
analytical parameters were the same as those for lake water
samples, except that potassium bromate was added (final
concentration 20mM) to the JAC 0031 standard to increase
sensitivity. The iron concentrations determined for JAC
0031 and JAC 0032 were 118 = SaM (n = 43 and 1037 >
56nM (n = 5), respectively. These values are not signifi-
cantly different from the certified values (verified by 7 test,

%

a = 0.05). These results show the validity of our method for
determining the total dissolved iron in freshwater,

" The iron concentration in the water samples from Lake
Kasumigaura was determined to be 47.8 + 44nM (n = 3).
This level of iron is difficult to determine accurately by
either graphite furnace atomic absorption spectrometry or
inductively coupled plasma (ICP) emission spectrometry
without preconcentration. We tried to determine the total
dissolved iron concentration in the samples from Lake
Kasumigaura by these spectrometric methods, but the iron
concentration was too low. We also tried to determine the
iron concentration by ICP mass spectrometry, but iron could
not be detected because of interference from other ele-
ments. Therefore, our CSV method should be quite useful
for the determination of total dissolved iron in lake water.

Iron speciation

Iron titrations were carried out for a filtrate sample and a
UV-digested sample (UV irradiated for 60min at natural
pH). For the filtrate sample, the CSV peak height was sup-
pressed at low iron concentrations, indicating the presence
of excess iron complexing ligands (Fig. 3A). A linear rela-
tionship between the peak height and the iron concentra-
tion was obtained for the UV-digested sample, indicating
that the complexing ligands had been successfully destroyed

- by UV irradiation and that they were organic in nature.

Moteover, the slopes of the two titration curves at high iron
concenirations were identical, indicating that all natural
ligands were saturated with the added iron at high iron
concentrations and that the titration range we used was
appropriate. The effect of surface-active materials ap-
peared to be small. ‘

The ligand concentration and conditional stability con-
stants for the lake water samples were determined from
linear plots of [Fe labile)/{Fel] versus [Fe labile] (Fig. 3B).
The ligand concentration was 80.0 * 19.60M and the condi-
tional stability constant was 10%°***M™ (n = 3). A pFe’
value of 13.4 was calculated, and the fraction of iron occur-
ring as organic species was greater than 99.9%. These re-
sufts indicate that virtually all dissolved iron in Lake
Kasumigaura exists as organic complexes due to the very
high conditional stability constants of the organic ligands in
the lake water.

It should be noted that the pFe’ value (13.4) is only valid
at pH 8.1, The pH of seawater is nearly constant at 8,
whereas the pH in Lake Kasumigaura varies between 7 and
10 (Center for Global Environmental Research 2001). ag,
and K., are functions of pH, and thus pFe’ values should
be greatly affected by pH. We did not evaluate changes in
the K¢, value as a function of pH. Moreover, we did not
determine the redox speciation of iron in this study. We
calculated the iron speciation on the assumption that all
tron in the sample exists as iron(IIl), because iron(Il} is
immediately oxidized to iron(IIl} in oxic water. However,
there are a few studies reporting the existence of iron(Il) in
lake water despite the presence of oxygen (Aldrich et al.
2001; Sivan et al. 1998). This may be a result of photochemi-
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Fig. 3. Iron titrations of filtrate sample (O) and UV-digested sample
(®) from Lake Kasumigauvra: A, titration curves; B, linear plots. The
UV digestion was performed without adjustment of pH to compare
the two titration curves. As a result, iron was precipitated and lost in
the UV-digested sample

cal reduction and biological activity (Emmenegger et al.
2001; Shaked et al. 2002). There is some possibility of
changing the bioavailability of iron as a result of the produc-
tion of iron(Il). In this study, if iron(II) exists, the total iron
concentration could contain both iren(111) and iron(I) spe-
cies. In the iron speciation experiments, any iron(1I) species
in the samples could be oxidized to iron(III) during the
equilibration period (van den Berg 1995).

In our analytical technique, it is important that appropri-
ate ligand competition between natural ligands and NN
occur: no iron is detected if the complexes with the natural
ligands are much more stable than the complex with NN,
whereas no complexation is.detected if the complexes with
natural ligands are much less stable (van den Berg 1995; Wu
and Luther 1995). The degree of ligand competition could be
estimated by comparing the a-coefficient values a}, o and
Oy (calculated from Ko [NNF and K, C,, respectively).
The values were 10" and 10'"* (in the sample diluted ten
times), respectively, indicating that the natural complexes
were more stable than the complex with NN under the
conditions of this study. Gledhill and van den Berg (1994)
mentioned that the detection window is one order of magni-

tude either side of af (107-10"7 under our conditions)
and that high values of af,, that are outside the detection
window result in a great error in the determination of
log Ky, (£2). The a}.; value we obtained (10'"%) was slightly
outside the detection window, indicating that a higher NN
concentration should have been used from the viewpoint of
the detection window. Nevertheless, we used an NN concen-
tration of 50uM in our study because we did not obtain a

- greaterror in the value of log K, (#0.4), and using a higher

concentration of NN carries a risk of iron contamination.

According to van den Berg and Donat (1992), several
complexing ligands or sites can be detected by several detec-
tion windows, Using modeled CSV responses of a hypotheti-
cal seawater containing four iron complexing ligands, van
den Berg (1995) suggested that a single titration experiment
is insufficient to resolve the presence of several complexing
ligands. In conirast, Rue and Bruland (1995) suggested that
two ligands could be resolved from a single set of titration
data by using the Scatchard transformation methed to ob-
tain C; and K. The Scatchard transformation method
involves plotting the ratio [FeL]/[Fe labile] against [FeL].
For a single class of iron complexing ligands, the y-axis
intercept of the resulting linear plot equals Kf,; C; and the x-
axis intercept equals C;. If two classes of iron complexing
ligands (a strong ligand and a weak ligand) exist, the linear-
ized plots should yield a nonlinear curve. For such a case,
Rue and Bruland (1995) suggested that two linear regions
should be easy to separate using the Scatchard transforma-
tion rather than the Langmuir transformation. Langmuir
and Scatchard plots of our titration data are compared in
Fig. 4. Only one linear region was evident in the both plots.
The total C; and K3, (single class of ligand) values were
calculated from the linear plots. The Langmuir transforma-
tion gave a C; value of 80.0 = 19.6nM and a K, value of
10%%*% ML, whereas the Scatchard transformation gave a
C, value of 84.9 = 18.9nM and a K%, value of 10°5%*M™*,
Although the values of C_ and Kf,; obtained from the
Langmuir and Scatchard plots were not significantly differ-
ent, the correlation coefficient for the Scatchard plot {aver-
age value 0.921) was lower than that for the Langmuir plot
(average value 0.997). Therefore, we believe that the
Langmuir transformation is more appropriate for the deter-
mination of total ligand concentration.

Field study

It is surprising that the value of the conditional stability
constant for iron ligands (Ki..) in water from Lake .
Kasumigaura determined in this study was greater than any
reported K'p,; value for seawater (Table 1}. These very
strong ligands could be detected because a high NN concen-
tration (equivalent to a high detection window) was used.
Rue and Bruland (1997) and Boye et al. (2001) suggested
that strong iron ligands (log K¢; = 22-23M™"} in seawater
might be siderophores. Imat et al. (1999) calculated a condi-
tional stability constant of greater than 10°M™ for Fe’*
complexed with fulvic acid isolated from Lake
Kasumigaura. It can therefore be hypothesized that the iron
ligands in Lake Kasumigaura are fulvic acid. Imaj et aL



Table 1. Conditional stability constants (Kt of iron ligands and inorganic iron ievels as deter-

mined by cathodic stripping voltammetry

Area log KR (MY pFe™ Reference

Lake Kasumigaura 25.9 134 This study

North Atlantic 18.8-19.7 10.6-12.0 Gledhill and van den Berg (1994)
. Western Mediterranean 19.4-22.5 11.3-121 van den Berg (1995)

Northern North Sea 20.7-217 9.3-13.9 Gledhill et al. (1998)

Southern Ocean 21.0-23.0 11.5-132 Boye et al. (2001}

North Pacific 23.1 13.1-14 Rue and Bruland (1995)

Equatorial Pacific 221 14 Rue and Bruland (1997)

*pFe’ = —log[Fe’], where [Fe'] is the concentration of inorganic iron
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Fig. 4. Comparison of Langmuir transformation (A) and Scatchard
transformation (B) when calculating ligand concentrations and condi-
tional stability constants

{1999) also reported that the average concentration of fulvic
acid in Lake Kasumigaura was 2.5uM, which is about 30
times higher than the ligand concentration we measured
(80nM). However, fulvic acid is a nonspecific ligand, and
thus if the iron ligand we detected is fuivic acid, the ligand
concentration could be underestimated because of competi-
tive interference from other trace metals or major divalent
cations (Ca® and Mg?").

Whereas the stability constants of bivalent metal (such as
copper) cation—fulvic acid complexes are well studied (e.g.,
Mantoura et al. 1978), there are only a few studies on stabil-

ity constants of iron—fulvic acids complexes. Langford and
Khan (1975) reported that conditional stability constants
of iron-fulvic acid complexes were 10*-10* at pH 1.0
2.5. Pandeya also determined stability constants of iron—
fulvic acid complexes using ligand exchange (Pandeya
1993), spectrocolorimetry (Pandeya and Singh 1997), and
potentiometry (Pandeya and Singh 2000) and the values
found were 10™°-107%, 10°°-10%° and 10%-107%, respec-
tively. However, they used fulvic acids extracted from sotl,
sludge, and manure. There are significant differences in
physicochemical characteristics among fulvic acids of differ-
ent origin. Therefore, these results cannot be simply com-
pared with our resuit. Investigation of the interaction of
iron with extracted fulvic acids using our CSV method is a
subject for further study. :
Comparison of the pFe’ values (representative of inor-
ganic iron) in Table 1 reveals that the pFe’ value for Lake
Kasumigaura water is similar to that found in the open
ocean. Because the concentration of total dissolved iron
in the open ocean is subnanomolar, the concentration in
Lake Kasumigaura is 10-100 times higher. However, the
bicavailability of iron in Lake Kasumigaura is very low, and
thus the iron competition between phytoplankton that
takes place in the open ocean may have occurred in the
lake. Imai et al. (1999) reported the effect of iron limitation
-on the growth of M. aeruginosa in defined growth media.
According to that study, M. aeruginosa could grow at a pFe’
of higher than 12.9 but not at a pFe’ of 13.9. Therefore, the
pFe’ value we obtained (13.4) was borderline for the growth
of M. aeruginosa. Consequently, our resul supports the
hypothesis that the shift of the dominant species of phy-
toplankton in Lake Kasumigaura from Microcystis to
Oscillatoria was caused by iron limitation,

Conclusion

We have presented g methodology for determining dis-
solved iron, its organic complexation, and its bivavailability
in freshwater. We applied this method to lake water con-
taining a large amount of nderfering organic compounds
and successfully determined the concentration of total dis-
solved iron and iron(Ifl)-organic ligand complexation. We
found that the level of inorganic iron in Lake Kasumigaura
was similar to that in the open ocean. It is therefore possible
that iron is a dominant selective factor in algal species suc-
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cession and diversity in Lake Kasumigaura. We are cur-
rently using the methodology developed in this preliminary
study to analyze -additional freshwater samples and are in-
vestigating the following: (1) temporal and spatial changes
of iron speciation in Lake Kasumigaura; (2) the effect of
Iron speciation on cyanobacterial blooms in a eutrophic
lake; and (3) characterization of the iron ligand (i.e., fulvic
acid or not).
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CHARACTERIZATION OF DISSOLVED ORGANIC MATTER IN SHALLOW
EUTROPHIC LAKE KASUMIGAURA '

AKIO IMAI AND KAZUO MATSUSHIGE

National Institute for Environmental Studies, Tsukuba, Japan

SUMMARY -~ Dissolved organic matter (DOM) in water samples from the shallow eutrophic Lake
Kasumigaura, the second largest lake in Japan, and its inflowing rivers was fractionated and characterized
by using resin adsorbents into 5 classes: aquatic humic substances (AHS), hydrophebic neutrals (HoN),
hydrophilic acids (HiA), bases (BaS) and hydrophilic neutrals (HiN). DOM-fraction distribution patterns
were significantly different depending on the origin of the sample. AHS and HiA were found to be the
dominant fractions in DOM in ali samples studied. HiA prevailed over AHS in the lake water, whereas
AHS were slightly more abundant than HiA in the river waters. AHS were in the great majority in forest
streams and plowed-field percolates. HiA abounded in paddy-field outflow, domestic sewage, and
sewage-treatment-plant effluent. Only domestic sewage contained a significant amount of HolN,
Furthermore, the trihalomethane formation potential (THMFP) and molecular size distribution of the
lake-water DOM, AHS and hydrophilic fractions (HiF = HiA + Ba$S + HijN) were examined. The THMFP
of HiF, normalized on a DOC basis, was found to be comparable to that of AHS (0.176 vs. 0.195 pmol
THM mg-C!, respectively). Molecular size distributions alf exhibited a narrow size range and relatively
low molecular weights. The weight-averaged molecular weights of DOM, AHS and HiF were 780, 957

and 606 gemol ', respectively.

1. INTRODUCTION

A steady increase in dissolved organic matter
(DOM) has been observed in several lakes in
Japan, even though extensive measures have been
implemented to reduce organic poilutant loadings
from their catchment areas. For instance, in Lake
Biwa, the largest lake in Japan, the chemical
oxygen demand (COD), an index for total organic
matter, has been gradually increasing in the
surface water since 1984. On the other hand, the
biochemical oxygen demand (BOD), a parameter
for easily biodegradable organic matter, has
remained -virtually constant. Since  the
concentration of chlorophyll-a does not exhibit
any pattern of increase, phytoplankton activity is
unlikely to relate directly to the COD increase.
The dissolved- fraction accounted for most of the
COD. Tt is likely that some recalcitrant DOM has
been accumulating in the water of Lake Biwa.
This phenomenon is apparently new and has not
been given any previous consideration.

The accumulation of recalcitrant DOM in lake
water certainly influences the way in which lake
environmental protection should be managed,
because DOM is regarded as a source of organic
pollution and, further, as an energy source for
microbe-based aquatic food webs, as a factor in
the cycling of trace elements, and as an influence
on the biological activity of phytoplankton and
bacteria. The increase in DOM also presents a
serious challenge for drinking-water management
because recalcitrant DOM can be a major
precutsor  to  carcinogenic  trihalomethanes
produced during chlorination in water treatment
plants. Therefore, evaluation of the charactenistics

of DOM in lake water is urgently needed.

Nevertheless, DOM in natural waters is a
heterogeneous mixture of organic compounds,
and its physico-chemical characterisiics are not
clearty understood. In such a situation, the rational
first step toward that understanding should be the
evaluation of the characteristics of DOM in waters.
An appropriate approach to this end is to separate
DOM into well-défined macro-fractions and to
examine their distribution and physico-chemical
characteristics.

Aquatic humic substances (AHS), which are
typical naturally occurring recalcitrant DOM,
constitute 30% to 80% of DOM as dissolved
organic cartbon (DOC), and they constitute- the
largest fraction of natural organic matter in waters
{Thurman, 1985). They are siraw-colored, polar,
hydrophobic organic acids derived from soil
humus, terrestrial and aquatic plants, and plankton.
For our purpose of evaluating the characteristics
of DOM in waters, DOM fractionation methods
based on the separation of AHS, namely,
hydrophobic - hydrophilic and acidic-basic breaks,
appear reasonable.

In this study, modifying the DOM fractionation
method developed by Leenheer (1981) and Imai et
al. (1998), we fractionated DOM uvsing three kinds
of resin adsorbents into five classes: hydrophobic
acids (equivalent to ATLS), hydrophobic neutrals,
hydrophilic acids, hydrophilic neutrals, and bases
{hydrophobic + hydrophilic bases). The objectives
of this study were to (1) apply the DOM
fractionation method to the waters of shallow
eutrophic Lake Kasumigaura and its inflowing



rivers as well as to several DOM sources in its
watershed, such as  sewage-treatment-plant
effluent, and so on, and to evaluate their
DOM-fraction distributions, and (2) to determine
the comparative significance of AHS and
hydrophilic fractions of the lake-water DOM as
trihalomethane precursors by measuring their
trihalomethane formation potential (THMFP) and
then to examine the relationships between their
THMFP and physico-chemical characteristics.

2, MEHODS AND MATERIALS -
2.1 Collection of water samples

Lake Kasurnigaura, the second largest lake in
Japan, is located in the eastern part of the Kanto
Plain, 50 km northeast of Toleyo. The lake has two
large bays, Takahamairi and Tsuchiurairi (Fig. 1),
More than. 900,000 people live in the lake’s
watershed (1,577 km®). Land use in the watershed
is 30% forest, 25% paddy field, 25% plowed ficld,
10% residential, and 10% other. The lake basin is
smooth and shailow, with a surface area of 17]
kn’, a mean depth of 4.0 m, and a maximum
depth of 7.3 m. Because of its extremely high
loads of organic matter and nutrients, this lake is
well known for entrophication.

The Koise and Sakura rivers are the main rivers
influent to Takahamairi and Tsuchiurair,
respectively. Water flows through the lake largely
from the northwest parts of Takahamairi and
Tsuchiurairi southeast to the Hitachitone River.
The average time needed for water to flow
through the two bays to the center of lake may be
around three months. In  addition, Lake
Kasumigaura is so shallow that vertical
stratification is easily destroyed by a moderately
strong wind.

Water samples were collected in a 1-liter glass
bottle with a 2-m column sampler from the center
of the lake monthly from May 1994 to February
1996. Samples for the determination of
trihalomethane formation potential and molecular
size distribution were collected from January
1997 to December 1997. The samples were
immediately cocled in an ice cooler and brought
back to our laboratory. The water was then filtered
through a precombusted (450 °C for 4 h)
Whatman GF/F filter (nominal pore size 0.7 pm).
The filtrate was usually kept at 3 °C in a
precombusted glass bottle until analysis.

Four large rivers, arranged in order of
drainage-area size, were chosen for this study: the
Koise, Sakura, Hanamuro, and Ono rivers.
River-water samples were obtained in May,
August, and November 1994 and in February
1995 at downstream stations on these four
influent rivers (Fig. 1). Distinctive DOM sources
chosen in the watershed were domestic sewage

(DS), sewage treatment plant effluent (STPE),
paddy-field inflow (PFI) and outflow (PFO),
plowed-field percolate (PFP) and upland-forest
stream (FS) (Fig. 1). PFI and PFO samples were
collected only in May and August. Otherwise,
samples were collected in May, August, and
November 1995, and in February 1996. The
samples of river water and other DOM sources -
were collected in HCl-washed polycarbonate
containers and treated in the same manner as the
lake-water samples.

140° ln’i 140'20°E 140°30'E
‘ .
‘J_'_Pﬂlllc S:almgn
TR
Sakyra R,
Y

Sewagy Frgstnent

Pleny D

. Hanamre B Ceatral basin

36° 00N

Hitachi tone R,

Figl. Sampling sites in Lake Kasumigaura, its
inflowing rivers and other DOM sources in the lake
catchment area.

2,2 DOM fractionation

Sample filtrates were fractionated into 5 fractions:
aquatic humic substances (AHS), hydrophobic
neutrals (HoN), hydrophilic acids (HiA), bases
(BaS), and hydrophilic neutrals (HiN), based on
their adsorption- on a series of macroporous resin
adsorbents. Nonionic Ambetlite XAD-§ resin
(20-60 mesh, Sigma Chemical Co., St. Louis,
USA), strong cation-exchange resin (Bio-Rad
AG-MP-50, 50-100 mesh, Nippon Bio-Rad Lab.
KX, Tokyo, Japan), and strong anion-exchange
resin (Bio-Rad AG-MP-1, 50-100 mesh) were
used.

The XAD-resin was cleaned and conditioned as
described by Thurman and Malcolm (1981).
Three milliliters {(wet volume) of the XAD-8 resin
was packed into a glass column and rinsed 3 times,
altemating 0.1 M NaOH with 0.1 M HC! each
time, just before application of the sample. A
blank sample was collected from the final rinse
with 0.1 M HCl (B1). Both the AG-MP-50
{hydrogen form) and AG-MP-] (chloride form)
were Soxhlet-extracted with methanol for 24 h.
AG-MP-1 was then converted into its free-base
form with 1 M NaOH and rinsed with Milli-Q
water (Milli-Q SP.TOC, Nihon Millipore Ltd.,

62—



Tokyo, Japan). Glass columns containing 6 ml
(wet volume) of the cation resin and 12 ml {wet
volume) of the anion resin were connected in
series and conditioned by pumping about 1 {
Miili-Q water through the restns. Blank samples
were collected from each column after pumping
1-2 bed volumes of 0.01 M HCI solution just
before and after application of the samples.

A flow schematic of the DOM fractionation
procedure is shown in Fig. 2. Details of the DOM
fractionation procedure can be found elsewhere
(Imai et al., 2001). DOM fractionation was done
in duplicate for each sample. After fractionation,
dissolved organic carbon (DOC) was measured
for DOM fractions 1 to 5 and for the blank
samples. Each DOM fraction was calculated as
follows:

AHS = DOM?2 x (elutant volume)/(sample
volume) (1)
HoN=DOMI1 -AHS —-(BOM3-Bl) (2)
BaS = (DOM3 — B1) - (DOM4 — B2) 3)
HiA = (DOM4 - B2) — (DOMS - B3) 4
HiN =DO0OCS5 - B3 5)

The blank DOC from the XAD-8 column during
0.1 M NaOH elution contained less than 0.7 mg-C
I'"; its contribution to AHS would have been no
more than 0.03 mg C-I''. Thus, the blank DOC
contribution to AHS was neglected. The relative
errors of the duplicated measuremenis for AHS,
HoN, HiA, BaS, and HiN in the DOM
fractionation were 4-8%, 20-53%, 4-35%,
20-48%, and 22~38%, respectively,

DOC measurements were conducted as
noni-purgeable DOC with a Shimadzu TOC-5000
total-organic-carbon analyzer (Shimadzu Co.,
Kyoto, Japan). At least 3 measurements were
made for each sample, and analytical precision
was typically less than £ 2%. Potassium hydrogen
phthalats was used a standard.

2.3 Trihalomethane formation potential

Sample filtrates, AHS and the hydrophilic
fractions (HiF, equivalent to DOM3 in Fig, 2)
were diluted with Milli-Q water to produce a
DOC concentration of 1 mgCel' before
chlorination. Freeze-dried AHS samples were
reconstructed in Milli-Q water. The HiF samples,
the pH of which remained at 2 after the DOM
fractionation, were adjusted to about pH 7 with
NaOH.

Trihalomethane formation potential (THMFP)
was measured according to the Standard Methods
for the Examination of Dnnking Water (JWSA
1993). Samples were adjusted to pH 7 with
phosphate  buffer.  Double-distilled  sodium
hypochlorite solution was added at a dose that
produced a free chlorine concentration of 1 to 2

mgel ' as Cl, after a reaction time of 24 h at 20 °C,
Reactions were performed in headspace-free
containers and in the absence of light. Following
the 24-h reaction period, free chlorine
concentrations were determined by the o-irizine
method. Excess chlorine was quenched with
anhydrous sodium sulfite, and then concentrations
of trihalomethanes were determined by the
headspace method using gas-chromatography/
mass-spectrometry equipped with 2 headspace
autosampler, Analytical precision was typically
less than + 2%.
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Fig. 2. Schematic diagram of the procedure for DOM
fractionation, DOM fractions are AHS, aquatic huwmic
substances; HoN, hydrophobic nentrals; HiA, hydrophilic
acids; BaS, bases; HiN, hydrophilic neutvals,

2.4 Molecular size determination

High-pressure size exclusion chromatography
(HPSEC) was performed at room temperature
with a Hitachi L-6200 purap (Hitachi Ltd., Tokyo,
Japan), a Hitachi L-4000 UV detector operating at
260 nm, a Hitachi D-2500 data integrator, and a
Rheodyne rotary injection valve equipped with a
100-pl sample loop. A Waters Protein-Pak 125
modified silica column (Waters Co., Milford,
USA) was used for this study (Chin et al. 1994).
Mobile phases were composed of Milli-Q water
buffered with phosphate to a pH of 6.8 and
sodium chloride to yield an ionic strength of 0.1
M. Molecular weight standards were composed of
sodium polystyrene sulfonates (35, 18, 8, 5.4, and
1.8 K) and acetone. The calibration curves were
semi-log linear over the range defined by our
standards, showing an excellent correlation (R? =
0.99), and were used to determine both number-
and weight-averaged molecular weights. Sample
filtrates were adjusted to an ionic strength of 0.1
M with the appropriate addition of 4 M NaCl, and
to a pH of 6.8 with additions of phosphate buffer

. and HCL AHS samples were prepared by

dissolving the freeze-dried samples into the
mobile phase solation. HiF samples were adjusted
to an ionic strength of 0.1 M and a pH of 6.8 with
additions of phosphate butfer, NaOH and NaCl



Typical precision for the determination of
averaged molecular weights was + 3%,

3. RESULTS AND DISCUSSION

3,1 DOM fractionation disiribution of lake
and river waters

DOC concenirations at the cenier. of Lake
Kasumigaura ranged from 2.97 to 4.80 mgC-1"
and averaged 4.08 mgCel” during the sampling
period (Table I). The lake-watet DOC exhibited a
tendency to increase from spring to fall and then
to decline gradually. DOC concentrations in the
four rivers were found to vary from 1.45 to 3.28
mgCeI"" with an average value of 2,76 mgCel".
DOC concentrations in all rivers exhibited the
- greatest values in May, decreased in August, and
reached their lowest in. November and February,
The highest riverine DOC concentrations
observed in May are likely to resuli from massive
usage of river water to fill paddy fields with water
in preparation for transplanting young rice plants.

Table 1. Average concentrations of dissolved orzanic carbon
(DOC) in Lake Kasumigaura, its inflowing rivers, and other
DOM sources in the lake catchment area

Sample name DOC N
[mgC1")

Lalce water 408 (049 22
River water 2.76(0.57) 16
Forest stream (FS) 0.47 (0.07) 4
Paddy field inflow (PDI) 332 2
Paddy field outflow {(PDQ} 7.26 2
Plowed field percolate (PFP) 0.28 (0.07) 4
Domestic sewage (DS) 16.62 {5.53) 4
Sewage treatment plant effluent 4.93 (0.85) 4

(STPE)

*Standard deviation.

In Lake Kasumigaura, AHS and HiA dominated,
collectively accounting for more than 70% of the
DOM as DOC (Fig. 3). Thus, the lake-water
DOM is predominanily acidic. HiA was dominant
over AHS, amounting to 43% of the DOM against
AHS being 32%. The HoN fraction was around
9%, indicating that hydrocarbons, pesticides,
catbonyl compounds, and linear allylbenzene
sulfonate (LAS) do not contribute significantly o
DOM in the lake. The average percentage of Ba3
and HiN was 10% and 4% of total DOM,
respectively. Protein-like and -carbohydraie-lilke
DOMs are unlikely to be present in significant
quantities as their free forms in lake water.

The DOM-fraction distribution pattem in the river
waters was significantly different from the pattern
in the lake water (Fig. 3). As in the lake water,
AHS and HiA dominated in tiverine DOM,
accounting for more than 70%. However, the
percentage of AHS was only slightly greater, 39%
vs. 37%. The HoN, BaS, and HiN fractions
accounted for 9%, 11%, and 6%, respectively.
Riverine DOM appears to be more hydrophobic
than lake DOM. Two-sample /-tests comparing

the mean -perceniages of the DOM fractions
revealed that only AHS and HIiA were
significantly  different  with  respect to
DOM-fraction distribution between the lake and
river waters (p < 0.0001 for AHS, p < 0.001 for
HiA). As far as DOM composition is concerned,

the percentages of AMHS and HiA were of -

importance in distinguishing between the DOM in
Lake Kasumigaura and its inflowing rivers.

Thurman (1985) reported that AHS and HiA
generally account for 40% and 41%, respectively,
of DOM as DOC in lakes. He also states that AHS
is the major component of DOM in rivers,
accounting for about 50% of DOC, with HiA
being about 235%. McKnight et al. (1994},
studying lakes where DOM is mostly derived
from phytoplankion, found that AHS accounts for
13% - 20% of DOM. These results suggest that
(1) river waters are rich in AHS but poor in HiA,
since most DOM in rivers is allochthonous and
(2) lake waters contain more HiA compared with
AHS since autochthonous DOM sources outweigh
allochthonous ones in lakes. Qur results for the
waters of Lake Kasumigaura and its inflowing
rivers are consistent with these reported findings.
It appears, however, that in Lake Kasumigaura
DOM is more likely to be algal derived than is
typical, but its inflowing rivers may have less
allochthonous or pedogenic DOM.

3.1 DOM-fraction distribution in DOM
sources

DOM-fraction distributions in the other DOM
sources alsc showed an interesting feature. AHS
and HiA also dominated in all the other DOM
sources as they did in the river and lake DOM
(Fig. 3). Nevertheless, their distribution exhibited
more widely different patterns, depending on the

% of DOC

Lake Rivr F§ FFP PFi PFOQ Ds  STPE
waler  water

Fig. 3. DOM-fraction distributions of water samples from
the center of Lake Kasumigaura, its inflowing rivers and
other DOM sowrces in the lale catchment area. DOM
fractions are AHS, aquatic humic substances; HoN,
hydrophobic neutrals; HiA, hydrophtlic acids; BaS, bases;
HiN, hydrophific neutrals. DOM sources are TS, forast
strearn; PFP, plowed-field percolate; PFI, paddy-field
inflow; PFO, paddy-field outflow; DS, domestic sewage;
STPE, sewage trcatment plant effluent. Emor barg
represent =1 standard deviation of the mean except for
PFi and PFO. Bars for PF] and PFO represent relative
deviation from the mean,

origin of the sample, Compared with the lake and



river waters, FS and PFP were by far dominated
by AHS, which accounted for more than 60% and
70% of DOM, respectively. Both FS and PFP
have only allochthoncus DOM; thus, such high
percentages of AHS are understandable. The
DOM-fraction distribution of PFI was similar to
that of the river waters, as expected. PFO was
very different from PFI and exhibited the greatest
petcentage of HiA among the samples. The
muddy sediment in paddy fields is likely to
diffuse DOM containing much more HiA than
AHS.

The DOM-fraction distribution of DS was
‘noticeably different from that of the lake water.
DS, like the lake water, had a considerably greater
proportion of HiA than of AHS; however, its HoN
fraction was distinctively greater, accounting for
25% of the DOM. Since DS samples were foamy
when they were collected, DS should contain a
large amount of synthetic detergent such as LAS,
which is categorized as a HoN.

STPE contained more HiA (45%) than AHS
(27%), like the lake water. DOM in STPE is
considered to be mostly of microbial origin and
should be refractory to bacterial degradation since
it is what remains after extensive biodegradation.
This finding suggests that not only AFS buf also
HiA may accumulate as recalcitrant DOM when
STPE is discharged into a lake either directly or
indirectly.

3.2 Molecular size distribution

All HPSEC chromatograms of DOM, AHS and
HiF showed broad, monomodal size distributions
with subtle shoulders and small sub-peaks.
Typical HPSEC chromatograms of DOM, AHS,
and HiF are shown in Fig. 4. The weight-averaged
to number-averaged molecular weight ratio (ie.,
the analyte’s polydispersity} was less than 2 in all
cases, indicating that the DOM, AHS, and HiF
molecules all occupy a relatively narrow size
range and do not possess molecular weights that
vary by orders of magnimde. The weight-
averaged molecular weights of DOM were
relatively low, having an average of 780 gemol .
AHS had a greater weight-averaged molecular
weight than HiF, exhibiting an average value of
957 gemol !, compared with 606 gemol ' for HiF.
AHS and HiF appeared to contribute mainly to the
high- and low-molecular-weight fractions,
respectively, of the DOM in Lake Kasumigaura.
Seasonal variations in the weight-averaged
molecular weights of DOM, AHS and HiF were
not very pronounced, varying wiihin £ 13%, £
11% and % 24% of the monthly average values of
DOM, A8 and HiF, respectively.

The weight-averaged molecular weights of DOM,
AHS and HiF in Lake Kasumigaura were found to
be small, showing the average values of 780, 957

and 606 gemol !, respectively. Thurman et al.
{1982) measured the molecular weight of AHS
from various environments and concluded that an
average molecular weight for humic substances
from surface water was 1000 to 2000 gemol™". The
molecular weights of AHS determined in this
study were around the lowest end of that range.
The molecular weight of HiF has not been
reported before as far as we know; thus, the
measured values cannot be compared with those
in the literature. Nevertheless, it can be suggested
that the molecular size of DOM belonging to HiF
is very smail.

3.3 Trihalomethane formation potential

When normalized on a DOC basis, the specific
THMFP (STHMFP) of AHS in Lake Kasumigaura

" was found to be slightly greater that of HiF. The

average STHMFP of the AHS samples was 0.195
pmol THM mgC!, while the average HiF
STHMFP was comparable at 0.176 pmol THM
mgC"' (Fig. 5). The paired ¢test on the
comparison of STHMFP between AHS and HiF
showed a significant difference at P < 0.05 (n =
12); however, when we excluded one pair of data
observed in July, which showed the largest
difference, the t-test did not give a significant
result. The DOM samples exhibited STHMFP
values somewhere between those of HiF and AHS
(0.188 pmo! THM mg-C™").

The STHMFP of the non-humic fraction, namely
HiF, was found to be comparable to that of AHS.
This finding appears to be somewhat contrary fo
the conventional belief that AHS behave as the
principal THM precursor material. Nevertheless,
this tesult is consistent with those reported by -
Owen et al. (1995). They showed in studying
THMFP of different waters from a reservoir, river
and groundwater that the non-humic fraction
reacted with chlorine and produced THM per unit
DOC at an extent comparable to the humic
fraction.
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Fig. 4. Typical high-pressure  size  exclusion
chromatograms of DOM, AHS and HiF in water from
Lake Kasumigawa, The water sample was collected on
September 10, [997 ai a point near the intake of a water
treatment plant located on the shore of the fake.

The importance of HiF over AHS as THM



precursors becomes more pronounced when THM
formation is evaluated in terms of concentration,
that is, when THMFP is assessed in pmolel™". The
THMEP of HiF is much greater than that of AHS:
the average values for HiF and AHS are 0.374 and
0.229 pmol THMs I, respectively. This
compaiison reveals that HiF account for, on
average, 57% of the THMFP of DOM, while AHS
account for 35%. Therefore, we concluded that
when waters from eutrophic lakes such as Lake
Kasumigaura are used as sources of drinking
water, lower-molecular-weight hydrophilic DOM,
in particular HiA, should be of more concern as a
THM precursor than AHS, from the viewpoint of
water treatment practices.
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Fig. 5. Comparison of specific tnhalomethane formation
potential (STHMFP) between DOM, AHS and HiF in
water samples taken from Lake Kasumigaora 1997. The
lower boundary of each box indicates the 25th percentile,
a line within the box marks the mean, and the upper
boundary of the box indicates the 75th percentile.
Whiskers indicate the 90th and 10th percentiles, and solid
dots indicate outlying points. Abbreviations are explained
in the text.

4. SUMMARY

DOM in water samples from Lake Kasumigaura,
its inflowing rivers and several other DOM
sources in the lake watershed was fractionated
into five classes: AHS, HoN, HiA, Ba$, and HiN,
DOM-fraction distribution was found to be very
useful  parameters for  evaluating  the
characteristics of DOM in waters.

DOM-fraction  distribution patterns  were
significantly different depending on the origin of
the sample. AHS and HiA were found dominantly
in both the lake and the rivers. HiA prevailed over
AHS in the lake water, while AHS was present in
a slightly greater percentage in the river water
AHS and HiA were also dominant in all other
DOM sources. AHS was the most abundant
fraction in FS and PFP. HiA abounded in PFO, DS
and STPE. Only DS contained a significant
amount of HoN, indicating the presence of
LAS-like DOM. ‘

The THMFP of HiF normalized on a DOC basis
was found to be comparable to that of AHS

The

(0.176  vs. 0.195 pmol THM mgC,
respectively). When THMFP is evaluated in
terms of concentration (i.e., tmol THM-I™"), the
THMFP of HiF was by far greater than that of
AHS (mean 0374 vs. 0229 pmoll™,
respectively).

Molecular size distributions of lake-water DOM,
AFIS and HiF were found to exhibit a narrow size
range and relatively low molecular weight. The
weight-averaged molecular weights of DOM,
AHS and HiF in the waters of Lake Kasumigaura
were, on average, 780, 957, and 606 g mol™,

-respectively.
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Relationships between Fractionation Data in River Water and Watershed Characteristics
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Abstract

It the basin of Lake Biwa and Lake Kasumigaurs, relationships between fractionation data ofdissolved organic matter
(DOM) and in inflowing river water and watershed characteristics were investigated by regression analysis and specific
unit modeling. Most hydrophobic neutrals were found to originate from domestic sewage. Domestic wastewater reatment
plant effluent was found to significantly contribute to the load of hydrophilic acids in river water. Specific unit modeting
based on the foad of DOM fraction and the ratio of land use contribution in watershed enabled source identification for
each DOM fraction including refractory dissolved organic matter. In the north basin of Lake Biwa, forest outflow
significantly contributed to the load of aquatic humic substances and refractory fractions. The loads of other DOM
fractions were found to be dominated mainly by urban drainage.

Key words: dissolved organic matter, fractionations, watershed characteristics, regression analysis , specific unit

modeling
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**Lake Kasumigaura

Fig.1 Location of sampling sites in Lake Biwd and Lake Kasumigaura** basin
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Table 1~ Acronyms of Organic Solutes for Dissolved Organic

Matter
acronym Fraction
DOC Dissclved Organic Carbon
AHS Hydrophobic Acids
HoM Hydrophobic Neutrals
HiA Hydrophilic Acids
BaS Bases
HiN Hydrophilic Neutrals
—R-DOC Recalcitrant Dissolved Organic Carbon

R-AHS  Recalcitrant Hydrophobic Acids
R~HoN Recalcitrant Hydrophobic Neutrals
R-HiA Recalcitrant Hydrophilic Acids
R-BaS  Recalcitrant Bases

R-HiN Recalcitrant Hydrophilic Neutrals
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Table 2 Mean values ( standard deviations ) of DOMfractions in the objected rives

Vol.27 No.20(2004)

*: pL0.05 ™ p0.01

Table 4 Correlation coefficients beween refractory DOMiraction load in river and watershed characteristics

R-DOC | R-AHS | R-HoN | R-HiA | R-BaS | R-HIN
urban sewer system -0.19 -0.32 0.02 -0.02 0.41 -0.25
rural sewer system -0.38 -036 =031 ~0.44 042 ~0,10
domestic wastewater treatment| 0.74 047 091 *| 088 *| 095 *| 084 *
septic tank treatment 0,61 0.31 089 *| 0.79 090 *; 074
night soil collection 0.44 0.15 0.74 0.63 090 *| 053
urban area -0.18 -0.39 0.14 0.04 0.51 -0.18
paddy field 0.40 621 0.63 043 o441 073
field -0.43 -0.54 -0.09 -0.28 -0.14 -0.41
forest 0.04 0.37 —0.51 —-0.21 -0.60 —0.20

*:p<0.05 **: p<0.01

mg/L DOC AHS HolN HiA Ba$S HiN_|R-DOC| R-AHS] R-HoN| R-HiA | R-BaS | R-HiN
Uso R 1995 1.60 0.54 0.25 0.30 0.21 032 083 040 0.07 0.25 0.04 0.06
(059) (0.12)] (0.29) (0.04)| (0.08) (037 (0.24) (012 (006)| (009 (008 (.04
Uso R, 1998 133 049 0.23 052 0.06 0.04
(049)] (04 (021} (0N} (0.03) (0.03)
Ado R. 1995 038 0.24 0.00 0086 0.04 0.04 0.30 0.20 0.01 0.07 0.00 0.01
(005} (0.08) o0w00| (Co4) (003} (0.03) (0.08) (002 (0.02) (0.02)] (0.01)] (o.01)
Ado R, 1996 037 017 0.07 005 001 0.06
(0.02)] (004)] (007 (003) (002} (0.04)
Yone R 1995 163 052 0.23 0.38 0.23 0.26 0.83 036 0.09 0.26 0.04 0.09
(052)] (o08) (0200 (010} (017 (028 (0100 (014} (0.12) (0.08)] (0.04) (0.08)
Yone R. 1996 1.23 037 0.29 0.39 0.04 0.16
(0.36)] (0.10)] (025} (0.18) (0.04)] (0.20)
Shin R, 1984 484 157 0.73 197 043 0.13 3.23 113 0.39 1.34 036 ND.
(109)] (0.24) (0.48) (041} (0069 (009 (078 (015 (046) 03] 019
Hanamuro R. 1934 307 1.14 0.13 132] 035 0.12 232 0.96 0131 o081 0.27 0.15
.19 (008)] (011 (028} (019 (009 (055 (01 9)] (0.15} -(0.41)] (0.18)] (6.12)
Seimei R. 1994 309 1.24 0.17 1.28 0.16 0.24 243 0296 0.31 091 012 013] .
(104)) (027 (025)) (0.51) (0.12) 0.16)] (0.79) (023 (0.42) (032} (0.14)] (0.10)
Table 3 Correlation coefficients between DOMiraction load in river and watershed characteristics
DOC AHS HoN HiA BaS HiN
urban sewer system 0.01 -0.14 0.10 0.22 002 -0.05
rural sewer system -0.40 044 .| 034 -041 - | ~0.21 -0.34
domestic wastewater treatment| 0.80 *| 056 0.88 *| 095 *| 063 078 *
septic tank treatment 073 *] 048 078 *| 092 *| 062 070 *
night soil collection 061t 0.34 070 *| 081 *| 053 058
urban area 0.04 -0.17 012 0.31 0,08 -0.02
paddy field 0.46 0.22 0.59 .53 042 0.50
fiekd: -034 | -041 | -037 |-014 |-026 | -0as
forest ~0.23 0.10 -0.37 -0.51 —0.26 =-0.20
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