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Abstract: A steady accunmlation in recalcitrant dissolved organic matter (DOM) has been observed in
several lakes in Japan, even though extensive measures have been implemented in order to reduce organic
pollutant loadings from their catchment areas. This phenomenon is apparently new and has not been given
any previous consideration. Characteristics of recalcitrant DOM in a shallow eutrophic lake were evaluated
using a DOM macro-fractionation method, by which DOM was fractionated into five classes: aquatic humic
substances, hydrophobic neutrals, hydrophilic acids, hydrophilic neutrals and bases (= hydrophilic bases).
" DOM-fraction distribution patterns were found significantly different between the lake and its inflowing

rvers.
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Abstract

Dissolved organic matter (DOM) in water samples from the shallow eutrophic Lake Kasumigaura, the second largest
lake in Japan, was fractionated and characterized by using resin adsorbents into 5 classes: aquatic humic substances
(AHS), hydrophobic neutrals, hydrophilic acids (HiA), bases (BaS) and hydrophilic neutrals (HiN). Subsequently, the
trihalomethane formation potential (THMFP), ultraviolet absorbance to dissolved organic carbon (UV:DOC) ratio,
and molecular size distribution of the DOM, AHS and hydrophilic fractions (HiF) (HiF =HiA +BaS+ HiN) were
examined. The THMFP of HiF, normalized on a DOC basis, was found to be comparable te that of AHS
(0.176 pmol THM mg €t vs. 0.195 pmol THM mg G, respectively). The importance of HiF over AHS as a THM
precursor became more pronounced when THMFP was evaluated in terms of concentration. In this case, the THMFP
of HiF was much greater than that of AHS (0.374 umoi THM 1™ vs. 0.229 pmol THM 1™, respectively). Molecular size
distributions all 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 gmol ™, respectively.

© 2003 Elsevier Ltd. All rights reserved.

Keywords: Trihalomethane formation potential; Lake water; DOM; Aquatic humic substances; Hydrophilic fractions; Molecular

weight

1. Introduction

Organic matter plays a vital role in the geochemical

and ecological processes of aquatic - systems [1,2].

Furthermore, dissolved organic matter (DOM) has
become increasingly important with regard to water
supplies, becanse it reacts with chlorine during the
. disinfection process in drinking water treatment and
produces disinfection by-products such as trihalo-
methanes (THMs). The formation of THMs is of much
concern because of their carcinogenic effects on humans
[3,4]. THMs in drinking water constitute a potential
health risk. :

*Corresponding author, Tel.: +81-298-50-2405; faz: +81-
298-50-2570. ‘
E-mail address: aimai@nies.go.jp (A. Imai).

Various organic molecules common in the DOM of -
surface waters act as precursor materials that form
THMs during chlorination. Aquatic humic substances
(AHS), comprising fulvic and humic acids, are the most
common precursors of THMs [5]. Accounting for about
half of the DOM in natural water supplies, AHS are
straw-colored, polyelectrolytic, refractory, non-volatile
hydrophobic organic acids [2]. Numerous laboratory
studies have demonstrated that chlorination of AHS, or
of model compounds that are components of AHS
material, yields the samie THMs as those observed in
finished drinking- water, strongly suggesting that AHS
are the major THM precursor in natural water sapplies.
However, Owen et al. [6] reported that the reactivity of
the non-humic (hydrophilic) fraction of DOM with
chlorine was comparable to that of the hydrophobic
fraction (AHS and hydrophobic-neutral DOM) when
THM formation was nomualized on a dissolved organic

0043-1354/03/5 - sec front matter © 2003 Elsevier Ltd. All rights reserved.
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carbon (DOC) basis. Furthermore, a recent study on the
THM formation potential of AHS showed that AHS
may not account for all the THM formation potential of
water samples [5]. These findings point to a high
possibility that hydrophilic DOM can be a significant
THM precursor as well.

Imai et al. {7], modifying the DOM fractionation
method developed by Leenheer [8], fractionated DOM
in the waters of Lake Biwa, the largest lake in Japan,
into 6 classes: hydrophobic acids (equivalent to AHS),
neutrals, and bases (BaS); and hydrophilic acids (HiA),
Ba$8, and neutrals. They found that HiA predominated
heavily over AHS in the lake water, accounting for 48%
of the DOM as DOC vs. 25% for AHS. Imai et al. [9]
also found that at the center of the shallow eutrophic
Lake Kasumigaura, the second largest lake in Japan,
just as at Lake Biwa, HiA were present in a greater
concentration as DOC than were AHS (40% vs. 32%).
Thus, the question arose as to whether or not non-humic
(hydrophilicy DOM such as HiA is a more important
THM precursor than AHS when lake water is used as a
drinking water supply. This question is worth asking,
because in lake water HiA are likely to be dominant over
AHS in terms of DOC concentration. Undoubtedly,
more work is needed to characterize the non-huric or
hydrophilic components of DOM in lake water and their
ability to act as THM precursors. '

This paper describes determinative comparisons of

trihalomethane formation potential (THMFP) between

AHS and non-humic (hydrophilic) DOM in a eutrophic
lake, Lake Kasumigaura, which is utilized as a drinking
water supply. The objectives of this study were (1) to
apply 2 DOM fractionation method to the lake-water
samples and evaluate DOM-fraction distribution, ultra-
violet-absorption, and molecular size distribution, and
(2) to determine the comparative significance of AHS
and hydrophilic fractions (HiF) of DOM as THM
precursors by measuring their THMFP at a constant
precursor concentration, and (3) to examine the
relationships between their THMFP and physico-che-
mical characteristics.

2. Materials and methods
2.1. Collection of water samples

Lake Kasumigaura, the second largest lake in Japan,
is located in the eastern part of the Kanto Plain, 50km
northeast of Tokyo. More than 900,000 people live in
‘the lake’s watershed (1577km®). Land use in the
watershed is 30% forest, 25% paddy field, 25% plowed
field, 10% residential, and 10% other. The lake basin is
smooth and shallow, with a surface area of 171km?, a
mean depth of 4.0 m, and a maximum depth of 7.3m.
Because of its extremely high loads of organic matter

and nutrients, this lake is well known for eutrophication,
with mean concentrations of chlorophyll-a, phosphorus,
and nitrogen of 61, 103, and 1.00mgl™", respectively,
measured at the center of the lake from January 1997 to
December 1997 [10). Lake Kasumigaura is the source of
raw drinking water supply for about 660,000 people. A
water treatment plant has been installed near the
shoreline of the lake, producing about 28 x 10*m*d™
of finished drinking water.

We have been conducting numerous basic studies on
Lake Kasumigaura over a period of mearly 20yr [10].
Several sampling points have been fixed for the purpose
of the monitoring. In this study, water samples were
collected monthly from January 1997 to December 1997
from one monitoring site near the intake of the water
treatment plant (36°03'43"N, 140°14'11"E) in a 1-1 glass
bottle with a 2-m column sampler. The samples were
immediately cooled in an ice cooler and brought back to
our laboratory. The water was then filtered through a
precombusted (450°C for 4h) Whatman GF/F filter
(Whatman Japan Litd., Tokyo, Japan, nominal pore size
0.7um). The filtrate was usually kept at 3°C in a
precombusted glass bottle until analysis.

2.2. DOM fractionation

Sample filtrates were fractionated into 5 fractions:
AHS, hydrophobic neutrals (HolN), HiA, Ba$, and
hydrophilic neutrals (HilN), based on their adsorption
on a series of macroporous resin adsorbents [7-9]. Non-
ionic Amberlite XAD-8 resin (2060 mesh, Sigma
Chemical Co., St. Louis, USA), strong cation-exchange
resin (Bio-Rad AG-MP-50, 50—100 mesh, Nippon Bio-
Rad Lab. KK, 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 [11]. Threé milli-

liters {(wet volume) of the XAD-§ resin was packed into a
glass column and rinsed 3 tirges, alternating 0.1M
NaOH with 0.1 M HCl each time, just before application
of the sample. A blank sample was collected from the
final rinse with 6.1 M HCI (B1). Both the AG-MP-50
(hydrogen form) and AG-MP-1 (chloride form) were
Soxhlet-extracted with methanol for 24 h. AG-MP-1 was
then converted into its free-base form with 1M NaOH
and rinsed with Milli-Q water (Milli-Q SP. TOC, Nihon
Millipore Ltd., Tokyo, Japan). Glass columns contain-
ing 6 ml (wet volume) of the cation resin and 12 m! (wet
volume) of the anion resin were connected in series and
conditioned by pumping about 11 Milli-Q water through
the resins. Blank samples were collected from each
column after pumping 1-2 bed volumes of 0.01M HCl
solution just before and after application of the samples.

A flow schematic of the DOM fractionation procedure
is shown in Fig. 1. Details of the DOM fractionation
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DOM1
(AHS+HoN+HiA+BaS+HiN) -
Sep. — —> Dow2
acidify to pH 2 and | (AHS)
pass through XADS
column

Step 2:
elute 0.1M NaOH ——T

- (HiF =HiA+BaS+HiN)
AG-MP-50
cation exchange
resin
Step 3: l
1 DOM 4
pass through cation y - .
and anion exchange (HiA+HIN)
resing
AG-MP-1
anion exchange

l resin
DOM 5 (HiN)

Fig. 1. Schematic diagram of the procedure for DOM
fractionation. DOM fractions are AHS, HoN, HiA, BaS and
HiN. The word hydrophilic fractions stands for HiF, which
comprise HiA, BaS and HiN.

procedure can be found elsewhere [9). DOM fractiona-
tion was done in duplicate for each sample. After
fractionation, dissolved organic carbon (DOC) and
ultraviolet absorbance (UV) were measured for DOM
fractions 1-5 and for the blank samples. Bach DOM
fraction was calculated as follows:

AHS = DOM2 x (¢lutant volume}/(sample volume) (1)

HoN = DOM1 — AHS — (DOM3 — B1) 3
BaS = (DOM3 — B1) - (DOM4 — B2) RE))
HiA = (DOM4 — B2) — (DOMS — B3) @
HiN = DOMS5 - B3 &)

The blank DOC from the XAD-8 column during 0.1M
NaOH eclution contained less than 0.7mgCI™%; its
contribution to AHS wouid have been no more than
0.03mgC1™". Thus, the blank DOC contribution to
AHS was neglected, The blank UV contributions were
neglected because the UV absorbance of the blank
samples, B1l, B2, and B3, was found to be 1-
2x 1073 absem™!, almost equal to that of Milli-Q
water. The relative errors of the duplicated measure-
ments for AHS, HoN, HiA, BaS, and HiN in the DOM
fractionation (|measurement—average|/faverage) were
4.4%, 26.8%, 4.1%, 20.3%, and 22.1%, respectively.
After DOC and UV measurements, the remaining
ATIS samples were desalted by being passed through the

hydrogen-saturated cation exchange column, and then
freeze-dried.

2.3, Trihalomethane formation potential determination

Sample filtrates, AHS and the HiF (HiF, equivalent to
DOMS3 in Fig. 1) were diluted with Milli-Q water to
produce a DOC concentration of 1mgCl™ before
chlorination. Because each of the samples had the same
DOC concentration, differences in reactivity with
chlorine could be attributed to differences in the
structural character of the samples. 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.
THMFP was measured according to the Standard
Methods for the Examination of Drinking Water [12)].
Samples were adjusted to pH 7 with phosphate buffer.
Double-distilled sodinm hypochlorite solution was
added at a dose that produced a free chlorine
concentration of 1-2mgI~" as Cl, after a reaction time
of 24 h at 20°C. Reactions were performed in headspace-
free containers (either 42ml or 16 ml) and in the absence
of light. Following the 24-h reaction period,- free
chlorine concentrations were determined by the o-trizine
(OT) 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
(Hewleit Packard 6890/Hewlett Packard 5973, Yokoga-
wa Analytical Systems Inc., Tokyo, Japan) equipped
with a headspace antosampler (Hewlett Packard 7694).
Analytical precision was typically less than +2%.

'2.4. Molecular size distribution analysis

High-pressure  size exclusion chromatography
(HPSEC) was performed at room temperature with a
Hitachi L-6200 pump (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 colurnn (Waters
Co., Milford, USA) was used for this study. The column
packing was selected for its low residual hydrophobicity
and minimal ion-exchange capacity [13}. Mobile phases
were composed of Milli-Q water buffered with phos-
phate to a pH of 6.8 and sodium chloride to yield an
ionic strength of 0.1 M. The total exclusion elution time
and the total permeation elution time were determined
with blue dextran (2x10°K) and acctone (58.4),
respectively. Molecular weight standards were com-
posed of sodium polystyrene sulfonates (35, 18, 8, 5.4,
and 1.8K) 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
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used to determine both number- and weight-averaged
molecular weights. Sample filirates were adjusied to an
ionic strength of 0.1 M with the appropriate addition of
4M 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
solution. HiF samples were adjusted to an ionic strength
of 0.1M and a pH of 6.8 with additions of phosphate
buffer, NaOH and NaCl. Typical precision for the
determination of averaged rzolecular weights was £3%.

2.5. Analytical methods

DOC measurements were conducted as non-purgeable
DOC with a Shimadzu TQOC-500¢0 total-organic-carbon
analyzer equipped with a Pt catalyst on quartz wool
(Shimadzu Co., Kyoto, Japan). At least 3 measurements
were made for each sample, and analytical precision was
typically less than +2%. Potassium hydrogen phthalate
was used as a standard.

UV absotbance was measured with a Shimadzu UV-
2500 UV/VIS spectrometer at 260 nm using a quartz cell
with a 1-cm path-length. All samples were adjusted to
pH 2 with HCI before measurement. Milli-Q water was
used for blank samples. UV absorbance at 260 nm was
selected because (1) the maximum UV absorbance of
phenolic, benzene carboxylic, and polycyclic aromatic
compounds (n — n* transition), which are considered
significant components of AHS, occurs at a wavelength
of 200-290 nm [14,15]; (2) UV absorbance at 260 nm has
been reported to be an index of the amount of humus-,
lignin- and tannin-like compounds in water [16}; and (3)
the presence of nitrate and borate does not affect the
measurement of UV absorbance at 260 am [15]).

3. Results

3.1 DOM-fraction distribution and UV absorbance to
DOC ratio in loke water

DOM concentrations at the sampling point in Lake
Kasumigaura ranged from 2.94 to 4.42mgC17", and
averaged 3.46 mg C1™! during the sampling period. The
lake-water DOM at the sampling station exhibited a
tendency to increase from spring to summer and then
decline pgradually. The maxirmum DOM concentration
was observed in August.

Organic acids—AHS and HiA—dominated in Lake
Kasumigaura, collectively accounting for more than
75% of the DOM as DOC (Table 1). In particular, the
HiA fraction, which contains hydrophilic compounds
such as sugar acids, fatty acids and hydroxyl acids, was
found to be the most dominant fraction in alf samples,
constituting on average 46% of the DOM. AHS,
comprising humic acids and fulvic acids, were the

Table 1

Dissolved organic matter (DOM) fraction distribution and
ultraviolet absorbance to dissolved organic carbon (UV:DOC)
ratio of water samples from Lake Kasumigaura

Fraction DOM fraction distribution [%]

Average® Range
AHS 323 26.0-39.8
HoN 1.9 0-19.0
HiA 45.6 . 39.4-61.3
Bas 8.6 3.7-13.8
HiN 5.6 0-10.9

UV absorbance to DOC ratio [absem ™ 1gC™Y]
DOM 18.2 15.4-20.6
AHS 24.9 20.0-28.9
HiF 12.1 10.8-13.7

AHS: aquatic humic substances, HoN! hydrophobic neutrals,

HiA: hydrophilic acids, BaS: bases, and HiN: hydrophilic

neutrals. HiF: hydrophilic fractions = HiA + BaS + HiN.
*Number of samples=12.

second most dominant fraction, accounting for 32%.
The HiA and AHS fractions exhibited their peak
concentrations in different months; HiA peaked in July,
whereas AHS peaked in November. The HoN fraction,
in which hydrocarbon, pesticides, carbonyl compounds,
and synthetic detergents such as linear alkylbenzene
suifonate (LAS) were categorized, was found to vary
considerably from 0% to 19%. Iis peak values were
observed in April and September. The BaS fraction,
which contains proteins and amino acids, also varied
from 4% to 14%. The HiN fraction—the carbohydrate-
like DOM—was less than 10% in almost all samples.
Easily biodegradable organic compounds such as
proteins, amino acids, and carbohydrates may not be
present in a great quantity in the lake water.

The UV absorbance to DOC (UV:DOC) ratio was
significantly different among DOM, AHS, and HiF. All
samples exhibited a common general relationship with
respect to the UV:DOC ratio; AHS > DOM > HiF (24.9,
18.2, and 12.1abscm '1gC™Y) (Table 1). Seasonal
variations in the UV:DOC ratios of DOM, AHS, and
HiF were within +15%, +13%, and +22% of the
averages, respectively. The UV:DOC ratio of AHS was
markedly greater than that of HiFF; AHS contributed to
a preater extent to the UV absorbance of DOM than did
HiF (45% vs. 40%). In terms of DOC concentration,
HiF were dominant over AHS, but in terms of UV
absorbance, AHS were the most dominant DOM
fraction in Lake Kasumigaura.

3.2, Molecular size distributions of DOM, AHS and HiF

AN HPSEC chromatograms of DOM, AHS and HiF
showed broad, monomodal size distributions with subtle



