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Abstract. Phthalate esters have become widespread contaminants in the aquatic environment, be-

cause of their extensive use as non-reactive plasticizers. There is, however, little accurate data on

their solubility, transportation, and distribution in the aquatic environment. In this work, we have in-

vestigated the influence of humic acid on the water solubility of di-(2-ethylhexyl)phthalate (DEHP),

one of the most frequently used phthalate esters in the laboratory studies for DEHP. We have also

studied the solid–water distribution of DEHP in the presence of humic acid and particulate matter

(activated carbon, ferrihydrite, and kaolinite) to simulate their distribution in a natural aquifer (ternary

system). The results show that the water solubility of DEHP can be significantly increased by humic

acid. The Keq value, the binding constant of DEHP between water and humic acid at equilibrium,

was obtained by fitting experimental data for each humic acid. The Keq values in the ternary system

apparently decreased in the order of ferrihydrite > kaolinite ≈ octanol/water partition > activated

carbon systems. This result shows that the increase in the hydrophobicity of HA remaining in the

solution will lead to the apparent increase of Keq in the system since more hydrophilic solid sorbs

relatively more hydrophilic HA molecule. The solid–water partition coefficient (KW-P) for DEHP in

the environment estimated from this study is consistent with those reported based on the experiments

for natural samples. Quantitative values obtained in this study, such as K ′
ow, Keq, and KW-P, can be

useful for estimating the behavior of DEHP.

Keywords: humic substances, di-(2-ethylhexyl)phthalate, solubility, particulate matter, sorption, hy-

drophobicity

1. Introduction

Phthalate esters have been used in the industrial production of lubricants, glues,
insect repellent, dielectric fluids, and plastics (Giam et al., 1984). Most phthalate
esters have been used to plasticize polyvinyl chloride, which usually contains phtha-
late esters at about 35% by weight; in some products, however, the phthalate ester
content may exceed 50%. Their large-scale production more than several million
tones per annum and physical rather than chemical incorporation in the polymeric
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TABLE I

Physical, chemical, and environmental properties of DEHP

Property Value Reference

Molecular weight 390.6 g mol−1

Melting point −50 ◦C

Boiling point 384 ◦C

Solubility (20◦C) 0.6–400 μg dm−3 Boese, 1984; Russell and

McDuffle, 1986

Octanol-water partition

coefficient, logKow

4.20–9.64 Haward et al., 1985;

Brooke et al., 1990

Vapour pressure (23 ◦C) 3.4 × 10−7–6.4 × 10−6 mmHg Tyler et al., 1998

Chemical hydrolysis half-life

(25 ◦C, pH7)

2000 years Giam et al., 1984

Degradation half-life in

natural water

2–15 days Tyler et al., 1998

matrix ensures that they are widespread contaminants (Woodfine et al., 2002; Yuan
et al., 2002). Phthalates enter the environment in wastewater effluents during the
production phase and via leaching and volatilization from plastic products during
their use and after disposal (Bauer and Herrmann, 1997). Present application and
emissions of phthalates are of great concern because the substances are suspected of
mimicking estrogens (Staple et al., 1997; Barton and Andersen, 1998). Among the
phthalate esters, di-(2-ethylhexyl)phthalate (DEHP) is one of the most frequently
used additives in the manufacture of flexible polyvinyl chloride. DEHP is used as
a plasticizer because of its stability, fluidity, and low volatility (Tyler et al., 1998).
The annual global production of DEHP has been estimated to be approximately
106 tons (Nielsen and Larsen, 1996). Some physical, chemical, and environmental
fate properties of DEHP are listed in Table I. Reported values for its solubility and
octanol–water partition coefficient vary by several orders of magnitude, reflecting
the difficulties in obtaining reliable data for phthalates. Reasons for this include the
high probability of contamination from laboratory plastic ware (Leung and Giang,
1993) and other experimental artifacts. In the light of devising structure–activity
relationship for organic chemicals, Staple et al. (1997) suggest values for the sol-
ubility and octanol–water partitioning of DEHP of about 3 μg dm−3 and 107.5,
respectively, attesting to its highly hydrophobic nature.

The fate of various non-polar organic solutes (NOS) in environment, including
phthalate esters, should be interpreted from basic processes including the distribu-
tion and transportation of the pollutants between various compartments in aqueous
systems. First, NOS is easily sorbed on particulate matter (PM), as depicted by the
process I in Figure 1 (Brunk et al., 1997). Dissolved organic carbon (DOC) such
as humic acid (HA) can also interacts or binds with NOS (Zhao and Vance, 1998)
(process II in Figure 1). Chiou (2002) showed an enhancement of the water solubil-
ity of NOS in the presence of HA. This result shows that DOC can play an important
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Figure 1. Schematic figure of the interactions among particulate matter (PM), DOC, and NOS in

aqueous environment. See text for the details about the interactions I, II, and III.

role in the desorption of NOS from PM into an aqueous environment. On the other
hand, PM can also act as a sorbent for DOC such as HA due to its surface-active
characteristics (Filius et al., 2000). Therefore, desorption of NOS from PM to the
aqueous solution by HA might become complicated by the presence of HA–NOS
complex. Although many studies concerning the enhancement of water solubility
of NOS by the presence of HA have been published (Yamamoto et al., 2003; Kim
and Lee, 2002), there are few data about DEHP–HA interaction. Moreover, few
studies have been done so far with respect to PM in aqueous systems as sorbent of
both phthalate esters and HA.

In the present work, we have carried out two experiments to understand the
behavior of DEHP in natural aquifers. In the first experiment, we examined the
influence of HAs on the water solubility of DEHP in an octanol–water partition
system. The octanol–water partition coefficient has been used as an indicator of hy-
drophobicity and of the potential for bioaccumulation of organic compound in the
environment (Chiou, 2002). This coefficient is an important index for considering
the behavior and fate of hydrophobic organic compounds in environment. We can
discuss quantitatively the influence of HA on the water solubility of DEHP from
the octanol–water partition experiments. Several kinds of HAs derived from vari-
ous sources were employed in this work to elucidate the relationship between the
characteristics of various HAs and their affinity for DEHP. We also investigated the
effect of pH on the distribution between octanol–water phases, which may affect
the affinity of HA for DEHP. In the second experiment, we studied the solid–water
distribution of DEHP in the presence of HAs and PMs (ternary system), which is
closer to the conditions in natural aquifers. Activated carbon, clay minerals (kaoli-
nite), and metal oxide minerals (ferrihydrite) were employed as model materials
as PMs in the environment. In this study, DEHP labelled with 14C was used in
both experiments to avoid possible contamination from the surrounding environ-
ment as stated above. We could examine DEHP behaviour without considering the
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TABLE II

Origin, elemental composition, and concentration of acidic sites for humic acid (HA) employed

in this study

Carboxylic group Phenolic group

HA Origin %C %H %N %O C/H (mol/kgHA) (mol/kgHA)

THA Paddy soil 55.1 3.1 2.6 37.6 17.8 6.1 −
LHA Lignite 63.81 3.70 1.23 31.27 17.2 6.62 2.06

SRHA River 52.55 4.40 1.19 42.53 11.9 8.43 3.79

disconcertion of experimental systems by using the radioactive tracer in comparison
to the determination using GC-MS analysis etc.

2. Methods

2.1. MATERIALS

Standard grade Suwannee River Humic Acid (SRHA) and Leonardite Humic Acid
(LHA) were obtained from the International Humic Substances Society (IHSS)
and used without further purification (IHSS numbers 1S101H and 1S104H, re-
spectively; International Humic Substances Society, http://www.ihss.gatech.edu).
Another HA sample (THA) was extracted by a 0.5 M NaOH solution from paddy
soil in Tochigi Prefecture, Japan, separated by acidification (pH 2) and purified
(Takahashi et al., 1995, 1998a). Their origins, chemical compositions, and concen-
trations of acidic sites are summarized in Table II (IHSS Standard & Reference
Collection Data Book, 2002; Takahashi et al., 1998a).

[14C]DEHP (433 MBq mmol−1; purity >99%) was obtained from Sigma Chem-
ical Co. (St. Louis, MO) and diluted by hexane to prepare a stock solution. Octanol
(>99.5%; prepared for partition coefficient analysis) was obtained from Wako Pure
Chemical (Tokyo). Activated carbon powder (special reagent grade, produced from
coal) was obtained from Wako Pure Chemicals and used without further purifica-
tion. Kaolinite recovered from a mine in Japan (Kanpaku) was obtained from the
Clay Science Society of Japan and used without further purification. Ferrihydrite
was synthesized as described by Schwertmann and Cornell (2000). The sample
was identified as the two–line ferrihydrite using the X-ray diffractometer (MAC
Science Co., M18XHF). All glasswares were heated at 200 ◦C prior to use. All
other equipment was washed with analytical grade acetone prior to use.

2.2. OCTANOL–WATER PARTITIONING OF DEHP IN THE PRESENCE OF HA

Octanol–water partition system was conducted following the slow stirring method
reported in Bruijn et al. (1989). Octanol (0.15 ml) saturated with water was added
to a glass vessel containing 15 mL of an aqueous solution of HA at a certain
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concentration. The concentration of HA solution ranged from 30 to 115 mgC dm−3

in this experiment. The pH was adjusted using an acetate buffer (0.010 M) and
[14C]DEHP dissolved in hexane was added. The hexane was removed by volatiliza-
tion perfectly. After shaking the solution at 25 ◦C in the dark for 72 h, we measured
the concentrations of 14C–DEHP in both water and octanol phases with a liquid
scintillation counter (Aloka, LSC–3000). The colour quenching for the scintillation
counting of the water phase caused by HA was corrected using a correction curve
obtained by measuring the known amount of [14C]DEHP in the presence of various
concentrations of HA.

2.3. DESORPTION EXPERIMENTS OF DEHP FROM PM IN THE PRESENCE OF

HA (TERNARY SYSTEMS)

Ternary systems were prepared as follows. This experiment was conducted based
on method reported in literature (Fukushima et al., 1997). The mixture of each PM
(activated carbon, kaolinite, and ferrihydride) 1.0 g and 1.81 × 10−3 mM DEHP
in ethanol (100 mL) was stirred for 24 h. Subsequently, this mixture was filtered
through a silica fiber filter (Advantec QR100), which can filtrate 99.9% of 0.3 μm
particles (dioctyl phthalate). The powder of PM sorbing DEHP (PM–DEHP) was
collected on the filter. After being air-dried in the dark, the PM–DEHP powder
was stored in a desiccator over silica gel in the dark, prior to being employed in
the ternary systems. A 0.01 g sample of the PM–DEHP was mixed with 10 mL
of HA solution in a glass-tube (pH 6 by acetate buffer). The solution shaken at
25 ◦C in the dark for 72 h was filtered through a 0.45 μm PTFE membrane filter.
The concentration of HA in the solution ranged from 0 to 300 mgC dm−3 in this
experiment. The concentration of DEHP in the filtrate was measured by the liquid
scintillation counter. The activity of DEHP did not change by the filtration, showing
that the sorption of DEHP to 0.45 μm PTFE filter did not influence the quantification
of DEHP. The concentration of HA in the filtrate was measured by absorbance at
400 nm (Reid et al., 1990). Since absorbance of the filtrate in the absence of HA
was equal to the value of blank solution, PMs did not transfer into filtrate through
the membrane filter and does not influence the determination of HA concentration
in filtrate. The fraction of HA absorbed to PM was calculated by subtracting the
amount of HA in the filtrate from the abundance of added HA.

3. Results

3.1. OCTANOL–WATER PARTITIONING OF DEHP IN THE PRESENCE OF HA

Kow is defined as:

Kow = [DEHP]O

[DEHP]aq

(1)
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where [DEHP]O and [DEHP]aq denote the concentrations of DEHP in the octanol
and water phases, respectively. Examination of the dependency of Kow on the shak-
ing time showed that Kow decreased with shaking time and reached equilibrium
approximately after 70 h. The time was set to be the equilibrium time for the mea-
surement of apparent Kow value (K ′

ow: apparent octanol–water coefficient in the
presence of HA) in the following experiments.

The relationship between K ′
ow and aqueous concentration of HA ([HA]aq) shows

that K ′
ow decreases with the increase in [HA]aq, suggesting that DEHP has become

soluble to water in the presence of HA. This observation is consistent with other
studies (e.g., Schlautman and Morgan, 1993; Kim and Lee, 2002), observing a
decrease in K ′

ow of NOS with increasing concentration of HA in octanol–water
partition system. DEHP concentration in water phase in the absence of HA could
not be detected due to the very low activity of DEHP under the condition. Therefore,
we used Kow values of DEHP in the absence of HA reported by Bruijn et al. for
comparison (Bruijn et al., 1989). For each HA, K ′

ow values when [HA]aq > 50 mgC
dm−3 were smaller by 4–6 orders of magnitude than the Kow value, 107.45, in the
absence of HA. This suggests that the water solubility of DEHP can be significantly
increased by the presence of HA. K ′

ow with THA was the lowest, while K ′
ow with

SRHA was the highest, which may be due to the different characteristics of the
HAs used in this study.

3.2. DESORPTION OF DEHP FROM PM IN THE PRESENCE OF HA (TERNARY

SYSTEMS)

Figure 2 shows the dependence of DEHP ([DEHP]aq) and HA ([HA]aq) concentra-
tions in the filtrate on shaking time for the ternary system containing HA (THA)
and DEHP sorbed on activated carbon. In activated carbon system, the adsorption
equilibrium was achieved within 60 hrs. In ferrihydrite and kaolinite systems, the
shaking time required for the adsorption equilibrium was also within 60 hrs, which
was fixed as shaking time for the three systems. In the absence of THA, the frac-
tion of DEHP in the aqueous phase ([DEHP]aq/[DEHP]all) was less than 0.01%
(Figure 2a). The [DEHP]all was determined by the total concentration of DEHP
extracted by ethanol from PMs. For all PMs, the DEHP extraction experiments
were performed more than ten times, since all DEHP that sorbs on PMs could
not be extracted by a single extraction. To determine DEHP abundance remain-
ing on PMs, the extraction experiments were continued until the activity ratio of
DEHP in filtrate to total extracted DEHP was less than 3%. Thus, total activity
of DEHP extracted by all the extraction experiments was defined as [DEHP]all.
The [DEHP]aq/[DEHP]all ratio increased in the presence of 50 mgC dm−3 THA,
reaching 0.05% at equilibrium. These results demonstrate that the presence of HA
contributes to the enhancement of DEHP desorption from the activated carbon.
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Figure 2. Relationship between K ′
ow of DEHP and the concentration of humic acids (pH 5, 0.010 M

acetate buffer) with a Kow value 107.45 reported in Bruijn et al.

The [DEHP]aq/[DEHP]all ratio has increased right after the addition of HA, but
decreased gradually afterwards. This suggests that DEHP desorbs from activated
carbon at first by forming a complex with HA (HA–DEHP) in the aqueous phase.
Subsequently, the DEHP re-sorbed gradually on the activated carbon as the HA-
DEHP complex. The THA remaining in the aqueous phase decreased with time,
reaching a plateau after 50 h for the DEHP/THA/activated carbon system (Figure
2b). Thus, the re-sorption of HA–DEHP influences the [DEHP]aq at the equilibrium.
It is well-known that PMs are capable of sorbing HA (Brunk et al., 1997). In the
presence of 50 mgC dm−3 THA at pH 6, approximately 40%, 10%, and 20% of the
added THA was sorbed on 0.010 g of activated carbon, ferrihydrite, and kaolinite,
respectively. The difference in the sorption characteristics of HA on PM can, in
turn, influences the distribution of DEHP between water and PM.

3.3. RELATIONSHIP BETWEEN PARTITION COEFFICIENT AND HUMIC ACID

CONCENTRATION

In Figure 4a–c, the values of KW-P, the solid–water partition coefficient, are plotted
for the ternary systems containing activated carbon, ferrihydrite, and kaolinite at
various [HA]aq, respectively. The value of KW-P is calculated as:

KW-P = [DEHP]aq

[DEHP]PM

(2)
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Figure 3. Effect of shaking time on [DEHP]aq/[DEHP]all (a) and [HA]aq/[HA]all (b) in the ternary

system employing activated carbon as PM (THA 50 mgC dm−3, pH 6, 0.010 M acetate buffer).

where [DEHP]PM is the concentration evaluated by subtraction of [DEHP]aq from
[DEHP]all. The KW-P (g dm−3) values for activated carbon, ferrihydrite, and kaolin-
ite were approximately 10−7, 10−3, and 10−4 g dm−3, respectively. Activated carbon
can sorb a variety of organic matter to a great extent (Kleineidam et al., 2002; Li
et al., 2002), so that it is natural that the KW−P value in the activated carbon system
is the smallest of the three. In all PM systems, the KW−P value using THA was
larger than those employing SRHA and LHA. This result suggests that THA has
a greater ability to enhance the water solubility of DEHP, which was also shown
in the octanol–water partition experiment in Figure 2. In Figure 4a–c, KW-P values
were all very small when [HA]aq = 0. This result also indicates that PMs have a
strong affinity for the hydrophobic organic matters as reported by many investiga-
tors (Filius et al., 2000; Zhao and Vance et al., 1998).
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Figure 4. Relationship between [HA]aq and the liquid/solid partition coefficient (KW−P) of DEHP in

the presence of various concentrations of HA and 10 mg of activated carbon (a), ferrihydrite (b), or

kaolinite (c). The regression curves using the model described by Equations (2), (5–10) (pH 6, 0.010

M acetate buffer) are also shown.
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4. Discussion

4.1. INFLUENCE OF HA ON THE OCTANOL–WATER PARTITIONING OF DEHP

To interpret quantitatively the enhancement of water solubility of DEHP by HA,
the binding constant (Keq/M−1) between water and HA phase is defined as:

Keq = [DEHP − HA]aq

[DEHP]aq [HA]aq

(3)

where [HA]aq and [DEHP–HA]aq indicate the concentration of HA in the aqueous
phase and the concentration of DEHP forming a complex with HA, respectively.
Assuming that [DEHP]aq in the octanol–water system when HA is absent is equal
to the free [DEHP] (freely dissolved, not bound to HA) in the presence of HAs, the
reciprocal K ′

ow can be written as:

Kow

K ′
ow

= 1 + Keq [HA]aq (4)

where K ′
ow is the apparent octanol–water partition coefficient of DEHP in the pres-

ence of HA. Equation (4) shows the relationship between 1/K ′
ow and [HA]aq, where

Keq could be evaluated by a least-square regression of the experimental data set.
The linear regression lines in Figure 5 were obtained using Equation (4). Al-

though non-linear binding of NOS to HA is often measured (e.g., Laor and Rebhun,
2002), the linear equation was employed in this study, since Equation (4) can fit to
the octanol–water partition behaviour of DEHP for the SRHA and LHA systems
in this [HA]aq region. In Figure 5, the fitting to the THA data is not fine compared
to those of LHA and SRHA. This discrepancy might result from the increase of
hydrophobicity of humic acid induced by the aggregation of HA in high [HA]aq

range ([HA]aq > 80 mgC dm−3). It is known that the aggregation of HA facilitates
solubilization of hydrophobic compounds (Terashima et al., 2004). This hypothesis
is supported by the results that the C/H ratio (the indicator of hydrophobicity of
THA) is higher than LHA and SRHA and that the hydrophobic HA can be readily
subject to aggregation. These facts can explain the discrepancy in the fitting for
THA in Figure 5. An increase in hydrophobicity by the aggregation can cause the
greater Kow/K ′

ow value at higher THA concentration. The evaluated Keq values are
summarized in Table III. Although the fitting to the THA system is not good, the Keq

value of THA seems to be larger than those of LHA and SRHA. From the elemental
composition (Table II), the C/H ratio for THA is larger than those for LHA and
SRHA. This suggests that THA contains a larger number of unsaturated carbons,
since the C/H ratio is an index of the degree of unsaturation (Xing, 2001). Moreover,
the number of acidic sites for THA is smaller than those for LHA and SRHA. These
facts suggest that the larger Keq value for THA can be ascribed to the larger degree
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TABLE III

Binding constant between DEHP and humic acids (HAs) in octanol-water and ternary

systems (presence of HA and particles). The aHA and [HA]max are evaluated by a least-

squares analyses using Equation (7).

Octanol- Activated carbon Ferrihydrite Kaolinite

water,

log log log log log log log log log log

HA Keq Keq aHA [HA]max Keq aHA [HA]max Keq aHA [HA]max

THA 3.1 2.4 −1.4 1.6 2.9 −1.8 1.4 2.4 −2.0 1.4

LHA 2.3 1.5 −2.3 2.3 2.9 −2.3 1.8 2.3 −2.8 2.5

SRHA 1.9 1.4 −2.0 2.1 2.9 −2.2 1.4 2.3 −2.9 2.2

Figure 5. Relationship between [HA]aq and 1/K ′
ow in the octanol–water system. The regression lines

using the model described by Equations (2–5) (pH 6, 0.010 M acetate buffer) are shown.

of hydrophobicity of THA, which increases the stability of HA–DEHP complex
through the hydrophobic interaction.

The importance of the hydrophobic interaction between DEHP and HA is also
supported by the pH dependence. At lower pH, the degree of ionization of HA
decreases, which reduces the negative charges on HA.

The present study clearly indicates that the water solubility of DEHP, or phthalate
esters, is greatly affected by HA and the characteristics of the HA in the system (such
as hydrophobicity etc.). Although [HA]aq in our experiments ([HA]aq > 50 mgC
dm−3) is relatively high compared with natural aquifer, the dependence on the
characteristics of HA and pH may be valid in any environment. In addition, some
natural environments have higher [HA]aq such as in pore water in the sediment,
where we can apply our results directly to the relation between HA and the water
solubility of DEHP.
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4.2. DESORPTION OF DEHP FROM PM IN THE PRESENCE OF HA

Similar to the octanol–water system, the partition coefficient KW−P can be written
using a micelle-like partition model in the following form:

KW-P = [DEHP]aq

(
1 + Keq [HA]aq

)
[DEHP]PMs

(5)

If the sorption reaches equilibrium, it is considered that a part of DEHP on the PM
is present as DEHP–HA complex ([HA–DEHP]ads) and as DEHP ([DEHP]ads) free
from HA:

KW−P = [DEHP]aq

(
1 + Keq [HA]aq

)
[DEHP]ads + [HA − DEHP]ads

(6)

The sorption of HA on PM has usually been interpreted by Langmuir isotherm
(Murphy et al., 1992; Takahashi et al., 1998b), which can be represented by

[HA]ads = aHA [HA]max [HA]aq

1 + aHA [HA]aq

(7)

where aHA (mgC dm−3), [HA]ads (mgC g−1), and [HA]max (mgC g−1) are the
sorption coefficient of HA on PM, the concentration of HA sorbed on PM, and the
amount of maximum sorption of HA on PM, respectively. The Langmuir isotherm
in Equation (7) can be rearranged as follows:

1

[HA]ads

= 1

[HA]max

+ 1

aHA [HA]max [HA]aq

(8)

The aHA and [HA]max obtained by least-squares analyses using Equation (7) are
summarized in Table III.

On the other hand, both HA and HA–DEHP species are sorbed on activated
carbon. However, since the DEHP molecule is much smaller than the HA macro-
molecule, we can assume on the first approximation that the sorption behaviour of
HA–DEHP on PM is similar to that of HA (Fukushima et al., 1997):

[HA − DEHP]ads = [HA]ads

[HA]aq

HA − [DEHP]aq (9)

where [HA–DEHP]aq is the concentration of DEHP-HA complex in the aqueous
solution. Using Equations (5–7) and (9), the partition coefficient of DEHP (KW−P)
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between PM and aqueous solution can be expressed as

KW−P = 1 + Keq [HA]aq

1

K 0
W−P

+ aHA Keq [HA]max [HA]aq

1 + aHA [HA]aq

(10)

where K0
W-P is equal to [DEHP]aq/[DEHP]ads, an equilibrium of free DEHP be-

tween aqueous and sorbed species. Equation (10) shows the relationship between
KW-P and [HA]aq, where Keq could be determined by a nonlinear least-square re-
gression analysis of the experimental data set. Actually, since the second term
in the denominator of Equation (10) is much smaller (<103) than the first term
(= 1/K 0

W-P), the calculated curves based on Equation (10) become approximately
linear in the [HA]aq region as shown in Figures 4a–c.

The evaluated Keq values are summarized in Table III. For the LHA and SRHA
systems, Keq values decreased in the order of ternary (ferrihydrite) > ternary (kaoli-
nite) ≈ octanol/water partition > ternary (activated carbon). The E4/E6 ratio of the
spectra at pH4.5, an indicator of aromaticity of HA in solution (Stevenson, 1994),
showed that THA in the solution after adsorbing to activated carbon (E4/E6 = 3.3)
was less aromatic and hydrophobic than original THA (E4/E6 = 2.9). This trend
indicated that the more hydrophobic fraction of the HA may be sorbed selectively
on the surface of activated carbon and the more hydrophilic fraction remains in the
aqueous phase, since activated carbon has neutral nature in the electronic property
of the surface (Li et al., 2002). Contrary to that, under the pH value (pH 6) in this
study, the surface of ferrihydrite has positive charges (Langmuir, 1997). Thus, it
is suggested that the more hydrophilic fraction of the original HA is selectively
sorbed on the surface of ferrihydrite, and the more hydrophobic remains in the
aqueous phase. Thus, in the ternary system, the fractionation of HA should occur
during sorption experiments, which may alter the affinity of HA remaining in the
aqueous phase for DEHP from the original HA without any fractionation. In all
PM systems, since [HA-DEHP]ads is much smaller than [DEHP]ads, we can ignore
the presence of [HA-DEHP]ads in Equation (10). Thus, we can treat the partition
of DEHP between solid and liquid phase as the competition of [DEHP-HA]aq with
[DEHP]ads. Therefore, the Keq obtained based on Equation (10) reflects the affinity
for DEHP of the HA fraction remaining in the aqueous phase. The Keq values for
ferrihydrite were larger than that in the octanol–water system probably due to the
increase of hydrophobicity in the HA fraction remaining in the aqueous phase,
while that for activated carbon became smaller than that in the octanol–water sys-
tem, which represents the Keq in the absence of the PMs. These results lead to the
conclusion that the fractionation of HA induced by sorption on PM influences the
retention of DEHP in the aqueous phasej by HA.

Among three HAs, Keq values for THA are relatively similar among four
systems (octanol–water system and three ternary systems). In addition, the Keq

values for the THA systems are again larger than those of SRHA and LHA as
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observed in the octanol–water partition system (Table III). These results may
be due to the small log[HA]max values for THA in the ternary systems, which
suggests that the fraction remaining in the aqueous phase is largest for THA
among the three HAs. This situation causes that the KW-P value was not influ-
enced greatly by the re-sorption of THA–DEHP on the PM compared to other
HAs. As a result, the range of Keq values in the three ternary systems and octanol-
water system was smaller for THA compared with those observed for SRHA and
LHA.

Figure 6 shows the comparison between the sediment–water partition coefficient
KW-P (g dm−3) for DEHP in natural samples and the solid–water partition coeffi-
cients estimated from the present results in the ternary system employing SRHA
as DOC. Partition coefficient KW-P in our study was calculated by assuming that
(1) the organic concentration in the solid is 1–10 wt% (g g−1, dry weight) (Kyuma
et al., 1984) at pH 6, (2) the three PMs studied here are the main active components
for sorption of DEHP in the sediments, and (3) the concentration of each PM in
sediments is 10 wt% (g g−1). The KW−P values in natural samples ranges from 10−4

to 10−3 g dm−3. The KW-P value ranges calculated for the kaolinite and ferrihydrite
system overlap with those of natural samples. The KW-P values of Turano River and
Ventina Lake are lower than the ferrihydrite and kaolinite systems. This suggests
that the sediments in the two natural systems contain some phases having lower
KW-P values, such as activated carbon. This hypothesis is supported by Bucheli
and Gustafsson (2003), where it is reported that 2–20% of the organic materials in
sediment may consist of elemental carbon/soot. The elemental carbon/soot is a very

Figure 6. Comparison of liquid/solid partition coefficient (KW-P) of DEHP in natural aquifers and

the values estimated based on our study assuming activated carbon, ferrihydrite, or kaolinite as the

active particles in the sediment. The KW-P estimated from our study was calculated by assuming that

the concentration of humic acid (using the data for SRHA) in solid is 1–10 wt.%, which produces the

range in the plot of the calculated KW-P values. The KW-P values for natural aquifers were calculated

based on aFromme et al., 2003; bYuan et al., 2002; cGiam et al., 1984; dVitali et al., 1997.
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strong sorbent for DEHP, which may show sorption properties similar to activated
carbon.

5. Conclusions

The present study shows that water solubility of DEHP can be significantly in-
creased by HA in the octanol-water system and DEHP/HA/particulate matter
(ternary) system. It was indicated that the degree of hydrophobic nature of HA
is a key parameter controlling the distribution of DEHP into water. In the ternary
system, it was suggested that the fractionation of HA induced by the sorption on
particulate matters affects the distribution of DEHP into water among different
particulate matters. For example, ferrihydrite prefers hydrophilic fraction in HA,
which leads to the increase of hydrophobicity of HA remaining in water. As a re-
sult, Keq values (binding constant between HA and DEHP) apparently decreased
in the ferrihydrite/HA/DEHP system. Although these results are similar to those
obtained for other non-polar organic solutes, this is the first paper studying the
interaction between humic substances and DEHP, or phthalic esters. It is expected
that K ′

ow, Keq, and other parameters obtained for DEHP in this study will enable us
to estimate approximately the distribution coefficients of DEHP, or phthalic esters,
in solid-water system in natural aquifer.

Acknowledgements

We thank the members of the Radioisotope Center in the Natural Science Center
for Basic Research and Development (N–BARD) in Hiroshima University for their
assistance for the experiments using the facility. This research was supported by
a grant-in-aid for scientific research from the Japan Society for the Promotion of
Science.

References

Barton, H.A., & Andersen, M.E. (1998). Endocrine active compounds: From biology to dose response

assessment. Critical Reviews in Toxicology, 28, 363–423.

Bauer, M.J., & Herrmann, R. (1997). Estimation of the environmental contamination by phthalic acid

esters leaching from household wastes. Science of the Total Environment, 208, 49–57.

Boese, B.L. (1984). Uptake efficiency of the gills of english sole (parophrys–vetulus) for 4 phthalate—

esters. Canadian Journal of Fisheries Aquatic Science, 41, 1713–1718.

Brunk, B.K., Jirka, G.H., & Lion, L.W. (1997). Effects of salinity changes and the formation of

dissolved organic matter coatings on the sorption of phenanthrene: Implications for pollutant

trapping in estuaries. Environmental Science and Technology, 31, 119–125.

Brooke, D., Nielsen, I., Bruijn, J.D., & Hermens, J. (1990). An interlaboratory evaluation of the

stir–flask method for the determination of octanol–water partition–coefficients (log Pow). Chemo-
sphere, 21, 119–133.



114 S. MITSUNOBU AND Y. TAKAHASHI

Bruijn, J.D., Busser, F., Seinen, W., & Hermens, J. (1989). Determination of octanol water partition–

coefficients for hydrophobic organic–chemicals with the slow–stirring method. Environmental
Toxicology Chemistry, 8, 499–512.

Bucheli, T.D., & Gustafsson, R. (2003). Soot sorption of non–ortho and ortho substituted PCBs.

Chemosphere, 53, 515–522.

Chiou, C.T. (2002). Partition and adsorption of organic contaminants in environmental systems. New

Jersey: Wiley.

Fromme, H., Kuchler, T., Otto, T., Pilz, K., Muller, J., & Wenzel, A. (2002). Occurrence of phthalates

and bisphenol A and F in the environment. Water Resource, 36, 1429–1438.

Filius, J.D., Meeussen, J.C.L., Lumsdon, D.G., Hiemstra, T., & Van Riemsdijk, W.H. (2000). Adsorp-

tion of fulvic acid on goethite. Geochimica et Cosmochimica Acta, 64, 51–60.

Fukushima, M., Oba, K., Tanaka, S., Nakayasu, K., Nakamura, H., & Hasebe, K. (1997). Elution

of pyrene from activated carbon into an aqueous system containing humic acid. Environmental
Science and Technology, 31, 2218–2222.

Giam, C.S., Atlas, E., Powers, Jr. M.A., & Leonald, J.E. (1984). Phthalic acid esters. In O. Hutzinger

(Ed.) The handbook of environmental chemistry, 3 Part C: Anthropogenic compounds (pp. 67–

142). Berlin: Springer.

Howard, P.H., Banerjee, S., & Robillard, K.H. (1985). Measurement of water solubilities, octanol

water partition–coefficients and vapor–pressures of commercial phthalate—esters. Environmental
Toxicology Chemistry, 4, 653–661.

Kim, Y., & Lee, D. (2002). Solubility enhancement of PCDD/F in the presence of dissolved humic

matter. Journal of Hazardous Material, 91, 113–127.

Kleineidam, S., Schuth, C., & Grathwohl, P. (2002). Solubility–normalized combined adsorption–

partitioning sorption isotherms for organic pollutants. Environment of the Science Technology,

36, 4689–4697.

Kyuma, K. (1982). Pedology (Shin Dojyogaku) (39 pp). Asakura, Tokyo (in Japanese).

Laor, Y., & Rebhun, M. (2002). Evindence for nonlinear binding of PAHs to dissolved humic acids.

Environment of the Science Technology, 36, 955–961.

Langmuir, D. (1997). Aqueous environmental geochemistryj (350 pp). New Jersey: Prentice-Hall.

Leung, S.C., & Giang, B.Y. (1993). Phthalate–esters as potential contaminants during GC analysis of

environmental–samples using electron–capture and mass–spectrometric detectors. Bulletin of the
Environmental Contaminant Toxicology, 50, 528–532.

Li, L., Quinlivan, P.A., & Knappe, D.R.U. (2002). Effects of activated carbon surface chemistry and

pore structure on the adsorption of organic contaminants from aqueous solution. Carbon, 40,

2085–2100.

Murphy, E.M., Zachara, J.M., Smith, S.C., & Phillips, J.L. (1992). The sorption of humic acids to

mineral surfaces and their role in contaminant binding. Science of the Total Environment, 117/118,

413–423.

Nielsen, E., & Larsen, P.B. (1996). Environmental Review Report. Copenhagen: Danish Environmental

Protection Agency.

Reid, P.M., Wilkinson, A.E., Tipping, E.M., & Tones, N. (1990). Determination of molecular–weights

of humic substances by analytical (uv scanning) ultracentrifugation. Geochimica et Cosmochimica
Acta, 54, 131–138.

Russell, D.J., & McDuffle, B. (1986). Chemodynamic properties of phthalate–esters–partitioning and

soil migration. Chemosphere, 15, 1003–1021.

Schlautman, M.A., & Morgan, J.J. (1993). Effects of aqueous chemistry on the binding of polycyclic

aromatic–hydrocarbons by dissolved humic materials. Environment of the Science Technology,

27, 961–969.

Schwertmann, U., & Cornell, R.M. (2000). Iron oxides in the laboratory, (2nd ed., pp. 103–112).

Weinheim: Wiley–VCH.



STUDY OF THE WATER SOLUBILITY AND SORPTION ON PARTICULATE MATTERS 115

Staples, C.A., Peterson, D.R., Parkerton, T.F., & Adams W.J. (1997). The environmental fate of

phthalate esters: A literature review. Chemosphere, 35, 667–749.

Stevenson, F.J. (1994). Humus chemistry, genesis, composition, reaction. New Jersey: Wiley.

Takahashi, Y., Minai, Y., & Tominaga, T. (1998a). Complexation of Eu(III) with humic substances

fractionated by coagulation. Radiochima Acta, 82, 97–102.

Takahashi, Y., Minai, Y., Kimura, T., & Tominaga, T. (1998b). Adsorption of europium(III) and

americium(III) on kaolinite and montmorillonite in the presence of humic acid. Journal of the
Radioanal Nuclear Chemistry, 234, 277–282.

Takahashi, Y., Minai, Y., Kimura, T., Meguro, Y., & Tominaga, T. (1995). Formation of actinide(III)–

humate and its iInfluence on adsorption on kaolinite. Material and Resource Society Symposium
Proceedings, 353, 189–197.

Terashima, M., Fukushima, M., & Tanaka, S. (2004). Influence of pH on the surface activity of

humic acid: micelle-like aggregate formation and interfacial adsorption. Colloids and Surfaces
A: Physicochem. Engineering Aspects, 247, 77–83.

Tyler, C.R., Jobling, S., & Sumpter, J.P. (1998). Endocrine disruption in wildlife: A critical review of

the evidence. Critical Reviews in Toxicology, 28, 319–361.

Vitali, M., Guidotti, M., Macilenti, G., & Cremisini, C. (1997). Phthalate esters in freshwaters as

markers of contamination sources – A site study in Italy. Environment International, 23, 337–

347.

Woodfine, D., MacLeod, M., & Mackay, D. (2002). A regionally segmented national scale multimedia

contaminant fate model for Canada with GIS data input and display. Environment Pollution, 119,

341–355.

Yamamoto, H., Liljestrand, H.M., Shimizu, Y., & Morita, M. (2003). Effects of physical–chemical

characteristics on the sorption of selected endocrine disruptors by dissolved organic matter sur-

rogates. Environment of the Science Technology, 37, 2646–2657.

Yuan, S.Y., & Liu, C. (2002). Occurrence and microbial degradation of phthalate esters in Taiwan

river sediments. Chemosphere, 49, 1295–1299.

Xing, B. (2002). Sorption of naphthalene and phenanthrene by soil humic acids. Environment Pollu-
tion, 111, 303–309.

Zhao, H.T., & Vance, G.F. (1998). Sorption of trichloroethylene by organo–clays in the presence of

humic substances. Water Resource, 32, 3710–3716.


