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Distribution of sorbed phenanthrene and pyrene in different humic
fractions of soils and importance of humin
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Humic fractionation after sorption experiment revealed that humin fraction is the main region for slow and
nonlinear sorption of phenanthrene and pyrene.

Abstract

Contributions of fulvicehumic acids (FA/HA) and humin (HM) to sorption of phenanthrene (PHE) and pyrene (PYR) in a soil were differ-
entiated using a humic separation procedure after multi-concentration sorption experiments. It was found that the amount of solutes in FA/HA
did not change significantly after 48 h, while that in HM increased continuously and slowly up to the end of the experimental period (720 h),
indicating that HM was the main region for slow sorption. Based on the fitting results using Freundlich equation, it was found that nonlinearity of
both solutes was greater in HM than in FA/HA, consistent with the sorption characteristics of individually extracted HA and HM in a separate
experiment. The observed nonlinearity of the solute distribution was confirmed by using three other soil samples with organic carbon contents
ranging from 0.7 to 7.9%. Distribution dynamics of PHE and PYR among various fractions were also discussed.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Sorption is a major process determining the fate and bio-
availability of hydrophobic organic chemicals (HOCs) in soils.
It has been reported that soil organic matter (SOM) is the
predominant sorbent for HOCs (Pignatello, 1998). Although
exact sorption mechanisms by SOM are unclear, a great prog-
ress has been made towards the understanding of sorption of
HOCs by SOM. One of major achievements is the emergence
of two models describing the sorption property of SOM,
namely dual mode model (DMM) (Xing and Pignatello,
1997) and distributed reactivity model (DRM) (Weber et al.,
1992). Consistently, both models characterize SOM as
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a multi-domain sorbent, generally linear and nonlinear, or rub-
bery and glassy sorption domains. The sorption of HOCs by
mineral particles was commonly linear, and can be neglected
if organic carbon content >0.1% (Schwarzenbach and Westall,
1981).

Researchers have presented a great deal of evidence to sup-
port these models from the aspects of generally observed non-
ideal sorption isotherms and spectroscopic data (e.g., NMR).
For example, time dependence of Freundlich parameters of
sorption isotherms was recognized in several studies (Xing
and Pignatello, 1996; Weber and Huang, 1996). The sorption
capacity parameter, KF, increased while nonlinearity factor,
n, decreased with time, indicating that the sorption sites are
not evenly distributed. The sites on surface region are less
abundant and readily available to bulk solution compared to
those in the interior region. Weber and Huang (1996) proposed
a three-domain model (exposed inorganic surface, amorphous
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and condensed soil organic matter) based on the observation
that KF and n in wateresoil systems varied functionally with
logarithmic time.

Another line of evidence was obtained by conducting sorp-
tion experiments using separated SOM fractions, such as
humic acid (HA) and humin (HM). A widely reported result
is that isotherm nonlinearity and hysteresis increased in the or-
der of HA< soil<HM (Xing and Pignatello, 1997; Chiou
et al., 2000; Gunasekara and Xing, 2003). Because the proce-
dure of fraction separation involves dissolution of humic sub-
stances in alkaline solution and acid precipitation to form HA
aggregates, one may argue that the separated fractions may not
reflect the original sorption characters in the original soil.
Therefore, to further explore sorption behavior of HOCs in
soils, more direct information on how HOCs distribute among
soil fractions is preferred.

A more direct observation may be conducted by alkaline
extraction after the loading of organic chemicals and this proce-
dure has been frequently used in bound residue studies (North-
cott and Jones, 2000 and references therein) and sequestration
investigation (Guthrie et al., 1999). The separation procedure
was the same as that employed for sorption experiments using
separated humic fractions. These studies addressed the mass
balance of organic pollutants in fulvic acid (FA), HA and HM
(Kohl and Rice, 1998; Nam and Kim, 2002), the relationship
of bioactivity and distribution of organic pollutants in SOM
fractions (Guthrie and Pfaender, 1998; Macleod and Semple,
2003), and the sequestration mechanism of HOCs in HA and
HM (Guthrie et al., 1999). Chung and Alexander (1999)
observed the concentration dependence of sequestration and
bioavailability of organic pollutants in soil.

This work was designed to take a detailed look at the sorp-
tion behavior of HOCs in soil humic fractions employing the
conventional humic separation method after multi-concentra-
tion sorption experiments. Two polycyclic aromatic hydrocar-
bons, phenanthrene (PHE) and pyrene (PYR), were chosen as
model compounds. The concentration dependence of distribu-
tion of PHE and PYR in fulvic and humic acids (FA/HA) and
HM fractions was investigated. The distribution characteristics
were described by Freundlich parameters as in sorption exper-
iment. Although the separation procedure may somewhat alter
the existing distribution of solutes in soil humic fractions, this
approach was expected to provide additional direct data on the
contribution of different humic fractions to the sorption, and to
present a new angle to assess multi-domain sorption concept.
This line of research would be a step forward towards a better
understanding of the behavior of organic chemicals inside
SOM, thus provide important information to understand
HOCs sequestration in soils and sediments.

2. Experimental section

2.1. Sorbent preparation

Four soils with various organic carbon contents were collected
from northern suburb of Beijing, China. The soils were gently
mixed and ground using wood rods and sieved through a 2 mm
sieve. The soils were kept moist and in dark at room temperature.
For sorption experiments, the soils were wet weighed and the
dry weights were calculated by subtracting moisture contents,
which were calculated based on the weight differences before
and after heating the soils overnight at 105 �C. The moist soil
samples were used because it takes too long for sorption to
reach equilibrium due to slow wetting (Todoruk et al., 2003).
The total organic carbon (TOC) of the four soils, measured
on a TOC analyzer (Shimazhu 5000A), spanned an order of
magnitude from 0.7 to 7.9% and more than 55% of the organic
carbon was in HM fraction (Table 1). The background concen-
trations of the solutes were 20e40 and 10e100 times lower
than the lowest concentration of PHE and PYR added in the
soil for the sorption experiment, respectively. The desorption
of PHE and PYR in 0.01 M CaCl2 and 200 mg/L HgCl2 solution
was not detectable from the original soil samples, thus the back-
ground PHE and PYR in the soil samples was ignored for the
sorption calculation.

The humic fractions of soil B were also separately extracted
and purified for comparison. Briefly, a base solution of 0.1 M
NaOH and 0.1 M Na4P2O7 was mixed with the soil (50:1,
v:w) to extract FA/HA. After 12 h of equilibration, the mixture
was centrifuged at 1000g for 10 min and the supernatant was
decanted. The extraction procedure was repeated three times
until a light yellow extract was reached. The extractions were
gathered and the HA was precipitated with HCl. The insoluble
solid residue was referred to as HM. The HA and HM were
washed using distilled water until a negative test of chloride us-
ing AgNO3, freeze-dried and crushed into <500 mm particles.

2.2. Chemicals and solutes

PHE and PYR (purity> 98%) were from Acros Co. and
were dissolved separately in methanol as stock solution. All
the other chemicals and solvents used were better than
Table 1

Soil properties

Moisture

content (%)

pH TOCa (%) FA/HAa (%) HMa (%) PHEb (mg/g) PYRb (mg/g) Clay (%) Silt (%) Sand (%)

Soil A 9 7.84 0.70 0.31 0.39 0.034 0.003 2.5 30.1 67.3

Soil B 22 7.61 2.89 1.16 1.73 0.018 0.024 2.8 34.5 62.7

Soil C 28 6.4 4.53 1.94 2.59 0.056 0.030 2.1 48.0 49.9

Soil D 27 7.09 7.90 3.36 4.54 0.071 0.055 2.6 34.6 62.8

a Expressed as carbon content in whole soil.
b Exhaustedly extracted on accelerated solvent extractor and analyzed on gas chromatographyemass spectrometer.
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analytical grade (Beijing Chemical Reagent Co.). Hexane was
distilled in glassware for purification and the fluorescence
spectrum of purified hexane showed stable and low baseline
in the wavelength ranges of PHE and PYR.

2.3. Sorption experiment

Three separate sets of experiments were conducted in this
study: (1) sorption dynamics of PHE or PYR on soil B (TOC,
2.89%) were determined at six concentrations, from 10 to
380 ng/mL for PHE and from 2 to 20 ng/mL for PYR. The sam-
pling times were 1, 12, 24, 48, 72, 168, and 720 h; (2) sorption
of PHE or PYR by extracted HA and HM from soil B was eval-
uated after fractionation of HA and HM as done in the literature
(Gunasekara and Xing, 2003; Xing, 2001); (3) sorption experi-
ments of other three soils (samples A, C, and D with TOC of
0.7e7.9%) were performed in the same concentration range
as for the first set of the experiments at time 48 h, by which
the apparent equilibrium was approximately reached.

The experimental procedure was adopted from Xing
(2001). Briefly, the stock solution was diluted sequentially to
a series of concentrations distributed evenly on a log scale
in 0.01 M CaCl2 and 200 mg/L HgCl2 solution. HgCl2 was
used as biocide because it was reported as one of the best
soil sterilization methods to minimize soil property change
(Wolf et al., 1989). The methanol:solute ratio was the same
in all the sorption systems, and the volume ratio of methanol
was below 0.1% to avoid co-solvent effect (Weber and Huang,
1996). The sorption experiments were conducted in 10 mL
centrifuge tubes equipped with ground glass stoppers. Soil
sample of 0.02e0.1 g (wet weight) was mixed with 10 mL
PHE or PYR solution in a tube that was sealed with a glass
stopper immediately. The stopper was tightly bound with the
tube externally by parafilm, which was not in contact with so-
lution. The headspace was kept minimal to reduce solute vapor
loss. The tube was kept in dark and rotated vertically on a ro-
tator (30 rpm, Glas-Col lab rotator, RD9924CE) for a desired
contact time, and centrifuged at 1000g for 10 min. The super-
natant fluid was poured out carefully to prevent the loss of soil
particles, and subjected to solute analysis. The water resided in
the soil after centrifugation and decanting was calculated by
the weight difference, and the solute in the residual water
was taken into account during the fractionation experiment
below. The experiments for PHE and PYR were conducted
separately. All experiments including the procedure blanks
were run in duplicate, and control samples of PHE or PYR
were run in duplicate with samples for the time points longer
than 2 days for calibration. The highest variation was below 10%.

2.4. Base extraction of FA/HA after sorption

All the soils in the first set of sorption experiment were sub-
jected to SOM fractionation after solidewater separation. As in
the humic substance separation procedure, the soils were ex-
tracted three times by the base solution (0.1 M NaOH and
0.1 M Na4P2O7). All the extracts were mixed in a 25-mL color-
imetric cylinders. This process of fractionation is a traditional
way to extract humic substances. However, the solutes in the
base extracts may not be fully attributed to those only bound
with FA/HA, since the HM-bound solutes may desorb in the
process of extraction. Thus, the alkaline extracts may include
the FA/HA bound solutes and any solute desorbed from HM
during the extraction, but the residue solutes in HM would ac-
tually represent the highly resistant solute fraction bound in the
soil. The FA/HA was not further fractionated because the acid
precipitation may cause redistribution of solutes in FA and HA.

2.5. Measurement of the solutes

Since the brown extracts in base solution could not be ana-
lyzed by fluorescence photometry directly, all the aqueous sam-
ples were extracted by purified hexane in half volume of the
samples. The waterehexane was mixed vigorously, and two
drops of ethanol were added to diminish emulsification. The re-
coveries of the hexane extraction exceeded 98% for both PHE
and PYR according to the results of a preliminary experiment.

Approximately 1 mL of the hexane was used for fluores-
cence analysis (Hitachi, F-2500) after the waterehexane inter-
face was clear. The parameters of fluorescence photometry
were set as follows: silt 2.5 nm, voltage 700 V, emission wave-
length 300e450 nm, excitation wavelength 293 nm for PHE
and 272 nm for PYR. The peak heights at 365 and 385 nm
were used to quantify PHE and PYR, respectively.

2.6. Recovery of sorption experiment

The overall recovery test of sorption experiment demands to
know the quantity of solutes both in aqueous and in solid (Fig. 1).
A preliminary study showed that the extraction efficiency of
PHE and PYR from base solution of HA by hexane was higher
than 95% (Fig. 2). Because HA could be easily dissolved by al-
kaline solution, the sorbed amount of PHE or PYR could be
quantified by hexane extraction of the dissolved HA after sorp-
tion experiment (Fig. 1). A recovery test of sorption experiment
using isolated HA was conducted based on this observation. As
presented in Fig. 2, the recoveries of the sorption experiment of
PHE and PYR for isolated HA in this study were both higher
than 93%. Furthermore, no degradation was observed as indicat-
ed by similar chromatographic patterns of GCeMS over the
equilibration time. Therefore, during the fractionation of the
soils after sorption experiment, the change of solutes was attrib-
uted to the irreversible binding with HM fraction. The following
mass balance was employed for data manipulation:

The initial input of PHE or PYR

¼ PHE or PYR in waterþ PHE or PYR in FA=HA

þ PHE or PYR in HM

2.7. Data analysis

The average of the duplicates was used for data analysis. In
order to compare the distribution of solutes in SOM fractions
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Fig. 1. Flow chart of recovery tests of sorption experiment.
at various initial concentrations, the relative content in a frac-
tion was calculated as follows:

Relative content in a specific fraction

¼ ðPHE or PYR in the fractionÞ=
ðinitial addition of PHE or PYRÞ

The relative content is nondimensional and the sum of rela-
tive content in water, FA/HA and HM would be 1 according to
the mass balance assumption. As mentioned earlier, the

50

60

70

80

90

100

110

PHE PYR

Fig. 2. Recovery test of PHE and PYR: black bars (-) are the recovery of ex-

traction by hexane from water; gray bars ( ) are the recovery of extraction by

hexane from alkaline HA solution; and open bars (,) are the overall recovery

of sorption experiment of isolated HA after 2-day equilibration (i.e., the

second set of sorption experiments for HA particles).
distribution of solutes in different fractions could be character-
ized using isotherm parameters. Freundlich equation was used
to fit the distribution data (Carmo et al., 2000):

Cs ¼ KFðCe=SsclÞn

where Cs is the solid concentration (mg/g), Ce is aqueous
concentration (mg/mL) and Sscl is the supercooled liquid-
state solubility (mg/mL). The KF has the same unit as Cs,
mg/g, and independent of nonlinearity factor, n, thus the
KFs are comparable between isotherms. The equation was
applied in wateresoil, watereFA/HA, and watereHM sys-
tems. Since the concentrations of FA/HA and HM were ex-
pressed as the organic carbon content, Cs was expressed as
the solute concentration in organic carbon (mg/(g of OC)) in
all the systems examined, thus the equation could be
written as:

Csoc ¼ KFocðCe=SsclÞn

where Csoc is solute concentration per unit of organic carbon
(mg/(g of OC)) and KFoc is organic carbon normalized Freund-
lich coefficient with the same unit as Csoc. The solute contents
in water and FA/HA were measured directly, while the content
in HM was calculated based on the mass balance (see the re-
covery test above). The fitting was processed using SigmaPlot
2001 (SPSS Inc.) and statistical analysis was performed using
SPSS 11.0 (SPSS Inc.).

Organic carbon normalized sorption coefficient
(Koc¼ KFocC

n�1Cscl
�n), was calculated at two different solute
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concentrations in order to compare with that in the literatures
(such as in Mackay et al., 1997) in which sorption affinity was
generally expressed as Koc. The relevant physicochemical
properties compared or used for calculation in this study are
listed in Table 2.

Table 2

Physicochemical properties of solutesa

Compound log Kow log Koc Tm
b

( �C)

DHc

(kcal/mol)

Sd

(mg/ml)

Sscl
e

(mg/ml)

Phenanthrene 4.57 4.36 101 4.450 1.290 5.973

Pyrene 5.18 4.92 150 5.541 0.134 2.166

a Kows and Kocs were from Karickhoff et al. (1979), and the other data were

from Mackay et al. (1997).
b Melting temperature.
c Heating of fusion.
d Solubility in water at 25 �C.
e Supercooled liquid-state solubility.
3. Results and discussion

3.1. Relative distribution dynamics of PHE and PYR in
soil and humic fractions

The dynamics of solutes in water and the distribution in soil
humic fractions were investigated using soil B and the results
are depicted in Fig. 3. Relative contents of PHE and PYR were
used for comparison. The data points were presented as single
points showing the averaged values of replicates. The relative
standard errors were below 10%. Due to an instrumental fail-
ure, data of PHE at 12 h and PYR at 72 h were missing, which
hopefully had no significant effect on the overall results. As
indicated in Fig. 3 (PHE-water, PYR-water), the changes of
PHE and PYR in water phases can be distinguished into
a fast and a slow sorption phase while an apparent equilibrium
was reached around 48 h. The relative contents of PHE or
PYR in FA/HA and HM generally increased with time during
the first 48 h, with a clear fluctuation for FA/HA within 48 h
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(Fig. 3, PHE-FA/HA, PYR-FA/HA). This phenomenon
reflected difference in sorption kinetics of various humic frac-
tions and redistribution of solutes among the fractions as sorp-
tion proceeded. The unevenly distributed sorption sites may
contribute to the redistribution of solutes. As concluded by
White et al. (1999), HM fraction exhibited strong affinity for
organic pollutants and the adsorbed solutes were strongly re-
sistant to desorption. Because HM tends to be buried under
FA/HA (Gunasekara and Xing, 2003), it is reasonable to spec-
ulate that HM competes for solute molecules with FA/HA
when the solute passed through FA/HA layer. This competition
was confirmed by the decrease of the solute contents in FA/HA
as shown in Fig. 3 (PHE-FA/HA, PYR-FA/HA). As stated ear-
lier, the solutes in FA/HA fraction may include those desorbed
from HM-bound fraction. Although desorbed amount during
the humic fractionation could not be accurately quantified, it
has been reported that the sorption of HOCs by HM is very
strong and highly irreversible (White et al., 1999). Thus it is
useful to investigate the distribution of solutes in humic frac-
tions using the experimental design of this study.

The sorption reached its apparent, not final though, equilib-
rium at 48 h equilibrium time. After that, the concentrations of
both PHE and PRY in water decreased very slowly. The
change of relative content of solutes was not obvious in FA/
HA after 48 h, but was in HM, indicating that slow sorption
occurred primarily in HM fraction.

3.2. Concentration dependence of sorbed PHE
and PYR in humic fractions

As presented in Fig. 3 (PHE-water, PYR-water), the rela-
tive contents of PHE and PYR in water were lower for low ini-
tial concentration experiments than those for high initial
concentration ones, suggesting nonlinear sorption, which re-
sulted in higher Koc, consequently lower relative content in
water at lower concentrations. Such a concentration-dependent
distribution of both solutes in soil humic fractions can also be
clearly illustrated by Fig. 4, in which distribution of PHE and
PYR between FA/HA and HM at apparent equilibrium of 48 h
as a function of initial concentrations is shown. Although
mineral fraction is included in HM fraction by operational
definition, sorption by this fraction is small enough to be
neglected (Schwarzenbach and Westall, 1981).

Apparently, lower percentage of PHE or PYR was bound in
HM at higher initial concentrations. Similar results were re-
ported in the literature. For instance, Chung and Alexander
(1999) found that lower initial concentration resulted in de-
crease of solvent extractability and biodegradation. They dis-
cussed nonlinear sorption based on their data and concluded
that a declining percentage of organic chemicals was seques-
tered as the concentration increased. Macleod and Semple
studied the effect of aging on extractability, distribution
among soil organic fractions and biodegradation of PYR at
either high (100 mg PYR/kg) or low (32.5 mg PYR/kg) con-
centrations using the same experimental design and soil sam-
ples (Macleod and Semple, 2000, 2003). By comparing the
data collected in the two studies, significantly higher percent-
age of nonextractable residues in both whole soil ( p< 0.01)
and HM ( p< 0.01) was reported for the soil that received
lower concentration of PYR. Such a concentration-dependent
behavior of HOCs in soils suggested stronger sequestration
at lower concentrations.

3.3. Sorption of PHE and PYR characterized by phase
distribution relationships (PDRs)

The concentration dependence of the behavior of various
chemicals in soil was reported previously in the literature.
However, since the results were often presented in two or three
concentration levels (Chung and Alexander, 1999; Macleod
and Semple, 2000, 2003), or the systems were complicated in-
cluding biodegradation (Mu and Scow, 1994; Gan et al., 1996)
and other competitive chemicals (Mu and Scow, 1994), math-
ematical fitting was not applicable in these investigations. In
current study, however, the concentration dependence of
PHE and PYR sorption in soil humic fractions was examined
at six concentration levels that made isotherm fitting possible.
Therefore, Freundlich equation was used to describe PDRs
(Weber and Huang, 1996) of PHE and PYR in soil humic frac-
tions at different equilibration time. Sorption data and model
fitting were shown in Fig. 5, and the parameters calculated
are presented in Table 3. As could be seen in Table 3, most fit-
ting coefficients (r2) of all equations were higher than 0.99. In
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Fig. 5. Freundlich equation fitting of phase distribution relationships of PHE or PYR in soil fractions. The distributions of PHE and PYR in soil B at 48 h were

plotted as examples.
general, the r2 values for watereHM system were lower than
others, which could be caused by the additional error induced
by subtraction calculation. The three systems of wateresoil,
watereFA/HA, and watereHM were discussed separately as
follows.

3.3.1. Wateresoil system
The parameter of n in Freundlich equation represents the

degree of curvature of sorption isotherm: the greater the devi-
ation of n from 1, the greater the nonlinearity. In this case,
nonlinear sorption was observed for all wateresoil systems in-
dicated by n values ranging from 0.59 to 0.89 for PHE and
0.64 to 0.73 for PYR. Moreover, the n values decreased as
the contact time increased. Other researchers have observed
the similar trend and believed that the sorption sites in soil
were not evenly distributed and different sorption mechanisms
or domains predominated at different contact times (Xing and
Pignatello, 1996; Weber and Huang, 1996).

3.3.2. WatereFA/HA system
The n values obtained again showed nonlinearity and a gen-

erally decreasing trend of both solutes in FA/HA (Table 3),
suggesting the unevenly distributed sorption sites in this
fraction. Xing and Chen (1999) provided nuclear magnetic
resonance (NMR) evidence demonstrating that HAs were
more condensed from mineral horizons than those from sur-
face organic horizons. More solutes would be adsorbed by
condensed domains of FA/HA as sorption continued. As a
result, the percentage of hole filling (or adsorption) fraction
increased, causing lower n values consequently.

After apparent equilibrium reached at 48 h, the n values
were significantly ( p< 0.01) lower than 1 for both solutes
in watereFA/HA system. In preparing HA, it was first dis-
solved in alkaline solution and then precipitated in acid.
Thus, the sorption sites of separated HA may not represent
those in soil aggregates. Many studies have clarified that the
sorption properties of HA in aqueous and HAemineral
complexes were significantly different and the complexes
displayed nonlinear isotherms and competitive adsorption
behaviors (Murphy and Zachara, 1995) and had relatively
higher sorption affinity with HOCs (Terashima et al., 2003).
In this study, although the alkaline fractionation may some-
what alter the distribution of solutes in FA/HA and HM, the
results could provide more direct sorption characteristics of
PHE and PYR by soil humic fractions.

3.3.3. WatereHM system
The distribution of PHE and PYR in HM is also presented

in Table 3. The n values after 48 h were 0.53e0.65 for PHE
and 0.62e0.71 for PYR, revealing strong nonlinear sorption
in this fraction. Although organic matter in HM is bound tight-
ly with mineral particles and is normally embedded under FA/
HA, the sorption capacity is very high even at the start of sorp-
tion. Chang et al. (1997) examined the diffusion of organic
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chemicals in pressed humic acid disks and concluded that the
sorption of organic chemicals on humic acid was a physical
process, thus the penetration through it would not be a limiting
slow process. Therefore, the solutes may adsorb directly on
exposed HM, or penetrated fast through FA/HA and sorbed
by HM.

3.4. Sorption of PHE and PYR by individually separated
humic fractions

A separate sorption experiment using isolated humic frac-
tions was conducted to compare with the fractionation results
after the sorption experiments. As listed in Table 3, at the 48 h
equilibration time, the sorption nonlinearity was in the follow-
ing order: isolated HA< soil< isolated HM, consistent with
the fractionation experiment. In previous studies on extracted
SOM fractions, the commonly reported result was that the
nonlinearity for PAHs sorption by HM was distinctly stronger
than HA (Xing and Pignatello, 1997; Chiou et al., 2000;
Gunasekara and Xing, 2003; Kang and Xing, 2005).

The Koc values were also calculated and listed in Table 3.
Although the Koc of different systems varied, the values
were generally compatible with those in literature (Table 2).
The Koc for both extracted HA and HM was slightly higher
than that in the fractionation experiment at the corresponding
equilibration time, but comparable. As discussion on sorption
dynamics above, 48 h were not be the final equilibrium time.
Compared to the well-organized soil aggregates in the original
soil samples, the sorption sites of extracted HA and HM might
be more accessible to solutes and thus shortened the kinetics
process. From the Koc comparison (Table 3) between the frac-
tionation experiments and sorption after humic fractionation,
it is fairly safe to say that desorption of HM-bound solutes
during alkaline fractionation would be relatively low.

In all the systems examined, the Koc values at Ce¼ 0.01S
were significantly higher than those at Ce¼ 0.1S ( p< 0.01)
after 48 h, consistent with nonlinear sorption. Furthermore,
the Koc values for PHE were significantly lower than PYR
(p< 0.01).

3.5. Importance of HM

SOM had been proved to be an important component affect-
ing sequestration of HOCs in soil. A number of studies have
reported that a substantial percentage (up to 93%) of nonex-
tractable organic pollutants resided in HM (Guthrie and
Pfaender, 1998; Guthrie et al., 1999; Nam and Kim, 2002;
Macleod and Semple, 2003). This is also true in this study.
As shown in Fig. 4, the solutes resided in HM accounted for
55e76% of PHE and 49e78% of PYR in soil depending on
initial concentrations, and the percentages were rising as slow
sorption proceeded (Fig. 3, PHE-HM, PYR-HM). According
to the results of a paired t-test (p< 0.05) based on the data after
48 h (Table 3), the n values of watereHM system for both sol-
utes were significantly lower than other systems examined,
indicating a wider distribution of sorption energy than other
systems (Yuan and Xing, 1999). Similar differences were
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observed when the experiments were repeated using other three
soil samples at 48 h (Table 4, soil B was also included in this
table for the convenience of comparison). This trend was also
confirmed in a separate sorption experiment using extracted
HA and HM instead of whole soil samples (Table 3, this study)
and previous studies (Xing and Pignatello, 1997; Chiou et al.,
2000; Gunasekara and Xing, 2003; Kang and Xing, 2005).

Yuan and Xing reported that the sorbents with lower n values
showed less desorption of PAHs, which indicated stronger re-
tention of PAHs (Yuan and Xing, 2001). Their observation
may help to explain sequestration mechanism. HM exhibited
the most nonlinear sorption with PAHs either in the separate
sorption experiments (Xing and Pignatello, 1997; Chiou
et al., 2000; Gunasekara and Xing, 2003 and this work) or in
distribution observation (this study), thus it may be the main
region (or domains) for slowly irreversible binding or seques-
tration. Researchers have reported some special physical prop-
erties of HM, such as higher surface area and smaller average
pore size (Malekani et al., 1997), the larger aggregates formed
by crystalline and noncrystalline domains (Hu et al., 2000), and
the enriched subnanometer-size pores (de Jonge and Mittel-
meijer-Hazeleger, 1996; Gunasekara and Xing, 2003). However,
relatively limited research has been conducted on HM com-
pared to other humic fractions (Rice, 2001). Although several
researchers have focused on the special sorption property
of organo-mineral complex (Murphy and Zachara, 1995;
Terashima et al., 2003; Wang and Xing, 2005), more research
is needed in this area toward better understanding of the
HOCs sequestration mechanisms in soils and sediments.

4. Conclusions

Although recent studies have recognized soil as a multi-
domain sorbent for hydrophobic organic chemicals (HOCs),
direct observation of HOCs sorption characteristics in various
soil humic fractions is lacking. In this study, contributions of
fulvicehumic acids (FA/HA) and humin (HM) to sorption of
phenanthrene (PHE) and pyrene (PYR) in a soil were differ-
entiated by using a humic separation procedure after multi-
concentration sorption experiments, which has been frequently
used in fractionation of the bound residues of HOCs. The
experiments were conducted at various concentrations and
durations. It was found that the amount of solutes in FA/
HA did not change significantly after 48 h, while that in
HM increased continuously and slowly up to the end of the
experimental period (720 h), indicating that HM was the
main region for slow sorption. The amounts of both PHE
and PYR associated with HM accounted for more than
50% of those in the soil after 48 h, and higher initial concen-
trations resulted in lower percentage of solutes in HM. In ad-
dition, the distributions of PHE and PYR in soil humic
fractions exhibited significant nonlinearity. Based on the
fitting results using Freundlich equation, it was found that
nonlinearity of both solutes was greater in HM than in FA/
HA, consistent with the sorption characteristics of individually
extracted HA and HM in a separate experiment. The observed
nonlinearity of the solute distribution was additionally
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confirmed by using three other soil samples with organic
carbon contents ranging from 0.7 to 7.9%.
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