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Abstract—Phenanthrene and naphthalene sorption isotherms were measured for three different series of kerogen materials using
completely mixed batch reactors. Sorption isotherms were nonlinear for each sorbate—sorbent system, and the Freundlich isotherm
equation fit the sorption data well. The Freundlich isotherm linearity parameter n ranged from 0.192 to 0.729 for phenanthrene and
from 0.389 to 0.731 for naphthalene. The n values correlated linearly with rigidity and aromaticity of the kerogen matrix, but the
single-point, organic carbon—normalized distribution coefficients varied dramatically among the tested sorbents. A dual-mode sorption
equation consisting of a linear partitioning domain and a Langmuir adsorption domain adequately quantified the overall sorption
equilibrium for each sorbent—sorbate system. Both models fit the data well, with 7> values of 0.965 to 0.996 for the Freundlich
model and 0.963 to 0.997 for the dual-mode model for the phenanthrene sorption isotherms. The dual-mode model fitting results
showed that as the rigidity and aromaticity of the kerogen matrix increased, the contribution of the linear partitioning domain to
the overall sorption equilibrium decreased, whereas the contribution of the Langmuir adsorption domain increased. The present
study suggested that kerogen materials found in soils and sediments should not be treated as a single, unified, carbonaceous sorbent

phase.
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INTRODUCTION

Kerogen-containing particles, such as coal and charcoal,
are commonly found in soils and sediments [1-3]. Their roles
in sorption and sequestration of hydrophobic organic contam-
inants (HOCs) in aquatic systems have been delineated in great
detail over the past 15 years [4,5]. Kerogen particles are very
strong sorbents for HOCs, such as polynuclear aromatic hy-
drocarbons (PAHs) and polychlorinated biphenyls [6—8]. They
are the dominant sorbents and they dominate the nonlinear
sorption isotherms [9,10]. The rates of HOC sorption on these
particles are extremely slow, and subsequent desorption rates
are even slower, resulting in a significant apparent hysteretic
phenomenon [5,11]. They also are responsible for strong, com-
petitive sorption among multiple HOC solutes [12]. These phe-
nomena could not be interpreted readily with the well-known
partitioning theory [13].

A recent study by Song et al. [1] showed that matured
kerogen and black carbon or soot particles are important or-
ganic constituents in soils and sediments of industrial areas
and that their contents vary from a few percent to as high as
80% of the total organic carbon. Xiao et al. [10] found that
the phenanthrene sorption isotherms measured for the same
set of soils and sediments studied by Song et al. [1] were
variously nonlinear, with Freundlich isotherm n parameter val-
ues ranging from 0.469 to 0.784 for phenanthrene and from
0.416 to 0.792 for naphthalene. Their measured organic car-
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bon-normalized sorption distribution coefficient (K-) ranged
from 3.83 to 7.19 X 10* L/kg at an aqueous phase phenanthrene
concentration of 0.0056 mg/L, compared to 1 to 2 X 10*
L/kg predicted from the log K,/log octanol-water partition
coefficient (Kyy) correlations based on the well-known linear
partition model [14].

Cornelissen et al. [4] summarized the sorption properties
for a wide range of carbonaceous geosorbents (CGs). Those
authors found that the contribution of CGs to the overall sorp-
tion of a given HOC on sediments may vary over a wide range,
because CGs may have very different physicochemical prop-
erties. As shown in the first paper of this series [15], kerogen
materials that originate from different source materials have
very different physicochemical properties, and the kerogens
of the same source material possess a wide range of compo-
sitional as well as structural and physical properties because
of differences in thermal or diagenetical histories. This het-
erogeneous nature should have a strong impact on both the
equilibria and rates of HOC sorption from aqueous solutions.

The goal of the present study was to demonstrate a diverse
spectrum of equilibrium sorption reactivities for chemically
and structurally heterogeneous kerogen particles. In the present
study, the kerogen samples prepared and characterized in the
first paper [15] were used as the sorbents. The objectives were
to measure the equilibrium sorption isotherm for the kerogen
materials, to correlate the sorption isotherm parameters and
sorption distribution coefficients with the chemical and struc-
tural properties of the sorbents, and to elucidate the mecha-
nisms for the observed sorption phenomena.
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MATERIALS AND METHODS
Chemicals and solutions

Phenanthrene and naphthalene (high-performance liquid
chromatography [HPLC] grade; Aldrich Chemical) were used
as the sorbates, because their sorption properties have been
examined extensively in previous studies [16—18]. The log Ky
values of phenanthrene and naphthalene are 4.57 and 3.30,
respectively, and their aqueous solubilities (Sy) at 20°C are
approximately 1.12 and 31.5 mg/L, respectively. Organic sol-
vents, methanol and acetonitrile (HPLC grade; Fisher Scien-
tific), and CaCl,, NaN,, and NaHCO; (Aldrich Chemical) were
used as received.

The aqueous solution used in the sorption experiments con-
tained 0.005 mol/L of CaCl, as the major mineral constituent,
100 mg/L of NaN; for inhibiting microorganism growth, and
5 mg/L of NaHCO; to buffer the solution at pH 7.0. The
primary stock solutions of phenanthrene and naphthalene and
their initial aqueous solutions were prepared as described pre-
viously [19]. All the stock methanol solutions were stored at
—4°C in vials sealed with Teflon®-lined tops. The initial aque-
ous solutions (C,) were prepared by mixing a given volume
of an appropriate stock solution with background aqueous so-
lution in a volumetric flask. Methanol concentrations in the
initial aqueous solutions were below 0.2% by volume, the level
at or below which the effect of methanol on sorption is insig-
nificant [20].

Sorbents

Three series of kerogen materials (coals; particle size, 63—
100 pm) were employed as the sorbents in the present study:
Lopinite (LP) series (five samples), originally from Mingshan
Coal Mine (Leping, Jiangxi Province, China) and consisting
of type II kerogen with suberinite (or barkinite) as the dominant
organic matrix, which is derived from the bark tissue of woody
plants and is identified as suberinized cell walls in cork tissue,
with cell cavities usually filled by secondary gelification ma-
terials; lignite (XF) series (eight samples), originally from
Xianfeng Coal Mine (Kunming, Yunnan Province, China) and
containing type III kerogen with vitrinite as the dominant or-
ganic matrix, which is a major maceral of coal materials of
relatively higher grades derived diagenetically from plant or
humic materials and is identified with characteristics of gray
color and smooth, homogeneous surfaces; and fusinite (HZ)
series (five samples), originally from Haizhou Coal Mine (Fux-
ing, Liaoning Province, China) and consisting of type IV ker-
ogen with fusinite as the dominant organic matrix, which has
unique burning and charring properties and is characterized
by its brightness, irregular dark-colored pores, and well-pre-
served cellular structures. As described in the first paper of
this series [15], each series was prepared with a thermal treat-
ment procedure at temperature ranging from 200 to 500°C to
simulate diagenesis and catagenesis of kerogen. The kerogen
materials of a given series have identical source material but
different simulated diagenetical histories. The treated samples
of each series were labeled from 1 to 7 (e.g., XF1), corre-
sponding to the treatment temperatures from 200 to 500°C.
The pretreatment process and the physicochemical properties
of sorbents were characterized and presented in the first paper
of this series [15].

Sorption experiments

Sorption experiments were conducted at room temperature
(22 = 0.5°C, mean =* range) using flame-sealed glass ampoules
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(20 and 50 ml; VWR) as the completely mixed batch reactor
(CMBR) systems. The detailed procedures have been de-
scribed previously [19,21]. For all the sorbent—sorbate systems
examined, preliminary tests were conducted to determine both
the time (42 d) required for attaining apparent sorption equi-
librium and the appropriate solid to solution ratios for achiev-
ing 30 to 70% reduction of the initial aqueous-phase concen-
trations. The contact time used might not be sufficiently long
for attaining true sorption equilibrium. Final sorption experi-
ments were conducted to acquire the equilibrium data reported
here. Each CMBR contained an appropriate sorbent mass and
initial aqueous solution, with a headspace of approximately
0.8 ml. The CMBRs were packed in boxes placed on a shaker
(Orbital; VWR) set at 125 rpm. They also were mixed from
top to bottom, by hand, several times a week, with each mixing
lasting for several minutes. After 42 d of mixing, the ampoules
were set upright for 2 d to allow the sorbent particles to settle.
Ampoules were then opened, and an aliquot (3 ml) of the
supernatant was immediately withdrawn from each and mixed
with 1.5 ml of methanol in a 5-ml glass vial (VWR). The
amounts of methanol and aqueous solution were weighed, and
a dilution factor was calculated based on mass ratio and the
density data of the mixture [22]. The mixture was analyzed
for the sorbate concentration with HPLC. The equilibrium
aqueous-phase concentration of the sorbate (C,) was calculated
from the HPLC result and the dilution factor.

Control experiments were conducted similarly, using am-
poules free of sorbents for assessing loss of solutes during
tests. The results showed that the average system losses were
consistently less than 4% of initial aqueous-phase concentra-
tions for the two sorbates. Hence, no correction was made
during reduction of final sorption data.

HPLC analysis

Both C, and C, of the two sorbates were measured using
reverse-phase HPLC (Agilent Model 1100) with an ODS col-
umn (length, 250 mm; inner diameter, 2.1 mm; film thickness,
5 pm). The instrument had a diode-array ultraviolet detector
(wavelength set at 250 nm for phenanthrene and 220 nm for
naphthalene) and a fluorescence detector (ultraviolet excita-
tion/emission wavelengths at 250/332 nm for phenanthrene
and 250/364 nm for naphthalene). The mobile phase used was
a mixture of acetonitrile and water at a volumetric ratio of 90:
10 for phenanthrene and 88:12 for naphthalene. External stan-
dards of phenanthrene (0.5-1,000 wg/L) and naphthalene (6—
20,000 wg/L) in methanol matrix were used to establish linear
calibration curves. The equilibrium solid-phase sorbate con-
centrations (¢g.) were computed based on the mass balance of
the solute between the two phases.

Modeling

The equilibrium sorption data obtained for the two sorbates
and the 18 sorbents were fit to the Freundlich sorption model
having the following form:

log g. = log K + n log C,

where Kp ((mg/kg)/(mg/L)") and n are the Freundlich sorption
coefficient and the isotherm nonlinearity index, respectively,
and ¢. (mg/kg) and C, (mg/L) are as defined above. Statistics
software (Systat, Ver 10.0; Systat Software) was used to com-
pute both Freundlich model parameters with standard devia-
tions. The resulting log K and n values, along with their
standard deviations and r? values, are summarized in Table 1.
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Table 1. List of Freundlich isotherm parameters for the lignite (XF) series, lopinite (LP) series, and fusinite (HZ) series samples®

Phenanthrene Naphthalene

log Koc¢ at C /Sy = log Koc¢ at C /Sy =
Sample log K n r? 0.005 0.05 0.5 log K n r? 0.005 0.05 0.5
XFO0 4.555 = 0.014  0.650 = 0.010 0.996 5.56 521 4.86 3.601 = 0.009 0.731 £ 0.010 0.997 4.04 3.77 3.50
XF1 4.705 = 0.014  0.637 = 0.010 0.995 5.73 536 5.00 3.754 = 0.007 0.702 = 0.008 0.998 420 390 3.60
XF2 4783 = 0.015 0.629 = 0.011  0.995 5.81 544 5.07 — — — — — —
XF3 4.828 * 0.012  0.577 = 0.008 0.996 596 554 5.2 4.104 = 0.009 0.625 = 0.010 0.996 459 421 3.84
XF4 4.712 = 0.015  0.492 = 0.009 0.994 6.01 5.50 5.00 — — — — — —
XF5 4.013 £ 0.020 0.391 = 0.012 0.986 5,51 490 429 3.883 = 0.011 0.489 = 0.011 0.99 4.42 391 3.40
XF6 3.547 = 0.015 0.304 = 0.009 0.986 522 453 3.83 — — — — — —
XF7 3.487 = 0.011 0.242 = 0.008 0.986 529 453 3.77 3.819 = 0.023 0.406 = 0.025 0.938 439 3.79 3.20
LPO 3.930 = 0.012 0.562 = 0.012  0.993 5.03 4.60 4.16 3.797 = 0.009  0.508 = 0.009 0.995 431 382 333
LP1 4.105 = 0.014  0.596 = 0.014 0.992 5.13 473 432 3.897 = 0.008 0.558 = 0.007 0.997 437 393 348
LP3 4.249 = 0.020 0.729 = 0.018 0.991 497 470 443 4.105 = 0.011 0.613 = 0.010 0.995 4.53 4.14 3.76
LP5 3.481 = 0.011 0429 = 0.010 0.991 4.87 430 3.73 3.245 = 0.008 0.469 = 0.008 0.994 3.77 324 271
LP7 2.955 = 0.013 0.299 £ 0.012 0.974 4.63 393 323 3.013 = 0.009 0.412 = 0.009 0.991 3.58 299 240
HZ0 4.794 * 0.013  0.570 = 0.011  0.992 5.89 546 5.03 4.243 = 0.005 0.505 = 0.006 0.998 477 427 3.78
HZ1 4.735 £ 0.013  0.549 = 0.011 0.992 5.88 542 497 4.250 = 0.010  0.502 = 0.010  0.993 477 4.28 3.78
HZ3 4.747 £ 0.019  0.591 = 0.015 0.989 5.79 538 497 4.277 = 0.008  0.500 = 0.009 0.994 4.80 4.30 3.80
HZ5 3.702 = 0.009 0.402 £ 0.008 0.992 5.14 454 3.94 3.790 = 0.015 0.460 = 0.016  0.979 431 3.77 3.23
HZ7 3.929 = 0.010 0.192 = 0.009 0.965 5.82 5.02 421 4.222 + 0.022 0.389 = 0.022 0.945 479 4.18 3.57

@ C, = equilibrium aqueous-phase concentration of the sorbate; Kz = Freundlich sorption coefficient; K,- = organic carbon—-normalized sorption
distribution coefficient; n = isotherm nonlinearity index; SW = aqueous solubility; — = not measured.

b Units in (mg/kg)/(mg/L)".

¢ Units in (L/kg), calculated using the Freundlich isotherm parameters and the organic carbon contents.

The single-point K values (equal to (¢./C.)/mass fraction of
organic carbon [f,c] calculated at specific C, levels for both
phenanthrene and naphthalene are also listed in Table 1.

To illustrate the sorption mechanism, we fit the sorption
data to a simplified, dual-mode sorption model having the
following form [23]:

Q2bC.

Ky, C. +
PETe 1+ b,

qe =
where K, (L/kg) is the distribution or partitioning coefficient
for the aliphatic domain and » (L/mg) and Q (mg/kg) are the
Langmuir site energy and capacity factor for the aromatic do-
main, respectively. The statistical data resulting from using
the same software are summarized in Table 2, and the model
fittings to the experimental data are shown in Supporting In-
formation, Figures S1 and S2 (http://dx.doi.org/10.1897/
08-550.51).

RESULTS AND DISCUSSION
Sorption isotherms

As shown in Table 1 and Figure 1, the Freundlich isotherm
model fits the equilibrium sorption data well, with r2 values
ranging from 0.965 to 0.996 for phenanthrene and from 0.938
to 0.998 for naphthalene. All 18 sorption isotherms are non-
linear, with n values ranging from 0.192 to 0.729 for phen-
anthrene and from 0.389 to 0.731 for naphthalene, which is
consistent with previous reports [10,16]. From Table 1, it also
could be observed that for a given sorbent, the phenanthrene
sorption isotherm was more nonlinear than naphthalene, likely
because of the larger molecular size and greater hydrophobicity
of phenanthrene. For a given sorbate, the n values varied
among the three different series of kerogen materials. For the
XF series, the n values of the phenanthrene isotherms de-
creased as the maturation increased, from 0.650 for XFO to
0.242 for XF7. For the LP series, the n values of the phen-
anthrene isotherms increased initially from 0.562 for LPO to

0.729 for LP3 and then decreased to 0.299 for LP7. For the
HZ series, the n values of the phenanthrene isotherms stayed
relatively constant, between 0.549 to 0.591, for HZ0 to HZ3
and then decreased to 0.192 for HZ7. Similar trends could be
observed for the naphthalene sorption isotherms.

As shown in Table 1, the log K} values measured for all
the sorbents varied from 2.955 to 4.828 for phenanthrene and
from 3.013 to 4.277 for naphthalene. This is consistent with
a report of phenanthrene sorption on coal materials [16]. To
better illustrate the relationship between sorption capacity

Table 2. List of dual-mode model parameters for the lignite (XF)
series, lopinite (LP) series and fusinite (HZ) series samples®

Sample Ky, (L/kg) 0 (mg/kg) b (L/mg) r?

Phenanthrene
LPO 5,343 = 811 3,547 * 676 12.0 = 4.08 0.986
XF3 42,165 = 3,790 25,780 = 3,205 13.9 = 3.38 0.993
HZ0 29,603 * 3,099 30,857 = 2,964 104 = 1.83 0.994
LP5 1,375 = 158 1,609 = 101 21.7 £ 3.00 0.992
XF5 6,502 £ 826 4,242 + 333 66.8 = 13.6 0.987
HZ5 2,606 £ 142 2,535 = 854 29.7 * 2.47 0.997
LP7 182 = 62.1 653 = 39.4 30.1 £ 473 0973
XF7 2,817 £ 216 1,400 = 67.2 293 = 72.2 0.977
HZ7 2,054 * 407 6,283 = 223 87.4 £ 12.3 0.963

Naphthalene
LPO 2,733 + 132 3,432 = 234 11.9 = 1.98 0.995
XF3 2,887 £ 379 22,393 £ 4,113 1.02 = 035 0.994
HZ0 3,259 * 280 24315 £2,397 1.89 £ 0.41 0.993
LP5 205 £ 47.8 2,518 = 261 2.36 = 0.49 0.988
XF5 956 = 123 11,589 = 952 2.07 £ 038 0.992
HZ5 516 £ 116 9,736 = 847 2.23 £ 0.43 0.987
LP7 129 = 31.8 1,195 = 117 4.33 =098 0.978
XF7 693 £ 95.1 7,541 = 442 6.22 = 0.99 0.983
HZ7 2,124 * 256 16,872 = 912 8.66 = 1.28 0.986

a b = capacity factor for the aromatic domain; K,; = distribution or
partitioning coefficient for the aliphatic domain; » (L/mg) and Q; =
Langmuir site energy.
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Fig. 1. Sorption isotherms measured for the lopinite (LP) series, lignite (XF) series, and fusinite (HZ) series.

properties and the sorbent properties, single-point K values
at C,/Syw = 0.005, 0.05, and 0.5 were calculated from the same
set of the sorption isotherm parameters. The log K, values
listed in Table 1 indicate that because of its greater hydro-
phobicity, phenanthrene has much greater sorption capacity
than naphthalene on the same sorbent, and that sorption ca-
pacity for a single sorbent—solute system decreased sharply as
a function of C,, mainly because of the effect of isotherm
nonlinearity. It was shown in Table 1 that the log K, values
calculated for a given solute varied dramatically among dif-
ferent sorbents. For the XF series, the phenanthrene log K-
values calculated at C./Sy, = 0.005 increased from 5.56 for
XFO to 6.01 for XF4 and then decreased to 5.29 for XF7. For
the LP series, the phenanthrene log K values calculated at
C./Sy = 0.005 increased from 5.03 for LPO to 5.13 for LP1
and then decreased to 4.63 for LP7. For the HZ samples, values
decreased from 5.89 for HZ0 to 5.14 for HZS5 and then in-
creased to 5.82 for HZ7. Similar trends could be found for
phenanthrene at C./Sy, =0.05 and 0.5 and for naphthalene at
C./Syw = 0.005, 0.05, and 0.5. These results are consisted with
the literature data (4.6-6.9 L/kg) reported previously [4] for
BC, coal, and kerogen.

Impacts of kerogen properties

The equilibrium sorption properties delineated above ap-
pear to depend strongly on the maturation and the parental

sources of the kerogen materials. Figure 2 shows that the sorp-
tion isotherm linearity (n) correlates inversely with the reflec-
tance index (R°) and aromaticity ( f,) of the sorbents and pos-
itively with the atomic ratios of oxygen to carbon and of hy-
drogen to carbon. These linear correlations strongly suggested
that a physically more condensed, chemically more reduced,
and structurally more aromatic organic matrix exhibits greater
isotherm nonlinearity. This observation is consistent with those
in previous studies [16,18,21]. Cornelissen and Gustafsson
[16] reported that the sorption nonlinearity for five medium-
ranked coals correlates with their total organic carbon content
as the total organic carbon increases as a function of coal
maturation. Xing [18] had reported that the phenanthrene and
naphthalene Freundlich exponent n values correlated inversely
with the aromaticity of humic acids. Huang and Weber [21]
also reported that the sorption isotherm nonlinearities for phen-
anthrene correlated inversely with the oxygen to carbon
(O/C) atomic ratio of sediment organic matter. Those authors
reported a regression equation of n = 0.409 + 0.704(0/C),
with 72 = 0.911.

The sorption capacities represented by the single-point K
values (Table 1) vary dramatically among the 18 sorbents and
are inconsistent with the observations reported by Huang and
Weber [21]. Those authors examined equilibrium sorption of
phenanthrene on soil and sediment samples having a wide
range of diagenetical histories. They found that the single-
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point phenanthrene K. value at a given C, decreases as a
function of the O/C atomic ratio of soil/sediment organic mat-
ter—that is, log Ko = 4.39-4.63(0/C) at C, = 1 pg/L, r* =
0.918, and log Ko = 2.62-2.54(0/C) at C, = 1,000 pg/L, r?
= 0.826. Such linear relationships were only consistent with
our observations for the less matured samples (i.e., XFO to
XF3,LPO and LP1, and HZ0 and HZ1). As the oxgen to carbon
atomic ratio of kerogen matrix decreases as a function of mat-
uration, the single-point K value increases initially, reaches
the maximum value at approximately 300°C, and then de-
creases. It was likely that the samples selected in the literature
were possibly less matured, and that the observed sorption
phenomena may not be representative of the kerogen that has
undergone more severe alterations.

Possible sorption mechanisms

The observed variations in equilibrium sorption of the two
chemicals can be explained in terms of structural heterogeneity
of the kerogen matrix. As noted in the organic geochemistry
literature [24,25], kerogen matrices consisted mainly of two
organic domains, a structurally flexible aliphatic domain and
a physically rigid aromatic domain with strong C=C or
C=0=C bridges or cross-linkages. The relative contents of
the two structurally different organic domains depended on
the type and maturity of the kerogen. For a specific type or
series of kerogen samples, the content of the aliphatic domain
decreases, and that of the aromatic domain increases, as a
function of the degree of maturation of the organic matrix
during diagenesis [26]. Such changes are strongly supported
by the physical, chemical, and spectroscopic properties, such
as elemental compositions, *C nuclear magnetic resonance,
and Fourier transform infrared spectra reported in the first
paper of this series [15].

It is expected that the sorption of phenanthrene and naph-
thalene is very different within the two organic domains of
the kerogen matrix. Sorption into the structurally flexible al-
iphatic domain may likely follow an absorption or partitioning

process with a relatively linear relationship between the sorbate
concentration within the domain and C.. Sorption into the
structurally rigid aromatic domain may be dominated by ad-
sorption of the sorbate molecules at the internal and external
surfaces of the domain; resulting in a capacity-limited, non-
linear relationship between the sorbate concentration within
the domain and C..

For a given kerogen series, the calculated contribution of
linear partitioning to the overall sorption of both phenanthrene
and naphthalene generally decreases as the kerogen maturation
increases, whereas the calculated contributino of nonlinear ad-
sorption increases accordingly, as evidenced in the Supporting
Information, Figures S1 and S2 (http://dx.doi.org/10.1897/
08-550.S1). Among the three series of kerogen materials and
for a given maturation, the XF series exhibited greater con-
tribution of the linear component, whereas the HZ series ex-
hibited more contribution of the nonlinear adsorption com-
ponent. For the convenience of further discussion, we chose
the XF3, XF5, and XF7 samples from the XF series; the LPO,
LP5, and LP7 samples from the LP series; and the HZ0, HZS,
and HZ7 samples from the HZ series, representing low (XF3,
LPO, and HZ0; R° < 0.6%), medium (XF5, LP5, and HZ5; R°
= 1.4-1.7%), and high (XF7, LP7, and HZ7; R° > 2.5%)
maturation. According to Table 2, the K, values calculated
for phenanthrene decrease from 5,343, 42,165, and 29,603
L/kg for LPO, XF3, and HZ0, respectively, to 182, 2,817, and
2,054 L/kg for LP7, XF7, and HZ7, respectively. The Q7 value
decreases from 3,547 and 25,780 mg/kg for LPO and XF3,
respectively, to 653 and 1,400 mg/kg for LP7 and XF7, re-
spectively. It should be noted that the QF value calculated for
HZ samples has a different trend—that is, decreasing from
30,857 mg/kg (HZO) to 4,242 mg/kg (HZS), and then increas-
ing to 6,283 mg/kg (HZ7). The parameter b for the XF samples
increases dramatically, from 13.9 L/mg (XF3) to 293 L/mg
(XF7), whereas the b value for both LP and HZ samples in-
creases gradually, from 12.0 L/mg (LPO) and 10.4 L/mg (HZ0)
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to 30.1 L/mg (LP7) and 87.4 L/mg (HZ7). Similar trends also
were observed for naphthalene.

We can conclude from the results and discussion in the first
paper of this series [15] that the low-maturation kerogen ma-
trices have more expandable interlayers and a higher content
of aliphatic moieties, which should accommodate more PAH
molecules, exhibiting greater overall sorption capacities. As
the kerogen maturation increases, the content of the aliphatic
domain decreases, and the aromatic interlayers become more
rigid. The relative contribution of the aliphatic domain to the
overall sorption decreases when compared to that of the aro-
matic domain. The relatively lower content of the aliphatic
domain also lowers the overall sorption capacity for PAHs.
When the kerogen matrix becomes highly matured and rigid,
nonlinear adsorption on aromatic rigid backbones became
dominant, and the overall sorption capacity is highly dependent
on the surface properties of the kerogen samples. As shown
previously [15], the specific surface area of LP7, XF7, and
HZ7 is approximately 0.83, 17.1, and 29.7 m3/g, respectively,
which corresponds to an order of LP7 < XF7 < HZ7 for their
respective single-point K. values calculated at a given C,
(Table 1).

The source material from which kerogen originates also
may influence the sorption properties of the organic matrix. It
is especially true for the low-maturation kerogen, because the
relative contents of the flexible aliphatic domain are deter-
mined by the source materials [25]. For example, in the low-
maturation XF samples, the dominant macerals are vitrinite,
having abundant aliphatic chains [27], but even low-maturation
HZ samples have macerals of fusinite and inertinite, in which
the dominant carbon structures are more condensed aromatic
sheets with short aliphatic side chains [28]. We can conclude
from the above discussion that the XF sample exhibited greater
contribution of the linear component, whereas the HZ sample
exhibited more contribution of the nonlinear adsorption com-
ponent to the overall sorption equilibria.

CONCLUSION

The present study indicated that kerogen materials having
different source materials and different diagenetical histories
exhibit very different sorption isotherm nonlinearity and ca-
pacity. The low-maturation kerogen matrices have high con-
tents in the flexible aliphatic domain that exhibits nearly linear
partitioning for sorption of PAHs, resulting in less nonlinear
overall sorption with greater sorption capacity. As the kerogen
matrix becomes more mature, the relative contents of the more
rigid aromatic domain increase, and the site-limiting adsorp-
tion becomes dominant.

Kerogen particles found in soils and sediments may have
very diverse chemical and structural properties because of the
difference in the source materials and diagenetical and/or ther-
mal histories. According to the present results, these soil/sed-
iment-bound kerogen particles should not be treated as a single
carbonaceous sorbent phase, and they may exhibit a wide range
of sorption reactivities, with different isotherm nonlinearity
and capacity. Accurate prediction of HOC sorption may require
not only quantification of kerogen particles but also charac-
terization of these particles in soils and sediments.

SUPPORTING INFORMATION

Fig. S1. The fitting of phenanthrene sorption data measured
for lopinite (LP), lignite (XF), and fusinite (HZ) samples to
the dual-mode model.
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Fig. S2. The fitting of naphthalene sorption data measured
for lopinite (LP), lignite (XF), and fusinite (HZ) samples to
the dual-mode model.

All found at DOI: 10.1897/08-550.S1 (102 KB PDF).
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