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Summary

Improved predictions of sorption of hydrophobic organic compounds (HOCsS) in soil require a better
knowledge of the relative contribution of inorganic and organic soil constituents to the sorption process.
In this paper, sorption of a three-ring polycyclic aromatic hydrocarbon (phenanthrene) and a three-ring
heterocyclic-aromatic compound (dibenzofuran) by six agricultural soils, their clay-size fractions, and a
series of single, binary, and ternary model sorbents was evaluated to elucidate the relative role of soil
mineral and organic components in the retention of these two model HOCs. The sorption coefficients for
phenanthrene and dibenzofuran on purified soil organic materials (K4 = 821-9080 litre kg~ ') were two
orders of magnitude greater than those measured on mineral model sorbents (K4 = 0-114 litre kg™ ").
This, along with the strong correlation between sorption and the organic C content of the soil clay
fractions (r = 0.99, P < 0.01), indicated a primary role of soil organic matter in the retention of both
compounds. However, weak relationships between phenanthrene and dibenzofuran sorption coefficients
and the organic C content of the bulk soils and variability of K,. values among soils, clay fractions, and
model sorbents (1340-21020 litre kg ' C for phenanthrene and 1685-7620 litre kg ! C for dibenzofuran)
showed that sorption was not predictable exclusively from the organic C content of the materials.
Organic matter heterogeneity and domain blockage arising from organic matter—clay interactions and
associated pH shifts were identified as the most likely causes of the different organic C-normalized
sorption capacities of the soils. A direct contribution from minerals to the sorption of phenanthrene and
dibenzofuran by the soils studied was likely to be small. Our results suggested that suitable descriptors for
the extent of organic matter—mineral interactions would help to improve current K,.-based sorption

predictions and subsequently the assessment of risk associated with the presence of HOCs in soil.

Introduction

Sorption is considered one of the principal processes determin-
ing the bioavailability and movement of organic contaminants
in the environment. Modelling the fate and transport of
organic contaminants in soil and water systems requires quan-
titative estimates of sorption. Tools for ranking contaminated
sites according to risks and prioritization of clean-up measures
for brown-field redevelopment are also based on sorption
predictions. Since one of the keys for understanding sorption
and aging processes is the composition of the soil matrix,
much effort has been devoted to relate sorption to the soil
composition. For very hydrophobic organic compounds
(HOC:S), research over the last three decades has stressed the
primary role of soil organic matter (SOM) in the sorption
process, primarily because inorganic constituents are normally
hydrated and sorption of HOCs by SOM predominates over
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sorption to minerals (Hamaker & Thompson, 1972; Carmo
et al., 2000; Wauchope et al., 2002). Accordingly, a common
approach to describe and predict the partitioning of HOCs
between the soil’s solid and solution phases has been to take
the product of an organic C-normalized distribution coeffi-
cient, K,., and the mass fraction of organic C in the soil
(Hamaker & Thompson, 1972; Karickhoff, 1984; Njoroge
et al., 1998).

Although the variability of K,. values among soils with
different physicochemical characteristics has been found to
be large, the temptation to regard K, as a universal constant,
independent of soil type, has been strong (Wauchope et al.,
2002). Recently, the increasing development of models to
assess the impact of HOCs in the environment has intensified
demand for more accurate sorption predictions. Consequently,
achieving a better understanding of the causes of the wide
variation in experimental values and correlations for the param-
eter K,. is considered an important research goal (Jones &
Tiller, 1999).



Research over the last decade has revealed that organic
matter heterogeneity, solution chemistry, and the contribution
of inorganic constituents to the sorption process are among
the most important causes of the variability of K,.. Thus, it
has been suggested that the binding coefficient of SOM might
be influenced by properties such as its aromaticity, polarity,
structure or configuration, and abundance of certain func-
tional groups (Laor et al., 1998; Wauchope et al., 2002;
Huang et al., 2003). Some of these characteristics, like SOM
polarity or conformation, have been shown to vary with the
solution chemistry, in particular with pH, ionic strength, and
soil solution cation composition (Schlautman & Morgan, 1993;
Njoroge et al., 1998; Jones & Tiller, 1999). Considerable effort
is currently directed to relate measurable indexes of SOM char-
acteristics to its sorptivity towards different classes of HOCs
(Njoroge et al., 1998; Karapanagioti et al., 2000; Ahmad et al.,
2001).

While there is a general consensus that organic matter
characteristics can greatly influence its affinity for HOCs, the
contribution of the inorganic fraction to the varied organic
C-normalized sorption capacities of soils remains less well
understood. Recent findings showing that very hydrophobic
organic chemicals are able to interact extensively with certain
clay minerals appear to be in conflict with the classical idea
that, except for systems with very small organic C contents
(< 1%), the sorption of HOC: is independent of mineral type
and content. As an example, Hundal ez al. (2001) reported that
the sorption capacities of some reference smectites for phenan-
threne are comparable to those of natural soil clays containing
substantial amounts of organic C (> 4%).

Another potential effect of soil minerals, in particular those
included in the clay-size fraction, is related to their ability to
associate with SOM. Mineral-SOM interactions can influence
the sorption capacity of SOM by direct blockage of domains
involved in the sorption of HOCs or by inducing conforma-
tional changes leading to increased or decreased accessibility
for HOCs (Pusino et al., 1992; Njoroge et al., 1998; Laor
et al., 1998; Jones & Tiller, 1999). Because the consequences
of interactions of SOM with soil minerals on HOC sorption
are not fully understood, identification of these interactions
and determination of how they can be represented in future
models have been stressed as important in improving sorption
predictions (Celis et al., 1998; Njoroge et al., 1998; Jones &
Tiller, 1999).

The present study was designed to provide further insight
into the relative contribution of inorganic and organic com-
ponents of soil in the retention of HOCs. For this purpose, the
sorption of two model HOCs (phenanthrene and dibenzo-
furan) by six agricultural soils differing in organic C and clay
contents, their clay-size fractions, and a series of single, binary,
and ternary model sorbents was evaluated, and relationships
between sorption and sorbent characteristics were established.
The use of well-characterized binary and ternary model
particles of three active soil constituents (montmorillonite,

ferrihydrite, and humic acid) allowed us to draw some con-
clusions concerning the effects of soil-mineral association on
the sorption of HOCs and to illustrate the need to represent
this association to improve sorption predictions.

Materials and methods
Chemicals

Dibenzofuran (C;,HgO) is a three-ring heterocyclic, aromatic
compound of molecular weight 168 g mol~! and water solu-
bility about 5 mg litre™' at 25°C. Dibenzofuran of purity
> 99%, purchased from Sigma (Germany), was used in this
study. Phenanthrene (C4H;¢) is a three-ring, polycyclic, arom-
atic hydrocarbon of molecular weight 178 g mol~' and water
solubility about 1.2 mg 17! at 25°C. Phenanthrene of purity
> 98% was purchased from Aldrich Chemical Company, Inc.
(Milwaukee, WI). Ring-UL-'*C-phenanthrene (specific activ-
ity = 55 mCi mmol~"; radiochemical purity > 99%) was pur-
chased from American Radiolabeled Chemicals Inc. (St Louis,
MO). The chemical structures of phenanthrene and dibenzo-
furan are shown in Figure 1.

Soils

Six agricultural soils differing in their physicochemical proper-
ties were selected for this study (Table 1). The soils were
sampled from the top 0-20 cm layer, air-dried, and passed
through a 2-mm aperture sieve before the experiments.
Standard particle-size determination was performed by hydro-
meter and sieve analysis (Gee & Bauder, 1982). Soil pH was
measured in a 1:2.5 (w:w) s0il:0.01 M CaCl, suspension. Total
C was determined in a Leco 1000 CNS analyzer after combus-
tion at 1650°C and subsequent infrared detection of CO,
(Tabatabai & Bremner, 1970). Inorganic C was measured
from the volume of CO, collected in a Scheibler apparatus,
after addition of 10% HCI to 10 g of soil. The organic C
content was calculated from the difference between total C
and inorganic C. The cation exchange capacity (CEC) of the
soils was determined by saturation with ammonium acetate,
according to Rhoades (1982). Soil specific surface areas (SSA)
were estimated by the EGME method, omitting pretreatments
to remove organic matter and saturation with Ca>* (Cihacek
& Bremner, 1979), and also by nitrogen adsorption at 77 K
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Figure 1 The molecular structures of phenanthrene and dibenzofuran.



Table 1 Physicochemical characteristics of the soils studied

Soil property P2 Flakkebjerg Askov Borris IFA Kettering
Country of origin Spain Denmark Denmark Denmark Austria UK
Soil texture® SCL L SL SL L SCL
Sand® /% 68.4 41.6 68.4 69.8 31.0 472
Silt® /% 10.4 36.1 18.8 20.5 36.1 24.7
Clay® /% 20.3 20.2 10.4 6.9 24.7 24.5
Inorganic C /% < 0.1 ND° ND ND 0.61 < 0.1
Organic C /% 0.56 1.25 1.39 1.67 1.84 2.09
Organic C/clay ratio 1:36 1:16 1:7 1:4 1:13 1:12
CEC? (Na) Jemol, kg™! 0.11 0.27 0.12 0.17 17.4 0.11
CEC (K*) /emol, kg™! 0.48 0.39 0.30 0.30 ND 0.29
CEC (Mg*") Jemol, kg™! 2.82 0.69 0.48 0.51 ND 0.95
CEC (Ca”*") Jemol, kg™! 19.5 16.5 9.7 10.8 ND 17.8
CEC (total) /cmol, kg™! 22.8 17.8 10.6 11.8 17.4 19.2
pH 73 7.1 6.3 6.4 7.7 6.7
EGME-SSA® /m? g~! 19.3 37.0 17.4 10.4 39.1 52.3
N,-SSA” jm? ¢! 19.5 8.8 53 4.4 18.1 18.5
AN,-SSAZ /m? g~ - 3.0 3.7 0 3.9 14.9

3SCL, sandy clay loam; L, loam; SL, sandy loam. PDifferences between the sum sand + silt 4 clay and 100% correspond to the organic matter +
carbonate content of the soils. °ND, not detected. “CEC, cation exchange capacity. (EGME-SSA, specific surface area measured by ethyleneglycol-
monomethylether retention. "N,-SSA, specific surface area measured by nitrogen adsorption. EAN,-SSA, increase in N»-SSA of the soils after

calcination at 350°C.

using a Carlo Erba Sorptomatic 1990 (Fisons Instruments,
Milan). The soil samples were degassed at 80°C and equilib-
rated under vacuum for 15 hours before measuring the N,
adsorption isotherm. Nitrogen-SSA values were calculated
for uncalcined and calcined (350°C, overnight) soil samples
by applying the BET method to the N, adsorption data
between relative pressures of 0.02 and 0.25.

Clay fractions

The clay fraction (< 2 pm particle-size fraction) of the Borris,
Askov, Kettering, and P2 soils was separated by sedimentation
using the pipette method after carbonate elimination (Jackson,
1975). Once extracted, the clay fractions were saturated with
Ca’* by three successive treatments with 0.5 M CaCl,, and
then washed with deionized water until Cl-free and freeze-
dried. Elemental analysis of the soil clays was carried out in
a Perkin-Elmer, model 1106, elemental analyzer (Perkin-Elmer
Corp., Norwalk, CT). The silicate-clay mineralogy was deter-
mined semiquantitatively by X-ray diffraction analysis on
oriented specimens of Mg®t- and K'-saturated samples
treated with ethyleneglycol and calcined at 500°C, respectively
(Brown, 1961). Specific surface areas of the soil clay samples
were determined by N, adsorption as described above.

Model sorbents

The organic soil materials (Table 5) were selected for having a
large organic matter content and small clay and carbonate

contents. Samples were collected from organic surface layers
under aerobic (Oy) or anaerobic (H) conditions, and from an
illuvial organic horizon (Byg). The OS, OyF, and O, P samples
were taken from the wettest horizons of the organic topsoil in
a spruce, Douglas fir, and Scots pine forest at Veluwe (the
Netherlands). The By sample was collected at a depth of
60 cm in a Carbic Podzol near Veghel (the Netherlands),
whereas the peat sample (H) was collected from a Histosol
near Pesse (the Netherlands). All organic materials were dried
at 50°C for 72 hours and ground to pass through a 2-mm
aperture sieve before further use, except the O,P sample,
which was passed through a 1-mm aperture sieve. The humic
acid fractions, HA1 and HA2, were prepared from commer-
cially available humic acid (Aldrich H1, 675-2) and the A
horizon (0-15 cm) of a Histosol, respectively. The commercial
humic acid (HA1) was dissolved in demineralized water (1:50
w:w), brought to pH 2.0 with 0.1 M HCl, and allowed to settle
for 24 hours. The precipitate was washed twice with 0.5 M and
0.01 M CaCl,, respectively, in order to obtain the insoluble
humate, and then freeze-dried. The soil humic acid (HA2) was
extracted with 0.5 M NaOH, precipitated with 6 M HCI,
washed with 0.1 M HCl and 0.3 M HF and then with distilled
water, dialysed (molecular weight cutoff: 3.5 kDa) and freeze-
dried.

Single, binary, and ternary model sorbents containing SWy-2
Wyoming montmorillonite (SW), poorly crystallized ferrihydrite,
and soil-extracted humic acid (HA2) were prepared according to
Cruz-Guzman et al. (2003). In brief, SW—ferrihydrite binary
associations were prepared by neutralizing with 0.1 M NaOH



(final pH = 7.5) suspensions containing 500 ml of Fe(NOs); 15
or 30 mM and 10 g of SW. The resulting SW—ferrihydrite com-
plexes were shaken for 16 hours, washed with deionized water
until NO; -free and finally freeze-dried. SW-HA2 and ferrihy-
drite-HAZ2 binary associations were prepared by shaking suspen-
sions containing 400 ml of a dissolved HA2 solution (1 or 2 g
litre™!, pH 6.5) and 10 g of cither SW or freshly precipitated
ferrihydrite for 16 hours. After shaking, the suspensions were
dialysed against distilled water and freeze-dried. Finally, SW—
ferrihydrite-HA2 ternary particles were obtained by shaking
10 g of freshly precipitated SW—ferrihydrite binary complex in
400 ml of the dissolved HA2, then dialysing and freeze-drying.

Sorption by soils

Phenanthrene and dibenzofuran sorption isotherms on soils
were obtained by the batch equilibration procedure using glass
centrifuge tubes closed with Teflon caps. Triplicate soil ali-
quots (0.2 g for phenanthrene and 0.5 g for dibenzofuran)
were equilibrated with 10 ml of aqueous solutions of phenan-
threne or dibenzofuran by gently rotating in an end-over-end
shaker (30 r.p.m.) at 20 £ 2°C for 24 hours. A preliminary
kinetic experiment showed that apparent equilibrium was
reached within 24 hours. Initial dibenzofuran solutions (5,
10, 15, and 20 uMm) were prepared in 10 mMm CaCl, from a
stock 10 mM dibenzofuran solution prepared in acetone. The
amount of acetone in the initial dibenzofuran solutions was
therefore < 0.2%. Initial phenanthrene solutions (0.002, 0.02,
0.2, 2.0, and 3.5 pM) were prepared in 3 mM CaCl, by mixing
labelled and non-labelled phenanthrene. The '*C activity of
the initial phenanthrene solutions ranged between 22.8 and
457 x 10° Bq litre™!. After equilibration, the suspensions
were centrifuged at 5420 g for 1 hour, and then 3 ml of the
supernatant solution was removed for analysis (see below)
using a glass pipette. The amount of phenanthrene and diben-
zofuran sorbed was calculated by difference between the initial
and final solution concentrations. Initial solutions without soil
were also shaken for 24 hours and served as controls. Sorption
isotherms were fitted to the Freundlich equation: Cs = K¢Ceq",
where C; (umol kg™ is the amount of chemical sorbed at the
equilibrium concentration Cq (umol litre™ "), and # (unitless)
and K; (umol' ™ litre” kg™!) are the empirical Freundlich con-
stants, which can be calculated from the linear plot of log C;
against log C,q. Distribution coefficients, Ky (litre kg_l), were
also calculated for each soil at an initial concentration of 2 uM
(phenanthrene) or 10 uM (dibenzofuran) by dividing the
amount of chemical sorbed, C; (umol kg™'), by the equilib-
rium solution concentration, Ceq (Hmol litre™!). These initial
concentrations were selected to achieve about 30% of the
water solubility of the compounds. Organic C-normalized dis-
tribution coefficients, Ky (litre kg~! C), were calculated by
dividing the K4 values by the fractional organic C content of
the soils.

Sorption by soil clay fractions and model sorbents

Sorption of phenanthrene and dibenzofuran by soil clay frac-
tions and model sorbents was determined at a single initial
concentration by equilibrating (24 hours) 50 mg of sorbent
with 10 ml of phenanthrene (2 pM) or dibenzofuran (10 um)
initial solution. For highly sorptive organic materials (i.e. Oh,
H, and HA samples) smaller amounts of sorbent (10 mg) were
used. After equilibration, the suspensions were centrifuged at
5420 g for 1 hour and the concentration of phenanthrene and
dibenzofuran in the supernatant was determined as described
below. Sorption distribution coefficients, Ky (litre kg™'), were
calculated for each sorbent by dividing the amount of chemical
sorbed, C, (umol kg™"), by the equilibrium solution concentra-
tion, Ceq (umol litre ™).

Analysis

Dibenzofuran was determined by high performance liquid
chromatography (HPLC) (Waters 600E chromatograph
coupled to a Waters 996 diode-array detector). The following
chromatographic conditions were used: Novapack C18 column
(150 mm length x 3.9 mm internal diameter) (Waters), acetoni-
trile:water (70:30) eluent mixture at a flow rate of 1 ml minute™",
25 pl injection volume, and UV detector at 280 nm. External
calibration curves with standard solutions of dibenzofuran
between 1 and 20 pM were used in the calculations.
Phenanthrene concentrations were determined by liquid scintilla-
tion counting (Packard 2250 CA, Downers Grove, IL) by mixing
3 ml of solution with 17 ml of Ultima Gold scintillation cocktail
(Packard, Downers Grove, IL). Radioactivity measurements
were transformed to concentration values using the '*C activity
of the initial phenanthrene solutions. The limits of detection for
the analytical methods used in this work were 0.1 pM for diben-
zofuran and 10™* pM for phenanthrene.

Results
Soil characterization

Results of the soil characterization are summarized in Table 1.
The pH of the Askov, Borris, and Kettering soils was neutral
to slightly acid with values in the range 6-7 (Table 1).
Flakkebjerg, IFA, and P2 soils were neutral to slightly basic,
with pH in the range 7-8. All the soils studied were agricul-
tural soils, so that the pH could have been influenced over past
decades by agricultural practices, such as liming. Nevertheless,
appreciable levels of carbonates were found in the Austrian
IFA soil only (Table 1), which is in accordance with the high
pH of this soil. The organic C content of the soils ranged
between 0.56% (P2 soil, Spain) and 2.09% (Kettering soil,
UK). The small organic C content of the Spanish P2 soil is a
common feature of soils from Mediterranean regions, and
determines important physicochemical characteristics of



those soils. Excluding the P2 soil, there was a relatively small
variability in organic C content (1.25-2.09 g 100 g”'), and
hence the variation of the CEC and SSA was mainly explained
by the variation in the clay content. Indeed, the clay content
showed a large variation from 6.9 to 24.7 g 100 g', with a
standard deviation of 47.4% of the mean, and was highly
correlated with the CEC (r=0.94, P < 0.05), N»>-SSA
(r=10.92, P < 0.05), and EGME-SSA (r = 0.96, P < 0.01).

Sorption by soils

Phenanthrene and dibenzofuran sorption isotherms on soils
(Figure 2) were well described by the Freundlich equation,
with regression coefficients R* > 0.99. Dibenzofuran sorption
isotherms were L-type (n = 0.67-0.86) according to the Giles
et al. (1960) classification, whereas a greater degree of linearity
(n = 0.89-0.95) was observed for phenanthrene sorption
(Table 2). The n values measured for dibenzofuran are within
the range of 0.58-0.86 reported by Broholm et al. (1999) for
the sorption of this compound on clayey till samples. The
greater linearity of phenanthrene sorption isotherms,
frequently related to partitioning into SOM (Chiou et al.,
1979; Onken & Traina, 1997; Carmo et al., 2000), can be
attributed to both the greater hydrophobicity of this compound
(Figure 1) and the smaller concentrations used in phenanthrene
sorption experiments compared with dibenzofuran (Celis et al.,
1997).

Correlation analyses were performed between sorption coef-
ficients, Ky, calculated at single initial concentrations (Ciy; =
2 uM for phenanthrene and Cj,; = 10 uM for dibenzofuran),
and relevant physicochemical soil properties (Table 3).
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Considering all six soils, it was difficult to relate the sorption
coefficients to the soil composition. The only statistically sig-
nificant correlation (P < 0.05) was found between phenan-
threne sorption and soil pH (Table 3, Figure 3). For both
phenanthrene and dibenzofuran, Ky values were weakly posi-
tively related to the organic C content and inversely related to
the clay content. Inverse relationships were also found between
K4 and CEC, N,-SSA, and EGME-SSA, probably because
these soil properties were correlated with the clay content.
These results suggest that several factors, including a positive
effect of organic C and a negative effect of clay, could have
simultaneously influenced the sorption of phenanthrene and
dibenzofuran by the soils. In fact, a multivariate analysis
showed that the multiple correlation coefficient between sorp-
tion and the organic C and clay content of the soils was 0.91
(P =0.07) for both phenanthrene and dibenzofuran.
Similarly, considering only the P2, Flakkebjerg, Askov, and
Borris soils, where the increase in organic C content was
accompanied by a decrease in clay content, phenanthrene
and dibenzofuran sorption were strongly correlated with the
organic C content (r = 0.98, P = 0.01 for both phenanthrene
and dibenzofuran).

Figure 2 shows that at similar equilibrium concentrations
phenanthrene was sorbed by all soils to a greater extent than
dibenzofuran, which can be attributed to the solubility differ-
ence between the two compounds (Xing, 2001). Despite the
different soil-to-solution ratios and different spiking concen-
trations used for phenanthrene and dibenzofuran, a very
strong correlation (r = 0.98, P < 0.001) was found between
the Ky values measured for phenanthrene and those measured
for dibenzofuran, indicating that soil characteristics influenced
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Figure 2 Phenanthrene (a) and dibenzofuran (b) sorption isotherms on soil samples. Symbols are experimental data points and lines are the

Freundlich-fit sorption isotherms.



Table 2 Sorption coefficients for phenanthrene and dibenzofuran sorption on soils®

Phenanthrene Dibenzofuran

Ky Ky Ky oc Ky Ky Ky oc
Soil Jumol' ™ litre” kg~ n — flitre kg' Jumol'™ litre” kg~! n — Jlitre kg —
P2 47 (44750)b 0.95 £ 0.01° 42 £ 3 7 500 24 (22725)b 0.67 £+ 0.02 145+ 43 2589
Flakkebjerg 115 (112-119) 0.92 + 0.01 128+4 10240 49 (45-53) 0.86+ 006 445+18 3560
Askov 163 (155-171) 0.93 + 0.01 176 + 5 12 662 59 (55-62) 0.83 + 0.05 494 +43 3554
Borris 180 (174-187) 0.94 £+ 0.01 208 + 3 12 455 96 (93-99) 0.85 + 0.03 71.5 £ 3.7 4281
IFA 83 (81-84) 0.89 4+ 0.01 91 +2 4 946 39 (38-40) 0.84 + 0.01 31.0 £ 5.1 1685
Kettering 164 (153-175) 0.95 + 0.01 188 + 8 8 995 70 (67-73) 0.85 4+ 0.04 57.1 £ 49 2732

4K and n are the Freundlich constants, whereas Ky and Ky... are distribution coefficients measured at the single initial concentrations 2 puMm for
phenanthrene and 10 pM for dibenzofuran. ®Values in parentheses are standard error ranges. “Value + standard error.

sorption of both compounds similarly. Normalization of phe-
nanthrene and dibenzofuran K4 values to the organic C con-
tent of the soils reduced variability between soils; however, the
resulting Ky, values still showed considerable variability
(Table 2). This supported the idea that the amount of organic
C alone cannot account for the different sorptive properties of
the soils.

Sorption by soil clay fractions

Relevant physicochemical characteristics of purified soil clay-
size fractions and sorption coefficients for phenanthrene and
dibenzofuran are summarized in Table 4. It should be noted
that for all soils the percentage of clay-size fraction recovered
was smaller than that determined in soil texture analysis
(Table 1). This indicated that some clay-size particles were
probably removed with larger particles during fractionation.
The soil clay fractions had similar pH, but differed largely in
their organic C content (0.99-23.94%) and clay mineralogy.
Compared with the whole soils (Table 1), all clay fractions
were enriched in organic C. Notably large was the organic C
content of the clay fraction of the Borris soil (nearly 24%).

Table 3 Correlation between phenanthrene and dibenzofuran Ky values
and soil properties

Correlation coefficient (r)

Soil property Phenanthrene Dibenzofuran
Sand 0.213 0.174
Silt 0.064 0.131
Clay —0.545 —0.556
Organic C 0.666 0.655
CEC —0.733 —0.702
pH —0.838* —0.767
N»>-SSA —0.641 —0.660
EGME-SSA —0.040 —0.069

*Statistically significant at the P < 0.05 level.

X-ray diffraction revealed that the phyllosilicate content of the
Borris soil was very small; just traces of kaolinite and
illite-mica were identified. Montmorillonite and kaolinite
predominated in the clay fraction of P2 and Kettering soils,
respectively. The Askov soil had the most heterogeneous
clay fraction, containing significant amounts of kaolinite,
illite-mica, and montmorillonite-vermiculite displaying some
resistance to swelling. Therefore, the clay fraction of the soils
covered a wide range of organic C contents (wider than the
bulk soils) and mineralogical characteristics (Table 4).

Phenanthrene and dibenzofuran distribution coefficients,
K4, on soil clay fractions were strongly correlated with the
organic C content (r =0.99, P < 0.01) and, consequently,
inversely correlated with the amount of inorganic clay
constituents (Table 4). In spite of this, normalization of sorp-
tion coefficients to the organic C content revealed smaller Ky_oc
values for the clay fractions containing smaller amounts of
organic C (i.e. more mineral fraction). The phenanthrene
K. decreased from 21 020 for the soil clay fraction contain-
ing 23.94% organic C (Borris) to 8590 for the soil clay fraction
containing 0.99% organic C (P2 soil). A similar trend was
observed for dibenzofuran (Table 4). As for the whole soils,
K4.oc values obtained for phenanthrene were about three times
greater than those obtained for dibenzofuran. On the other
hand, these K., values on soil clay fractions were considerably
greater than those measured on the bulk soils.

Sorption by model sorbents

Phenanthrene sorption to organic materials differed consider-
ably depending on the source of the organic matter (Table 5).
The phenanthrene Ky values were in the range 1340-16 070
litre kg~' C, with a mean value of 9590. Interestingly, this
mean value is very close to the mean Ky value of the soils
(9466, Table 2) and considerably less than the mean Kgy.oc
value of the clay fractions (14 280, Table 4). Another interest-
ing feature of Table 5, is the considerable phenanthrene sorp-
tion by Aldrich HA (HAI1) compared with soil-extracted
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Figure 3 K., values against suspension pH for phenanthrene (a) and dibenzofuran (b) sorption by the different sorbents assayed.

organic materials. Similar results were found by Laor et al.
(1998), who suggested that the great affinity of Aldrich humic
acid for phenanthrene compared with that displayed by soil-
extracted organic materials could be due to its great degree of
aromaticity.

Phenanthrene and dibenzofuran distribution coefficients on
single, binary, and ternary model sorbents (Table 6) revealed
that the affinity of the organic compounds for the three main
active soil constituents decreased in the order: HA2 >> SW >
ferrihydrite. The most interesting features of Table 6 are: (i) the
sorption coefficients obtained for phenanthrene and dibenzo-
furan on HA2 being two orders of magnitude greater than
those measured on mineral constituents (SW and ferrihydrite),
and (ii) the increase in sorption caused by the presence of HA2
in binary and ternary particles. These results clearly illustrated
the dominant role of SOM on the sorption of phenanthrene
and dibenzofuran by the model particles. Meanwhile, dibenzo-
furan showed greater Ky values on the mineral constituents
(SW and ferrihydrite) than phenanthrene, and a smaller Ky
value on HA2, which can be attributed to the greater polarity
of dibenzofuran, associated with the presence of an oxygen
atom in its structure (Figure 1) (Chiou & Kile, 1994; Xing,
2001). It is also worthy to note that there was a general
increase in the sorption coefficients from binary to ternary
organomineral particles (Table 6).

Another interesting feature in Table 6 is the small Ky .
values calculated from the phenanthrene and dibenzofuran
distribution coefficients on binary particles containing HA2
(particularly on ferrihydrite-HA2 particles) compared with
those calculated for pure HA2, which suggests a reduction in
the sorptive properties of HA2 after association with the

minerals. In a previous paper, we found that association of
HAZ2 with ferrihydrite resulted in substantial blockage of func-
tional groups of HA2 responsible for sorption of heavy metals
(Cruz-Guzman et al., 2003). Similarly, a reduction in the avail-
ability of HA2 domains involved in the sorption of phenan-
threne and dibenzofuran (i.e. hydrophobic regions) could have
also occurred. Interestingly, this decrease in the Ky, value
was not observed in ternary particles (Table 6). We believe that
in ternary particles the reduction of associated HA2 sorption
ability could have been obscured by the considerable sorption
by the blank SW—ferrihydrite—HA2, sample (K4 = 36 litre kg™
for phenanthrene and 64 litre kg ' for dibenzofuran, Table 6).
The importance of using blank samples should thus be empha-
sized as these help to distinguish the actual association effects
from other changes produced in the constituents during the
synthesis of the associations (Celis et al., 1998; Cruz-Guzman
et al., 2003).

Discussion

The importance of SOM in the sorption of HOCs is well
documented (Hamaker & Thompson, 1972; Chiou & Kile,
1994; Fall et al., 2003), and is clearly reflected in our experi-
ments by the large Ky values measured for phenanthrene and
dibenzofuran on purified soil organic materials compared with
those measured on mineral model sorbents (Tables 5 and 6).
The strong correlation found between the phenanthrene and
dibenzofuran sorption coefficients on soil clay fractions and
their organic C contents (r = 0.99, P < 0.01) also indicates a
primary role of organic matter in the retention of both com-
pounds (Table 4). However, the weak relationship between the



Table 4 Characteristics of selected soil clay fractions and sorption coefficients for phenanthrene and dibenzofuran

Dibenzofuran

Phenanthrene

Clay inorganic
components®

Organic

Amount

Kd-nc

Ky

Kd-oc

Ky

matter® N,-SSA
/m* g

Organic C

recovered

Jlitre kg ™!

pH

Jlitre kg ™!

pH

Mineralogy®

/%

Soil clay

7620
4950

1824 + 55

5.9
6.0
6.4

6.3

21 020
17 010
10 480

5031 + 53

6.4
6.6

K and I (traces)

12+1
28 +£2
57+ 1
109 £ 1

58.8 +£0.2
89.0 + 0.1

94.3 + 0.1

412 +£0.2
11.0 £ 0.1

23.94 4 0.10¢
6.38 & 0.07
3.30 & 0.08
0.99 4 0.04

<2

Borris

1085 + 14 316 £1

K (38%), T (24%), M/V (37%)

K (80%), T (10%), M (10%)
M (62%), K (22%), T (15%)

Askov

2760

91 + 1

346 £+ 12

6.6
6.6

5.7+ 0.1
1.7 £ 0.1

15
15

Kettering
P2

3540

35+ 10

8 590

85+ 8

98.3 £ 0.1

“Estimated from the organic C content using a conversion factor of 1.72 (Hamaker & Thompson, 1972). Calculated by difference. °K, kaolinite; I, illite or mica; M, montmorillonite;

V, vermiculite. “Mean =+ standard error.

sorption coefficients for phenanthrene and dibenzofuran and
the organic C content of the bulk soils (Table 3), along with
the differences in Ky, values among the soils, clay fractions,
and model sorbents, are indicative that sorption cannot be
predicted exclusively from the organic C content of the
samples (Pusino et al., 1992).

One major cause for the different organic C-normalized
sorption capacities of soils and sediments has been proposed
to be organic matter heterogeneity (Karapanagioti et al., 2000;
Xing, 2001; Huang et al., 2003). The potential effect of organic
matter characteristics on the sorption properties of our soils is
illustrated by the different affinities for phenanthrene dis-
played by organic matter samples extracted from different
sources (Table 5). Also, the greater Ky, values obtained for
phenanthrene and dibenzofuran sorption on the soil clay frac-
tions (Table 4) compared with those measured on the corres-
ponding bulk soils (Table 2) could indicate that organic matter
with great affinity for the organic compounds accumulated in
the clay-size fraction of the soils. Similar differences between
K, values of bulk soils and their clay-size fractions were found
by Carmo et al. (2000) for naphthalene and phenanthrene, and
interpreted in terms of organic matter heterogeneity between
different particle-size fractions.

Along with the influence of organic matter characteristics,
the inverse relationship between phenanthrene and dibenzo-
furan sorption and the clay content of the soils should also be
noted (Table 3). Greater amounts of inorganic constituents in
the clay-size fraction of the soils were also accompanied by
smaller Ky, values (Table 4). These results strongly suggest a
negative effect of clay inorganic constituents on the ability of
SOM to sorb phenanthrene and dibenzofuran.

Clay inorganic constituents can influence sorption of
organic compounds by two principal mechanisms: (i) by enlar-
ging the contribution of the soil mineral fraction in the reten-
tion process (Karickhoff, 1984; Onken & Traina, 1997;
Broholm et al., 1999), and (ii) by influencing the sorptive
properties of organic matter as a result of mutual interactions
that affect organic matter accessibility, sorptivity or both
(Pusino et al., 1992; Njoroge et al., 1998; Jones & Tiller,
1999). Our results with model sorbents showed that although
phenanthrene and dibenzofuran displayed some affinity for
mineral constituents such as montmorillonite and ferrihydrite,
K4 values were two orders of magnitude smaller than those
measured on HA2 (Table 6). Consequently, the role of these
minerals in sorption of phenanthrene and dibenzofuran is
expected to be equal to that of HA2 in systems with
HAZ2:mineral ratios about 1:100. This result is consistent with
the estimation of Green & Karickhoff (1990) that large, non-
polar organic molecules (> C,o) have typically more than 100
times greater affinity for soil organic C than for soil minerals,
which makes the role of soil minerals in sorption insignificant
in most surface soils. We believe that, except for P2 soil
(clay:organic C ratio = 36), it is unlikely that mineral constitu-
ents contributed directly to the sorption of phenanthrene and



Table 5 Phenanthrene sorption coefficients on organic materials

Phenanthrene

Organic C Ky Ky-oc
Sorbent 1% pH — litre kg
HA1 (commercial humic acid) 56.5 4.1 9080 + 833* 16 070
HAZ2 (soil humic acid) 52.9 3.2 5363 + 234 10 140
By (soil organic matter) 61.4 5.2 821 + 81 1 340
O4S (soil organic matter) 54.1 4.2 3027 + 433 5590
OyF (soil organic matter) 55.3 4.0 6611 + 470 11 950
OyP (soil organic matter) 59.5 3.8 7203 £ 2267 12 100
H (peat) 56.4 3.9 5601 £+ 1161 9930

“Mean =+ standard error.

dibenzofuran by sorbing extensive amounts of the chemicals.
This is supported by the fact that, while contribution of soil
minerals to the sorption process is generally accompanied by
an increase in K, value, greater amounts of clay inorganic
constituents in our soils and clay fractions were generally
associated with smaller Ky, values for phenanthrene and
dibenzofuran (Tables 2 and 4). The only exception was diben-
zofuran sorption by the clay fraction of the P2 soil (Table 4),
where a small contribution of smectitic clay minerals could
have occurred.

Despite the direct contribution of mineral constituents to
sorption of phenanthrene and dibenzofuran in our soils being

likely to be small, it is well known that clay inorganic constitu-
ents play a major role in binding SOM, and it has been
proposed that mineral-bound organic material is less accessible
for the incorporation of HOCs than free organic material
(Pusino et al., 1992; Jones & Tiller, 1999). Hence, clay inor-
ganic constituents could have indirectly affected the sorption
properties of our soils by reducing the availability of SOM for
phenanthrene and dibenzofuran sorption. This effect is clearly
illustrated in the binary model particles by the smaller Ky.oc
values obtained for phenanthrene and dibenzofuran sorption
on SW- and ferrihydrite-associated HA2 compared with those
obtained on HA2 (Table 6). Indeed, the large Ky... values

Table 6 Phenanthrene and dibenzofuran sorption coefficients on single, binary, and ternary model particles

Sorbent composition® Phenanthrene Dibenzofuran

SwW Ferrih HA2 foc Kq Kaoe Ky Ka-oc
Sorbent /% /g g pH Jlitre kg™! pH Jlitre kg ™!
Single sorbents
SW 100 0 0 0 6.4 2+ 5° - 6.7 14 + 6° -
Ferrih 0 100 0 0 5.7 <1 - 5.9 4+4 -
HA2 0 0 100 0.529 3.2 5363 + 234 10 140 3.0 2731 + 224 5160
Binary associations
SW-Ferrih, (blank) 100 0 0 0 6.1 30+ 4 - 5.7 114 £ 16 -
SW-Ferrihg 92.7 7.3 0 0 5.6 12 £ 11 - 4.6 55+8 -
SW-Ferrih 86.3 13.7 0 0 5.3 19+6 - 4.5 56 + 14 -
SW-HA2, (blank) 100 0 0 0 6.5 20 £ 4 - 5.7 19 £2 -
SW-HA2, 95.7 0 43 0.0226 5.9 153 £ 4 6 770 5.0 98 £9 4340
SW-HA2q 93.3 0 6.7 0.0354 5.8 226 + 1 6 380 49 140 + 15 3960
Ferrih-HA2, (blank) 0 100 0 0 6.5 <1 - 6.1 4+4 -
Ferrih-HA2, 0 96.3 3.7 0.0198 6.3 90 £ 9 4 550 5.8 47 £ 8 2370
Ferrih-HA2g 0 93.1 6.9 0.0366 6.3 158 + 8 4320 5.9 88 + 4 2400
Ternary associations
SW-Ferrih-HA2,, (blank) 85.2 14.8 0 0 6.0 36 + 8 - 4.8 64 + 14 -
SW-Ferrih-HA2, 82.5 14.6 29 0.0154 6.3 234 £ 9 15 190 5.2 91 +7 5910
SW-Ferrih-HA2g 81.0 13.5 5.5 0.0294 6.2 395+ 12 13 440 5.0 172 £ 35 5850

aSW, Wyoming montmorillonite; Ferrih, ferrihydrite; HA2, soil humic acid. ®f,., organic C fraction. “Mean + standard error.
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Figure 4 K., values for dibenzofuran (a, ¢) and phenanthrene (b, d) against two possible descriptors of organic matter-mineral association.
Association is assumed to increase with AN,-SSA/OC and to decrease with the organic C/clay ratio.

measured for soils with particularly small clay contents, such
as Borris or Askov (Table 2), and also for soil clay fractions
rich in organic C (Table 4), strongly suggest that clay-free
SOM is more sorptive than SOM associated with clay.
Another indirect effect that deserves to be noted is the increase
of pH with increasing clay content in natural soils (Table 1).
With increasing pH, acidic functional groups of organic matter
become negatively charged, and the increasing polarity of

SOM is expected to reduce its affinity for non-polar com-
pounds (Laor et al., 1998). Indeed, phenanthrene and diben-
zofuran sorption on soils was strongly negatively correlated to
soil pH (Table 3). Although the intercorrelation between pH
and clay content makes it difficult to separate the effects of
these two variables, interestingly, an increase in Ky, values
with decreasing pH was also observed for many other groups
of sorbents assayed (Figure 3). A similar decrease in



phenanthrene sorption with increasing pH was observed by
Laor et al. (1998) for mineral-associated humic acid samples.

In an attempt to represent organic matter—mineral associ-
ation in the soils studied, the Ky, values obtained for our
soils were plotted against two potentially useful descriptors of
this association (Figure 4): (i) the organic C/clay ratio, and (ii)
the increase in the N»>-SSA of the soils after removal of SOM
by calcination at 350°C (Mayer & Xing, 2001; Kaiser &
Guggenberger, 2003). The first descriptor was the simplest
and assumes greater association in soils with smaller organic
C/clay ratios. The second descriptor assumes that the increase
in N»-SSA (AN,-SSA) after removal of SOM by calcination
corresponds to mineral surfaces that were originally coated by
organic material (Mayer & Xing, 2001). We considered this
increase in N»>-SSA, normalized to the organic C content of the
soil (AN,-SSA/OC), to be a measure of the fraction of organic
matter associated with soil minerals. Except for the IFA soil,
whose Ky, was considerably smaller than expected from its
organic C/clay and AN,-SSA/OC values, quite consistent rela-
tionships were found between both descriptors and the Ky_oc
values measured for phenanthrene and dibenzofuran sorption
by the soils (Figure 4). The particularly small K4, value
measured for IFA soil may be related to its high pH, which
probably resulted from its carbonate content (Table 1). Besides
their effect on soil pH, carbonates are known to play an
important role in binding soil organic matter, which might
have further contributed to reduce the sorptivity of the organic
matter of IFA soil. In summary, the data presented strongly
suggest that clay contributed negatively to the sorptive proper-
ties of the SOM for phenanthrene and dibenzofuran, most
likely through domain blockage arising from organic matter—
clay interactions and associated pH shifts.

Conclusions

Achieving a better understanding of the factors influencing the
sorptivity of SOM and the variability of the parameter K, is
considered important in improving predictions of sorption of
HOC:s in soils. The sorption behaviour of phenanthrene and
dibenzofuran on six natural soils, their clay-size fractions, and
a series of single, binary, and ternary model sorbents indicated
that organic matter heterogeneity and domain blockage
through organic matter—mineral interactions are two import-
ant factors influencing the sorptive properties of SOM for the
HOC:s. In the soils studied, with organic C and clay contents
typical of agricultural soils, it appeared that clay had a nega-
tive effect on the sorption of phenanthrene and dibenzofuran
through a combination of organic matter domain blockage
and associated pH shifts. We illustrated that the development
of suitable descriptors for the extent of organic matter—mineral
interactions could help to improve current K,.-based sorption
predictions and subsequently the assessment of risk associated
with the presence and transport of HOCs in soil.
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