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Abstract: The knowledge of sorption-desorption processes of polycyclic aromatic hydrocarbons (PAHs) in natural
solids is essential to predict the fate, transport, and environmental risks of these pollutants. In this study, the
effect was investigated of temperature on the sorption-desorption of three PAHs (naphthalene, phenanthrene,
and pyrene) in two natural solids with different organic carbon contents. In all cases, the sorption isotherms
obtained could be well described by the linear sorption model. The analysis based on the measured isotherms
and the corresponding equilibrium partition coefficients (Kp) revealed that (1) the sorption of PAHs increased
with organic carbon content of the solid and PAH hydrophobicity in the order: sediment < soil and naphthalene <
phenanthrene < pyrene, respectively, and (2) the extent of PAH sorption decreased with increasing temperature
from 4°C to 27°C on average by 27.3, 17.0, and 27.4% for naphthalene, phenanthrene, and pyrene, respectively.
The enthalpies of sorption (∆Hs) calculated by van’t Hoff equation were negative, relatively small, and in the
range of weak forces such as van der Waals forces (0–9 kJ/mol), consistent with hydrophobic interactions and
partitioning of the PAHs into soil/sediment organic matter. The desorption of naphthalene and phenanthrene
showed significant hysteresis, i.e. great fraction of PAHs was resistant to desorption and somewhat increased
with temperature.
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Polycyclic aromatic hydrocarbons (PAHs) are
a group of persistent organic priority pollutants,
ubiquitous in soils, sediments and waters, and
have gained much concern due to their toxicity,
carcinogenecity and mutagenecity (US EPA 1993).
Therefore, the processes that affect the migration
and distribution of these pollutants within the soil/
sediment-water systems must be understood in
order to evaluate any adverse effects on humans
and the environment.
The final distribution of PAHs in the soil/sediment-water systems is controlled mainly by

sorption-desorption processes (Kan et al. 1994;
Hwang & Cutright 2002). Sorption is also the
primary physico-chemical process affecting the
transport, biodegradability, and bioavailability of
many hydrophobic organic chemicals, including
PAHs, in soils and sediments (Piatt et al. 1996; Ortega-Calvo et al. 1997; Reemtsma & Mehrtens
1997). The extent of the PAH sorption-desorption
in soils and sediments depends strongly on the
hydrophobicity of the solute and the total organic
carbon content of the soil/sediment (Karickhoff et al. 1979; Chiou et al. 1998; Reeves et al.
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2004; Hiller & Bartaľ 2006). Often omitted, yet
an important parameter that affects the retention
and release of hydrophobic organic chemicals is
temperature (ten Hulscher & Cornelissen
1996). Most laboratory measurements dealing
with sorption processes are often performed at
standard temperature (25°C), which is significantly
different from the actual temperatures of surface
soils and water-saturated sediments in temperate
regions. Thus, the change in the sorption strength
with temperature should be incorporated in such
applications that include the sorption parameters,
such as transport and pesticide leaching models,
in order to predict correctly the true extent of
mobility and the risk of water contamination by
an organic chemical (Paraíba et al. 2003).
For most hydrophobic organic chemicals, such
as PAHs, the extent of sorption in soil/sediment
from water decreases with increasing temperature,
i.e. sorption is an exothermic process in nature
(Piatt et al. 1996; Chiou 2002). However, positive
temperature dependencies for sorption of organic
chemicals have also been reported (Moreale & van
Bladel 1979; Brücher & Bergström 1997). Only
few studies have been performed in order to evaluate the effect of temperature on the desorption of
„fresh“ added PAHs into the soil/sediment. Piatt et
al. (1996) have observed that the desorption of PAHs
from the low organic carbon sediments is favoured
as the temperature increases. On the other hand,
the temperature effect on the desorption of PAHs
significantly increased when considering naturally
contaminated soil (Enell et al. 2005).
The objective of this study was to extend the
recent knowledge of the effects of temperature on
sorption-desorption characteristics of three rep-

resentative PAHs in soil and sediment using wellcontrolled batch experiments. Sorption isotherms
and desorption from two points of the sorption
isotherms were measured at two temperatures,
4°C and 27°C. Based on these data, the enthalpies
of sorption were calculated.
MATERIALS AND METHODS
Polycyclic aromatic hydrocarbons
Naphthalene, phenanthrene, and pyrene of purities > 98%, purchased from Supelco (USA), were
used as representative PAHs in this study. The
physico-chemical properties of the selected PAHs
are shown in Table 1.
Soil and sediment
A soil A-horizon (loamy-sand, Albic Luvisol)
was collected from an agricultural field near the
Zemplínska Šírava water basin, Michalovce district,
eastern Slovakia. The sediment sample was taken
at 10 cm depth from a stream of the Kyjov brook
(eastern Slovakia). The samples were air-dried,
crushed, and sieved through a 1 mm mesh before
being used in the experiments. Relevant physicochemical properties of the soil and sediment are
given in Table 2. The procedures followed for the
soil/sediment characterisation are described in
Hiller et al. (2006, 2007).
Sorption-desorption experiments
PAH sorption isotherms on soil and sediment
were obtained by the batch equilibration procedure

Table 1. Physico-chemical properties of the selected PAHs at room temperature
Naphthalene

Phenanthrene

Pyrene

Molecular weight (g/mol)

128

178

202

Melting point (°C)

81

100

156

19.3

18.6

17.6

111

152

159

41.4

40.1

44.3

31.7

1.29

0.135

3.36

4.57

5.18

Heat of fusion (kJ/mol)

b

Molar volume (cm3/mol)a
Solubility parameter (J/mol)
3 a, b

Water solubility (µg/cm )
logKow
a

b

1/2b

values as cited in Xia and Ball (1999); bfrom Chiou et al. (1998)
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Table 2. Physical and chemical properties of the soil and sediment used
OC (%)

C HA (%)

C FA (%)

pH (H2O)

Clay < 1 µm (%)

Soil

1.212

0.304

0.262

6.32

5.75

Sedimentc

0.273

0.078

0.040

8.20

12.3

OC – organic carbon content; C HA and C FA – humic and fulvic acid carbon contents, respectively; csediment humic and
fulvic acid carbon contents are only rough estimates since humus fractionation by the Kononova and Belcikova method is
not reliable if OC is less than 0.5%

using 10 cm 3 glass centrifuge tubes closed with
Teflon caps. The predetermined weight of each
sorbent (1, 0.3, and 0.05 g for naphthalene, phenanthrene, and pyrene, respectively) was equilibrated
with 9 cm3 of aqueous solutions of PAHs by rotating
in an end-over-end shaker for 48 h. Initial PAH
solutions, either with four different concentrations
for naphthalene (2.2, 7.5, 22.5, 30.3 µg/cm 3) and
phenanthrene (0.05, 0.2, 0.5, 1.05 µg/cm 3) or with
five different concentrations for pyrene (0.005,
0.01, 0.03, 0.08, 0.115 µg/cm 3), were prepared in
the background 0.01M CaCl 2 and 100 mg/l NaN 3
solution from stock PAH solutions prepared in
HPLC-grade methanol. NaN3 was added to prevent
biodegradation during the batch experiments. The
amount of methanol carrier added from the stock
solution was always less than 0.3% by volume. The
initial PAH concentrations were selected to cover
a wide range of aqueous concentrations of the
compound water solubility, approximately 7–96%,
4–80%, and 4–85% for naphthalene, phenanthrene,
and pyrene, respectively. After equilibration, the
suspensions were centrifuged at 6000 rpm for
20 min, and 3 cm 3 of the supernatant solution
was removed using a glass pipette for subsequent
analysis by high-performance liquid chromatography (HPLC) as described below. Control samples
without soil were also prepared in the same way
and used to account for possible losses due to the
volatilisation and sorption of PAHs to the glass
centrifuge tubes. The average system losses were
shown to be consistently lower than 3% of the
initial solute concentrations, therefore no correction was required.
Desorption was measured for naphthalene and
phenanthrene immediately after sorption from two
equilibrium points of the sorption isotherms corresponding to the initial concentrations 22.5 and
30.3 µg/cm3 for naphthalene, and 0.5 and 1.05 µg/cm3
for phenanthrene. 7 and 8 cm 3 of naphthalene
and phenanthrene supernatant, respectively, were

carefully removed and replaced with the same
volume of 0.01M CaCl 2 and 100 mg/l NaN 3 solution. After shaking for 48 h, the suspensions were
centrifuged, and the concentrations of PAHs were
determined in the supernatants. This desorption
procedure was repeated two times. All sorption
and desorption experiments were carried out in
duplicates at two temperatures, 4°C and 27°C. To
maintain constant temperature during the sorption-desorption experiments, the glass centrifuge
tubes were placed in a thermostatic chamber with
adjustable temperature. The desorption of pyrene
was not studied due to the very low desorption
efficiency of this PAH. The desorbed solution
concentrations were very low to be analysed accurately by direct injection of aqueous solutions
into a reverse-phase HPLC system.
Analysis of PAHs
Chemical analyses were carried out by the National Water Reference Laboratory for Slovakia,
Bratislava. The concentrations of PAHs in aqueous solutions before and after equilibration were
analysed using a reverse-phase HPLC system
(Hewlett-Packard model 1100) equipped with a
fluorescence detector (Hewlett-Packard 1200).
The following chromatographic conditions were
used: Supelcosil LC-PAH 57945 column (250 mm
length, 2.1 mm i.d.), acetonitrile/5% acetonitrile in
water (60:40) eluent mixture for 3 min, followed by
a linear gradient to 100% acetonitrile over 17 min,
and 5 min isocratic with 100% acetonitrile, at a
flow rate of 0.44 cm 3 /min, and 15 µl injection
volume. The excitation/emission wavelengths
for naphthalene, phenanthrene, and pyrene were
220/325, 244/360, and 237/385 nm, respectively.
External solution standards were used to establish
linear calibration curves for a fluorescence detector. The average uncertainty for the measured
concentrations was about ± 5%.
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Data analysis

Therefore, the desorption from the solid phase
during the a-th desorption step can be calculated
as follows:

The amounts of PAHs sorbed in the soil/sediment
were calculated by the differences between the
§
initial and equilibrium solution concentrations: ¨¨ Sd =
©
V
Se = (Ci – Ce) m
(1)
where:
Se – amount of the chemical sorbed in the solid phase
(µg/g)
Ci – initial solution concentration of the chemical (µg/cm3)
Ce – equilibrium solution concentration (µg/cm3)
V – volume of the solution (cm3)
m – mass of soil/sediment (g)

A linear isotherm is assumed to model the sorption of hydrophobic organic pollutants in soil/sediment, with the following equilibrium expression
(Chiou 2002):
Se = KpCe

(2)

where:
Kp – equilibrium partition coefficient (cm3/g)

As the primary interaction of hydrophobic organic pollutants with soils/sediments is governed
predominantly by the soil/sediment organic carbon,
the Kp values are related linearly to the organic
carbon content of the given soils/sediments by the
following equation (Karickhoff et al. 1979):
Kp = Koc  foc

(3)

where:
Koc – organic carbon-based partition coefficient (cm3/g)
foc – weight fraction of organic carbon in the soil/sediment (g/g)

The definition of Koc results from the assumption that organic carbon is the main sorbent of
hydrophobic organic pollutants in soil/sediment, if
total organic carbon content in the soil/sediment
is > 0.1% (Schwarzenbach & Westall 1981).
It has been shown that, for a given organic pollutant and particular group of soils or sediments
containing organic matter of approximately the
same origin and properties, Koc values are nearly
constant and differ only within a factor of 3 (Rutherford et al. 1992; Kile et al. 1999).
In each desorption step, the solution concentration for a given PAH is the sum of the remaining
solution concentration plus the PAH amount that
desorbed from the solid phase back to the solution.
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V
ªC 9 –HCª  9W§H
º –VWr · º V
¸¸
¨»
«¬a,d 100
«¬a–1,d ¨©100
¼ V ¹ »¼ m

where:
Sd
Ca,d, Ca-1,d
Vr

·
¸¸ (4)
¹

– amount of the chemical desorbed from the
solid phase (µg/g) during the a-th desorption step
– solution concentrations of the chemical at
the end of the a-th and (a–1)-th desorption steps, respectively
– volume of the supernatant (cm3) removed
and replaced by the same volume of 0.01M
CaCl2 and 100 mg/l NaN3 solution

The percentage of the chemical desorbed was
calculated as follows:
2

Pd

¦S
a 1

Se

d

u 100%

(5)

Enthalpies of sorption were calculated by the difference using an integrated form of the van’t Hoff
equation (Karickhoff 1984; Chiou 2002):
ln

K p , 4q C
K p , 27qC

'H s
R

§ 1
1 ·
¸¸
¨¨

© T27qC T4qC ¹

(6)

where:
Kp

– equilibrium partition coefficient at a given temperature (cm3/g)
∆Hs – enthalpy of sorption (kJ/mol)
R
– gas constant (8.314 × 10–3 kJ/K.mol)
T
– absolute temperature (K)

The above equation assumes that ∆Hs is constant
over the temperature range investigated.
RESULTS AND DISCUSSION
Sorption of PAHs in soil and sediment
The isotherms for the sorption of naphthalene,
phenanthrene, and pyrene in the soil and sediment are given in Figure 1. The measured sorption isotherms in all experiments fit well to linear
isotherm (Eq. (2)) over the range of PAH concentrations in solution used in this study, although
some non-linearity of the isotherms for pyrene was
observed as revealed by fitting the sorption data to

Soil & Water Res., 3, 2008 (4): 231–240
the Freundlich isotherm. Despite this, the linear
isotherm rather than the Freundlich isotherm has
been used since it may be difficult to compare the
measured sorption data for PAHs with those in the
literature if Freundlich exponent values differ or if
sorption parameter values (i.e. Freundlich constant
values) are derived from different units of S e and
C e (Chen et al. 1999; Carmo et al. 2000). The
Kp values and the corresponding organic carbonbased partition coefficients (logKoc) for the soil
and sediment studied are given in Table 3. The
inspection of the data in Table 3 shows that for a
given PAH, the partition coefficient for the soil
was almost fourfold of that for the sediment. This
difference between the soil and the sediment is
an expression of the positive correlations between
sorption of PAHs and organic carbon contents of
the soils and sediments, as shown by many authors
(Karickhoff et al. 1979; Means et al. 1980). On
the other hand, the Koc values for a given PAH
were much less variable between the soil and the
sediment than were the corresponding Kp values

(Table 3). This result agrees well with the findings of Chiou et al. (1998) and Karickhoff et
al. (1979). Somewhat higher Koc values for the
sediment than for the soil are likely due to a lower
polarity of the sediment organic matter. Chiou
et al. (1998) and Kile et al. (1995) observed that
the Koc values for hydrophobic organic pollutants
with sediments were about two times higher than
those with soils, suggesting that sediment organic
matter is in general less polar than soil organic
matter. The Koc values at 27°C obtained in this
study for all three PAHs are in a good agreement
with the values published in the literature and
those estimated from the several logKoc /logKow
linear free energy relationships (Karickhoff et
al. 1979; Means et al. 1980; Karickhoff 1981;
Chiou et al. 1998; Xia 1998 in Allen-King et al.
2002). The findings described above suggest that
the sorption of PAHs in the studied solid phases
was hydrophobically driven and occurred largely by
partitioning (dissolution) into soil/sediment organic
matter (Chiou et al. 1979; Karickhoff 1984).

Table 3. Equilibrium partition coefficients (Kp), corresponding organic carbon-based partition coefficients (logKoc), and
enthalpies of sorption (∆Hs) for three PAHs in the soil and sediment
Temperature (°C)

Naphthalene

Phenanthrene

Pyrene

4

6.95 ± 0.32a

147.1 ± 11.0

1 284 ± 94.0

27

5.28 ± 0.65

116.4 ± 4.6

868.0 ± 78.9

4

2.76

4.08

5.03

27

2.64

3.98

4.86

–8.30

–7.05

–11.80

4

2.32 ± 0.11

31.7 ± 3.5

321.0 ± 37.6

27

1.61 ± 0.28

27.5 ± 1.7

249.3 ± 18.6

4

2.93

4.06

5.07

27

2.77

4.00

4.96

–10.98

–4.21

–7.62

Soil
Kp (cm3/g)
logKoc
∆Hs (kJ/mol)
Sediment
Kp (cm3/g)
logKoc
∆Hs (kJ/mol)
b

2.61–3.11

4.10–4.36

4.64–4.99

logKocc

2.84–3.15

4.12–4.36

4.77–4.97

logKoc

a

values in parentheses are 95% confidence intervals; brange of measured values from Chiou et al. (1998), Means et al.
(1980) and Karickhoff et al. (1979); cestimated Koc values using the following logKoc/logKow linear free energy relationships:
logKoc = 1.06logKow – 0.72 (Xia 1998 in Allen-King et al. 2002), logKoc = 0.989logKow – 0.346 (Karickhoff 1981), logKoc =
1.00logKow – 0.317 (Means et al. 1980), and logKoc = 1.00logKow – 0.21 (Karickhoff et al. 1979)
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PAHs in sediment was also observed. These values
compare well with the results of He et al. (1995)
who reported 25% decrease in the adsorption of
fluoranthene on soil with temperature increased
from 5°C to 15°C. According to Piatt et al. (1996),
the decreased sorption of PAHs at higher temperatures was due to increased PAH solubilities
in water at higher temperatures. Other investigators also concluded that the aqueous activity
coefficient is a major factor controlling the extent
of sorption of hydrophobic organic pollutants in
soils/sediments with temperature (Karickhoff
1984; Chiou 2002).
The enthalpies of sorption (∆Hs) calculated by
van’t Hoff equation are listed in Table 3. It can be
seen that all ∆Hs are negative and relatively small.
These results are consistent with the generalisation
that the sorption of hydrophobic organic pollutants
in soil/sediment is an exothermic process (Karickhoff 1984). The magnitude of the sorption
enthalpy changes for both soil and sediment is in
the range of weak forces such as physical sorption
and van der Waals forces (0–9 kJ/mol), which are
consistent with hydrophobic interactions and partitioning of the PAHs into soil/sediment organic
matter as described above (Karickhoff 1984;
Chiou 2002). The enthalpy values obtained in this
study are comparable to other ∆Hs for sorption of
PAHs in natural soils and sediments. Chilom et
al. (2005) reported ∆Hs = –6.4 to –24.9 kJ/mol for
three PAHs sorbed in soils and sediment. Piatt et
al. (1996) reported ∆Hs = –3.3 to –14 kJ/mol for

the same PAHs as investigated in this study sorbed
in low organic carbon sediment. Wauchope et
al. (1983) obtained ∆Hs = –7.1 to +3.8 kJ/mol for
naphthalene sorbed in a silty loam. However, in
sharp contrast, Ran et al. (2007) reported much
higher negative enthalpy values ranging from –27
up to –64.4 kJ/mol for several PAHs sorbed in
surface soils and estuarine sediments with high
contents of black and kerogen carbon. The authors
suggest that the high negative enthalpy values were
due to the extensive sorption of PAHs in several
inert, condensed, and aromatic components, such
as kerogens, coals, and black carbon, that were
present in the studied soils and sediments.
Desorption of PAHs in soil and sediment
The desorption experiments were conducted
with naphthalene and phenanthrene from two
points of the sorption isotherms at two temperatures, 4°C and 27°C. Plots of the sorption and
desorption isotherms for naphthalene and phenanthrene are shown in Figure 1. The desorption
data are also shown in Figure 2, where the desorbed amount was expressed as a percentage of
the total amount sorbed. It can be seen that the
slopes of the desorption isotherms are clearly
different from those of the sorption isotherms.
For example, when desorption was measured for
naphthalene from the equilibrium point of the
sorption isotherm corresponding to the initial
concentration of 22.5 µg/cm 3, only 25.0 and 19.6%
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of the sorbed naphthalene actually desorbed from
the soil in two steps at 27°C and 4°C, respectively.
Similar results were obtained for all other desorption experiments in this study (Figure 2).
These findings indicate that a significant hysteresis occurred in the sorption-desorption of the
two PAHs, i.e. great fractions of naphthalene and
phenanthrene were resistant to desorption even
after 2 d soil contact time. To determine the mass
balance and to check the occurrence of hysteresis,
the soil was extracted by dichloromethane at the
end of the adsorption-desorption experiments
with phenanthrene at 27°C. The mass balance of
> 91% was obtained, suggesting that the hysteresis
observed in this study was due to the difference
between the sorption and desorption rates (Kan
et al. 1997). In agreement with this observation,
irreversible sorption-desorption of hydrophobic
organic pollutants such as PAHs is a commonly
observed phenomenon (Kan et al. 1994; Hwang
et al. 2003; Sun et al. 2003). For example, Kan
et al. (1994) found that only 38% of the adsorbed
phenanthrene desorbed in a total of 178 days.
Recently, a biphasic irreversible adsorption model
has been proposed to account for an irreversibly
bound portion of the sorbed hydrophobic organic
pollutants (Kan et al. 1997, 1998). Based on this
model, the phenomenon may be due to the occlusion of chemicals by a cooperative conformational
changes of the organic matter during the sorption
process or due to physical rearrangement of the
organic matter phase.
The extent of PAH desorption from soil and
sediment slightly increased when the extraction
temperature increased from 4°C to 27°C (Figure 2),
although the differences in desorption for the given
PAHs were not statistically significant at the 0.05
probability level. This result agrees well with the
findings of Ran et al. (2007) and Enell et al. (2005)
who reported a significant increase in the leached
concentrations of several PAHs from aged contaminated sediments with temperature. Enell et
al. (2005) also concluded that the desorption of
PAHs was governed by equilibrium conditions or
mass transfer limitations rather than by solubility
limitations. This could be a likely explanation of the
desorption behaviour observed in this study. In the
natural water temperature range (0–35°C), the aqueous solubilities of pure organic chemicals are known
to vary by about a factor of 2 (Schwarzenbach
et al. 1993), while the desorption of naphthalene
and phenanthrene from the solid phases used in
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this study varies only by a factor of 1.20 and 1.15
with temperature, respectively.
CONCLUSIONS
From the experimental data reported here, it
is evident that the sorption isotherms for naphthalene, phenanthrene, and pyrene in soil and
sediment are practically linear over the concentration range used. Organic carbon-based partition
coefficient (Koc) values for the given PAHs were
similar to one another and could be estimated from
the well-established linear regressions of logKoc
versus logKow found in the literature.
The sorption of PAHs in soil and sediment was
affected by temperature. The extent of PAH sorption decreased as the temperature increased from
4°C to 27°C. The enthalpies of sorption (∆H s )
calculated by van’t Hoff equation were negative
and relatively small, suggesting that partitioning
into soil/sediment organic matter was the main
mechanism of PAH sorption in the natural solids
used. However, the temperature effect on PAH
sorption is relatively small, considering the effects of large heterogeneities in physico-chemical
properties, occurring commonly in field-scale soil/
sediment systems.
The extent of PAH desorption from soil and
sediment slightly increased when the extraction
temperature increased from 4°C to 27°C, although
the differences in desorption for the given PAHs
were not statistically significant at the 0.05 probability level. The desorption data confirmed the
occurrence of hysteresis in the sorption-desorption
of naphthalene and phenanthrene. Only small
fractions of the total PAHs sorbed in soil/sediment could be desorbed back to the solution in
two steps at both temperatures. Overall, based
on the experimental data, the polycyclic aromatic
hydrocarbons investigated in this study exhibit a
lower mobility in soil/sediment at lower temperature than at higher temperature.
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