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bstract

The sorption of four polycyclic aromatic hydrocarbons (PAHs), namely acenaphthene (Ac), phenanthrene (Ph), anthracene (An), and fluoranthene
Fl), on soil has been investigated. The kinetics of the sorption is characterised by the presence of two distinct periods. A fast initial stage followed
y a second slower sorption process. Various kinetic models (i.e., Elvoich, Lagergren, second order and double exponential models) have been
sed to fit experimental data. The sorption equilibrium of individual PAHs has been assessed in the 298–333 K temperature range. Unlike Ac,

h at 333 K and An and Fl at any temperature showed anomalous isotherms. The reason seems to rely on the “trapping” of dissolved PAHs by
oil organic matter (SOM) released to water. This abnormal trend was not experienced when the isotherms were obtained for four PAHs mixture.
pparently, the most soluble Ac was capable of binding all the released material so no effect was thereafter observed.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Polycyclic aromatic hydrocarbons (PAHs) comprise a group
f over 100 different chemicals that are formed during the incom-
lete burning of fuels, garbage or other organic substances such
s tobacco, plant material or meats. PAHs can also be found in
oal tar, bitumen, crude oil, creosote and roofing tar. The distri-
ution of PAHs in the environment is extensive and the general
ublic may be exposed to PAHs found in soil/dust, air, water,
ood or household products. 17 PAHs have been identified as
eing of greatest concern with regard to potential exposure and
dverse health effects on humans [1].

Exposure to PAH-containing substances increases the risk of
ancer in humans. The carcinogenicity of PAHs is associated
ith the complexity of the molecule (i.e., increasing number of
enzenoid rings) and with metabolic activation to reactive diol
poxide intermediates and their subsequent covalent binding to

ritical targets in DNA [2].

The hydrophobicity of PAHs induces the fast sorption of
hese substances onto soil particulates, especially if solid organic
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atter (SOM) is included in the composition of the former.
ccordingly, data on the equilibrium and dynamic behaviour
f the sorption process is of fundamental importance in terms
f correctly assessing the contamination of soils by these sub-
tances. In spite of the large number of studies focused on the
orption of PAHs onto soils, most of the investigations have been
arried out under a unique set of experimental conditions. Thus,
he influence of some important operating variables (pH, tem-
erature, etc.) has not normally been assessed. Additionally, not
any works have been dealing with equilibrium models, con-

equently, there is a clear lack of data on equilibrium modelling
f PAHs adsorbed on soils. Pan et al. [3] have recently applied
he Freundlich isotherm to the sorption of phenanthrene on soil.
hese authors have suggested the importance of the organic mat-

er structure on sorption capacity, however, most of works just
etermine a partition coefficient with no further investigations
n the nature and shape of the isotherms.

This study is intended to provide some insights into the sorp-
ion of four PAHs, namely acenaphthene (Ac), phenanthrene
Ph), anthracene (An) and fluoranthene (Fl) on soil, either indi-

idually or in a mixture of them. The influence of key variables
ike pH and temperature has been investigated. The possible
ffect of dissolved organic matter has been considered to explain
ome of the results obtained. Finally, different models have been

mailto:fjrivas@unex.es
dx.doi.org/10.1016/j.jhazmat.2008.01.083
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Nomenclature

AC adjustable parameter in Caurie isotherm model
AOSW adjustable parameter in Oswin isotherm model
C PAH concentration in water (mg L−1)
Ce PAH concentration in water at equilibrium

(mg L−1)
D1 adjustable parameter in the double exponential

kinetic equation
D2 adjustable parameter in the double exponential

kinetic equation
fC organic fraction of soil (g g−1)
k kinetic constant in the second order kinetic equa-

tion (min−1)
k1 kinetic constant in the double exponential kinetic

equation (min−1)
k2 kinetic constant in the double exponential kinetic

equation (min−1)
KC adjustable parameter in Caurie isotherm model
KD distribution coefficient defined as the ratio Qe

(g g−1) to Ce (mg L−1)
KF adjustable parameter in Freundlich equation
KOC carbon normalized distribution coefficient
KOSW adjustable parameter in Oswin isotherm model
KP1 adjustable parameter in Peleg isotherm model
KP2 adjustable parameter in Peleg isotherm model
mAds soil concentration (g L−1)
n adjustable parameter in Freundlich equation
n1 adjustable parameter in Peleg isotherm model
n2 adjustable parameter in Peleg isotherm model
pH2.5 pH of a suspension soil:water with ratio 2.5:1

(w/w)
Q PAH concentration in soil (�g g−1)
Qe PAH concentration in soil at equilibrium (�g g−1)
t time (min)
to adjustable parameter in Elovich equation
zo adjustable parameter in Lagergren equation

Greek symbols
α adjustable parameter in Elovich equation
β adjustable time constant parameter in Lagergren

equation (min−1)
λ adjustable parameter in Oswin isotherm model
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Table 1
Particle size distribution of soil

Particle size distribution (radii in mm) Percentage

>1.25 13.4
1.00 > r > 1.25 5
0.80 > r > 1.00 43.2
0.32 > r > 0.80 1.2
0.15 > r > 0.32 10
0.10 > r > 0.15 10.5
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χ2.5 conductivity of a suspension soil:water with ratio
2.5:1 (w/w) (�S cm−1)

pplied to both the equilibrium and dynamics of the mixture
orption.

. Experimental

.1. Materials
The soil used in this study was taken from a location close
o the town of Villafranca de los Barros (Badajoz, Southwest of
pain) where a refinery is tentatively to be constructed in the

2

p

.05 > r > 0.10 10.5
0.05 6.2

ear future. Thus, the sorption properties of the soil to poten-
ial PAHs spillage are therefore more realistically considered.
omogenization of soil was achieved by crushing and sieving
f the previously dried soil (110 ◦C for three days). Particle size
istribution is depicted in Table 1. This study was conducted by
iscarding the biggest fraction.

pH2.5 and χ2.5 (i.e., pH and conductivity at a water:soil ratio
f 1:2.5, w/w) were determined using a Radiometer Copenhagen
H-meter and a Crison 524 conductivity meter. These values
ere 7.9 and 253 �S cm−1, respectively.
The organic matter content was determined by two differ-

nt methods. First, the weight loss due to combustion at 510 ◦C
as evaluated in the presence of air. After 24 h of heating the
eight loss was 5.53%. However, although this technique is

ommonly used to determine the organic fraction in solids, other
rocesses different to organic matter combustion might proceed
i.e., carbonate decomposition). Consequently, the oxidizable
rganic carbon was also monitored by oxidation in the pres-
nce of dichromate and sulphuric acid and further titration with
errous iron [4]. With this method the percentage of oxidizable
rganic matter was 4.58%, quite close to the value given by
he combustion method. The concentration of humic (HA) and
ulvic (FA) acids in the soil was determined by digestion with
aOH. Thus, 5 g of soil were soxhlet extracted with a NaOH

0.1 M) solution for one hour, the supernatant containing the HA
nd FA extracts were analysed for total organic carbon (TOC)
ontent by using a Shimazdu TOC-V/SSM analyser. Acidifica-
ion of the sample with HCl to pH 1.5 led to the precipitation
f HA. Accordingly the percentages of FA and HA in soil were
.28 and 0.53%, respectively, the rest of organic matter apart of
A and FA is considered to be humin and/or black carbon.
Acenaphthene, phenanthrene, anthracene and fluoranthene

Sigma–Aldrich) were used as received. Saturated solutions
ere obtained by vigorous stirring of an excess of PAHs in
illiQ ultrapure water in the dark. After three days the non-

issolved fraction of PAHs was removed from solution by
onsecutive filtrations on Schleicher & Schuell 5893, 2◦ filtration
aper and 0.47 mm diameter Millipore membranes (MF Milli-
ore 0.45 �m). If required, the pH of the solution was modified
y addition of perchloric acid or a sodium hydroxide solution.
.2. Sorption experiments

The sorption of PAHs from aqueous solution onto soil was
erformed using the batch equilibrium technique. All the lab
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lassware was firstly saturated with the PAHs solution for one
ay and rinsed thereafter with pure water. As a consequence,
orption of PAHs onto walls is minimized to some extent. In
ny case, blank runs were always conducted.

For kinetic experiments a 2.5 L jacketed glass reactor was
sed. Initial aqueous concentrations of PAHs were within
he following ranges: Ac = 0.89–2.8 ppm; Ph = 0.16–0.65 ppm;
n = 4.4–21 ppb; Fl = 38–71 ppb. The suspension was contin-
ously stirred at a constant temperature (298 K) to reach
quilibrium in most of cases. At various time intervals, sam-
les were taken and PAH concentration was analysed after
ltration. The amount of PAH adsorbed at any time was cal-
ulated from the mass balance between the liquid and the
olid.

For the determination of sorption isotherms, a solution of
ingle PAHs or a mixture of them was contacted with varying
mounts of soil in 25 mL closed vials. The system was kept at
onstant temperature (298–333 K) and shaken for a time enough
o achieve equilibrium conditions (one week). Simultaneously
o isotherm determinations, vials containing the PAHs solution
n the absence of soil were also placed in the shaker to account
or potential losses due to photolysis, hydrolysis, volatilization,

all adsorption, etc. Direct comparison of blank runs and vials

ontaining the soil allowed for the calculation of the amount
f PAH adsorbed. Unlike kinetic experiments, isotherm curves
ere obtained by triplicate.

n
u
r
o

ig. 1. Dynamic sorption of PAHs on soil. Experimental conditions: T = 298 K, p

Pho = 0.16, CAno = 4.4 × 10−3, CFlo = 3.8 × 10−2. (B) Soil = 2.0 g L−1, CAco = 2.2, CPh

Pho = 0.56, CAno = 1.8 × 10−2, CFlo = 6.3 × 10−2. (D) Soil = 4.0 g L−1, CAco = 2.8, C
�) phenanthrene; (�) anthracene (Q × 100); (�) fluoranthene (Q × 10). Solid line: E
rder kinetics; long dashed line: double exponential model.
us Materials 158 (2008) 375–383 377

.3. Analysis

Aqueous PAHs were analysed by injecting 25 �L of a sam-
le previously centrifuged (Eppendorf microcentrifuge set at
2600 rpm) into a HPLC system (Rheodyne injector, 1050
ewlett Packard pump, 1046A, Alltech Prevail C18 column

4.6 mm × 150 mm), Hewlett Packard fluorescence detector,
hromjet Spectra Physics integrator) in isocratic mode using
n acetonitrile–water mixture 70:30 (v/v) as mobile phase.

. Results and discussion

.1. Kinetic experiments

Before studying the equilibrium of PAHs sorption on the
oil, some preliminary kinetic experiments were carried out to
scertain the minimum time required to achieve steady state con-
itions, i.e., equilibrium conditions. These experiments were
onducted by using a mixture of the four PAHs in the pres-
nce of different amounts of soil. Fig. 1 illustrates the evolution
rofiles of the adsorbed PAHs concentration versus time for
ynamic sorption experiments carried out at 298 K and with

o modification of solution pH. As observed from this fig-
re, PAH uptake values (in terms of total amount of PAH
emoved from liquid) at steady state conditions follow the
rder Ac > Ph > Fl > An, i.e., the same order as the solubility

H 6.0. Initial PAHs concentration in ppm: (A) soil = 0.5 g L−1, CAco = 0.89,

o = 0.52, CAno = 1.3 × 10−2, CFlo = 4.5 × 10−2. (C) Soil = 3.0 g L−1, CAco = 2.2,

Pho = 0.65, CAno = 2.1 × 10−2, CFlo = 7.1 × 10−2. Symbols: (©) acenaphthene;
lovich equation; dashed line: modified Lagergren equation; dotted line: second
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n water: acenaphthene = 4.46 ppm, phenanthrene = 1.28 ppm,
uoranthene = 0.26 ppm and anthracene = 0.065 ppm [5]. The
revious observation means that the increasing solubility of
AHs allows for a higher amount of sorbate to be available for
orption, i.e., a higher driving force. Likely, if the isotherms had
een obtained with the same initial concentration of the four
AHs, the results would have been different (see the partition
oefficient determination in the adsorption of the PAH mixture).
ence, the capacity of PAH to be accumulated in the soil does
epend on parameters like KOW or KOC while the amount of
AH adsorbed/absorbed is highly related to the driving force
resent in the process.

Also as observed from Fig. 1, there is an initial fast period of
orption where the PAHs uptake is almost complete followed by
second slow stage in which the uptake steadily increases up to
quilibrium conditions. The first stage could represent the sorp-
ion of PAHs onto more accessible sites within the soil matrix.
ccordingly, this stage becomes faster as the soil concentra-

ion is increased from 0.5 (Fig. 1A) to 4.0 g L−1 (Fig. 1D), thus
roviding a higher number of sites for easy binding. Note that,
or comparison purposes, the graph corresponding to 3.0 g L−1

Fig. 1C) should be discarded as the first sample was taken too
ate in time (see for instance Fig. 1B with a lower soil concen-
ration).

Thereafter, with the exception of the experiment carried out
ith the lowest soil concentration, equilibrium conditions are

chieved. The values of PAH concentration in soil at equilibrium
Qe) are higher for the experiment carried out with 0.5 g L−1

f soil (Fig. 1A), for the rest of experiments, at steady state
onditions, the values of Qe are quite similar regardless of the
oil concentration (a slight decrease of Qe is obtained as soil
oncentration is increased).

The kinetics of the sorption was modelled by using several
implistic mathematical expressions, as follows:

lovich equation : Q = α log(t + to) − α log(to) (1)

agergren modified equation : Q = Qe[1 − exp(−β(t + zo))]

(2)

econd order kinetics : Q = Q2
ekt

1 + Qekt
(3)

Double exponential model :

Q = Qe − D1

mAds
exp(−k1t) − D2

mAds
exp(−k2t) (4)

here Q and Qe, stand for the PAH concentration at any time
nd at equilibrium in soil, respectively, t is time and mAds
s the soil concentration. The rest of symbols are adjustable
arameters for each model [6,7]. By minimization of the
quared errors (Error2 = (Qe(exp) − Qe(model))2) the fitted param-
ters obtained are shown in Table 2. The appropriateness of

ach model was assessed by calculating the percentage of error
Error% = 100/NP × ABS[(Qe(exp) − Qe(model))/Qe(exp)]). As a
ule of thumb, the double exponential method shows the lowest
rror% values.

t
d
i

ous Materials 158 (2008) 375–383

Obviously, the optimized parameters are dependent on the
nitial guess (i.e., they can derive from an absolute or relative

inimum of the function) and consequently they have to be
aken with caution. In any case a rough linear correlation is
ound for some parameters. For instance, with the exception of
he run conducted with 0.5 g L−1 of soil (Fig. 1A), the parameter

seems to remain constant regardless of the soil concentration
sed.

Qe values derived form the Lagergren model and second
rder kinetics indicates a slight decrease of this parameter as
oil concentration is increased. However, given the high number
f parameters to be fitted, Qe from the double exponential model
id not follow a clear trend.

The parameters representative of the PAH sorption rate, like
or k, clearly indicates an increase of sorption velocity as the

oil concentration is increased. Data obtained in the experiment
arried out with 3 g L−1 of soil were discarded because the first
ample was taken too late in time.

.2. Equilibrium experiments

Once the equilibrium time was assessed, the equilibrium
sotherms of the system PAH–soil were obtained by carrying out
xperiments in two ways: sorption of single PAH and sorption
n a mixture of four PAHs.

.2.1. Equilibrium sorption of single PAHs
Fig. 2 illustrates the equilibrium sorption curves for single

AHs obtained at three different temperatures. Acenaphthene
sotherms show a typical L3 or S1 type profiles of Giles classifi-
ation [8]. Thus, at 298 and 313 K there is an initial sorption stage
up to Ceq = 0.6–0.8 ppm) where the sorption follows a sorption
avourable shape (concave shape), thereafter a sharp increase in

e is experienced for increasing values of Ceq (type L3), this is
ypical of finely divided non-porous materials, as it is the case
9]. When temperature is raised to 333 K, the first step disap-
ears and a typical type S isotherm (non-favourable) is obtained.
henanthrene isotherms at 298 and 313 K also are of S type. This
ehaviour has previously been reported for similar systems as
or instance the sorption of fluorene onto titania particles [10].
egarding the temperature influence, from Fig. 2 it is inferred
positive effect of this parameter on the acenaphthene uptake

or temperatures above 313 K. In any case, as commented next,
his parameter involves the development of parallel processes
hich make difficult the correct interpretation of temperature

nfluence.
The sorption isotherms corresponding to phenanthrene show

n anomalous behaviour. When temperature is varied from 298
o 313 K the sorption capacity of soils diminishes, which is a
ypical trend in sorption processes, however, a further increase
f temperature to 333 K leads to an isotherm showing negative
lopes, i.e., the lower the PAH concentration in soil the higher
he phenanthrene aqueous equilibrium concentration.
Sorption of Ph at 333 K and An and Fl at any tempera-
ure leads to anomalous isotherms since PAH uptake on soil
ecreases dramatically as the aqueous equilibrium concentration
ncreases from a critical value. The reason for this anomalous
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Table 2
Optimization of parameters in the modelling of PAHs sorption kinetics

Acenaphthene Phenanthrene Anthracene Fluoranthene

0.5 g L−1a 2.0 g L−1a 3.0 g L−1a 4.0 g L−1a 0.5 g L−1a 2.0 g L−1a 3.0 g L−1a 4.0 g L−1a 0.5 g L−1a 2.0 g L−1a 3.0 g L−1a 4.0 g L−1 0.5 g L−1a 2.0 g L−1a 3.0 g L−1a 4.0 g L−1a

Elovich
α 0.394 0.130 0.0839 0.102 0.090 3.8 × 10−2 2.6 × 10−2 2.6 × 10−2 2.3 × 10−3 1.1 × 10−3 8.8 × 10−4 8.8 × 10−4 3.8 × 10−2 3.6 × 10−3 2.9 × 10−3 2.8 × 10−3

to 0.197 1.0 × 10−4 1.0 × 10−4 1.0 × 10−4 0.503 2.0 × 10−4 1.0 × 10−4 1.0 × 10−4 0.2535 2.0 × 10−4 1.0 × 10−4 1.0 × 10−4 15.246 2.0 × 10−4 1.0 × 10−4 1.0 × 10−4

Error2 2.3 × 10−2 2.5 × 10−2 7.5 × 10−4 2.7 × 10−3 7.4 × 10−5 8.4 × 10−4 6.9 × 10−5 3.6 × 10−4 4.1 × 10−7 5.9 × 10−7 1.1 × 10−7 6.2 × 10−7 3.7 × 10−5 6.8 × 10−6 2.1 × 10−7 5.6 × 10−6

Error% 1.5 5.1 1.6 2.5 1.3 4.0 1.7 3.6 3.5 4.3 1.9 4.6 5.6 3.6 1.1 4.4

Lagergren
Qe 1.008 0.709 0.483 0.558 0.199 0.198 0.151 0.143 5.6 × 10−3 5.5 × 10−3 5.0 × 10−3 4.8 × 10−3 4.1 × 10−2 1.9 × 10−2 1.7 × 10−2 1.5 × 10−2

zo 0.317 6.2 × 10−3 4.7 × 10−3 4.7 × 10−3 0.367 2.1 × 10−3 1.9 × 10−3 1.0 × 10−3 0.368 2.1 × 10−3 1.9 × 10−3 9.9 × 10−4 2.913 2.9 × 10−3 1.5 × 10−3 4.9 × 10−4

β 8.5 × 10−2 0.432 0.185 0.662 6.8 × 10−2 0.641 0.221 0.843 9.6 × 10−2 0.641 0.221 0.843 1.6 × 10−2 0.683 0.201 0.956
Error2 3.8 × 10−2 1.4 × 10−3 4.9 × 10−4 3.0 × 10−3 8.5 × 10−4 1.3 × 10−4 8.2 × 10−5 9.9 × 10−5 4.2 × 10−7 1.6 × 10−7 9.7 × 10−8 1.6 × 10−7 5.2 × 10−5 1.4 × 10−6 3.2 × 10−6 8.2 × 10−7

Error% 6.6 1.5 1.4 3.2 5.1 1.8 1.8 2.3 3.8 2.1 2.1 2.7 8.1 1.8 3.1 2.0

Second order
Qe 1.121 0.745 0.491 0.578 0.224 0.205 0.156 0.146 6.2 × 10−3 5.5 × 10−3 5.2 × 10−3 0.005 5.3 × 10−2 0.0193 0.017 1.5 × 10−2

k 0.116 1.01 1.601 2.284 0.432 6.528 4.071 13.97 25.34 600 126 350 0.320 100 50 200
Error2 0.012 2.7 × 10−3 4.1 × 10−5 4.1 × 10−4 1.7 × 10−4 1.2 × 10−4 1.5 × 10−5 2.4 × 10−5 7.9 × 10−8 3.9 × 10−7 2.7 × 10−8 1.7 × 10−7 4.5 × 10−5 1.2 × 10−6 2.1 × 10−6 2.0 × 10−7

Error% 3.7 2.2 1.4 1.0 2.1 1.6 0.7 1.0 1.3 2.6 0.9 2.4 7.4 1.2 2.5 2.7

Double exponential
Qe 1.441 0.713 0.494 0.604 0.224 0.202 0.394 0.3367 6.2 × 10−3 5.6 × 10−3 0.114 0.084 0.170 1.9 × 10−2 0.29 0.015
D1 0.359 0.132 3.0 × 10−2 0.264 0.0598 6.8 × 10−3 0.125 6.9 × 10−2 2.1 × 10−3 1.5 × 10−4 5.5 × 10−2 1.7 × 10−3 5.9 × 10−3 6.2 × 10−4 0.138 2.8 × 10−3

k1 0.219 0.229 3.2 × 10−2 0.672 0.176 4.7 × 10−2 3.9 × 10−4 0.924 0.176 4.2 × 10−2 3.3 × 10−5 0.98 9.3 × 10−2 2.7 × 10−2 8.8 × 10−5 0.724
D2 0.361 0.226 0.217 3.5 × 10−2 5.2 × 10−2 9.2 × 10−2 7.2 × 10−2 9.8 × 10−2 9.6 × 10−4 2.6 × 10−3 2.0 × 10−3 0.039 7.9 × 10−2 9.0 × 10−3 8.6 × 10−3 6.8 × 10−4

k2 6.9 × 10−3 0.647 0.241 1.4 × 10−2 1.8 × 10−2 0.691 0.235 5.3 × 10−4 1.8 × 10−2 0.690 0.286 2.7 × 10−5 1.5 × 10−3 0.698 0.309 8.2 × 10−2

Error2 1.5 × 10−3 8.6 × 10−4 2.4 × 10−5 9.2 × 10−4 4.9 × 10−5 4.1 × 10−5 1.3 × 10−5 2.6 × 10−5 4.9 × 10−8 6.9 × 10−8 3.3 × 10−8 7.7 × 10−8 2.4 × 10−5 4.2 × 10−7 1.4 × 10−7 3.8 × 10−7

Error% 1.2 1.3 0.3 1.7 1.1 0.9 0.9 1.7 1.4 1.1 0.2 0.9 8.0 1.4 0.6 0.5

a mAds.
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ig. 2. Equilibrium isotherms for the sorption of PAHs on soil (pH 6.0). Symbol
nthracene: down-left; fluoranthene: down-right.)

endency seems to rely on the presence of organic chelating
gents in the soil used capable of being released to the aqueous
atrix. The sorption of contaminants onto soils might involve

everal phases, leading to the progress of distinct simultaneous
rocesses. Thus, the following reaction scheme might take place:

AH(aq) + Soil � PAH–Soil (5)

oil–CO � CO(aq) + Soil (6)

AH + CO(aq) � PAH–CO(aq) (7)

AH–CO + Soil � PAH–CO–Soil (8)

n the above mechanism, CO stands for the organic material
ssociated to soils capable of complexing the aromatic hydro-
arbon [11]. Equilibrium (6) is hypothesised to be very sensitive
o temperature. An increase in temperature shifts the equilibrium
o the release of complexing agents (CO) from soil to water.

Thus, in the case of phenanthrene sorption at 313 K, for-
ation of the complex PAH–CO is higher than at 298 K and,

onsequently, the isotherm curve indicates a lower sorption
xtent at 313 K than at 298 K.

Raising the temperature to 333 K involves a drastic influence
f aqueous CO. Hence, at 333 K the amount of CO released
nd the subsequent formation of the complex PAH–CO pre-
ominates over the sorption of Ph onto soils. As a consequence,

n increase of the amount of soil involves a higher fraction of
AH retained in solution in the form PAH–CO. From the results
btained it is suggested that equilibrium (8) does not exist or is
isplaced to the left.

r
p
a
a

) 298 K; (�) 313 K; (�) 333 K. (Acenaphthene: up-left; phenanthrene: up-right;

The possible variation in PAHs fluorescence due to the for-
ation of the complex PAH–CO was assessed by completing

wo parallel determinations. On one hand a solution of PAHs
as made by using pure water, on the other hand, water previ-
usly shaken with soil and filtered was used to prepare a second
AHs solution. PAHs analysis in both solutions revealed no loss
f fluorescence when the results were compared. Likely dilu-
ion of samples with the mobile phase used in the HPLC analysis
ould displace the equilibrium (7) to the left or, alternatively, the
omplex PAH–CO shows a similar fluorescence to the isolated
olycyclic aromatic hydrocarbons. The presence of released CO
n water was confirmed after scanning the UV/vis spectra of
ater vigorously shaken with soil and further comparison with
ure water (Fig. 3). Also TOC analysis of the previous water
orroborated the leaching of organic material to the water bulk
i.e., TOC = 19 ppm after 12 h stirring of 100 mL of pure water
ontaining 2 g of soil).

Given the lower solubility of anthracene and fluoranthene if
ompared to acenaphthene or phenanthrene, the effect of dis-
olved CO was more pronounced for the former PAHs. Thus,
eleased CO was capable of partially complex An and Fl (i.e.,
nomalous isotherms) to a considerable extent regardless of the
emperature.

Amazingly, CO did not lead to obtaining anomalous
sotherms in the case of acenaphthene. The reason seems to

ely on the relatively high solubility of this PAH. Thus, a small
art of the dissolved acenaphthene would eventually complex
ll the released CO so the ratio Acenaphthene–CO to “free”
cenaphthene would be sufficiently low to be neglected.
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.2.2. Equilibrium sorption of PAH mixtures
Given the apparent different effects that CO causes on single

AHs sorption, it was decided to investigate the sorption of PAH
ixtures and the influence of different operating parameters.
Fig. 4 illustrates the isotherm profiles of acenaphthene,

henanthrene, anthracene and fluoranthene obtained from their
ixtures at different temperatures. As observed, some impor-

ant differences were experienced if compared these results and
hose obtained with individual PAHs. Thus, the most relevant

ifference is the absence of anomalous isotherms in the case of
henanthrene (at 333 K), fluoranthene or anthracene.

The reason of the above findings seems to be the much higher
olubility of acenaphthene if compared to the rest of PAHs. Thus,

t
a

t

ig. 4. Equilibrium sorption of PAH mixtures on soil (pH 6.0). Symbols: (©) 29
nthracene: down-left; fluoranthene: down-right.) Dashed line: Peleg equation; dotted
us Materials 158 (2008) 375–383 381

imilarly to the sorption of acenaphthene individually, a small
raction of this PAH would be sufficient to trap the dissolved
O, so no effect of the latter could be envisaged in the sorption
f the rest of less soluble PAHs.

At observed from Fig. 4, the sorption of acenaphthene either
n the mixture of 4 PAHs or as a single solute is similar. Small
ifferences in the curves are obtained at temperatures of 298 and
13 K while a sharp increase in sorption capacity at 333 K is
xperienced. An analogous analysis can be adopted in the case
f phenanthrene. Contrarily, the sorption capacity of the soil
o remove anthracene and fluoranthene from the water matrix
eems to be less dependent on temperature.

The isotherms depicted in Fig. 4 were modelled by consider-
ng the peculiar shape of the curves. The following expressions
ere used [12]

reundlich : Qi = KFCn
i (9)

swin : Qi = KOSW

[
AOSWCi

1 − AOSWCi

]λ

(10)

eleg : Qi = KP1C
n1
i + KP2C

n2
i (11)

aurie : Qi = exp(AC + KCCi) (12)

n the above equations Qi and Ci stand for the ith-PAH concen-

ration in the soil and water, respectively. The rest of symbols
re adjustable parameters in each model.

Table 3 shows the optimized parameters found at different
emperatures as well as Error2 and Error%.

8 K; (�) 313 K; (�) 333 K. (Acenaphthene: up-left; phenanthrene: up-right;
line: Oswing equation; long dashed line: Caurie equation.
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Table 3
Optimization of parameters in the modelling of PAHs sorption equilibrium

Acenaphthene Phenanthrene Anthracene Fluoranthene

298 K 313 K 333 K 298 K 313 K 333 K 298 K 313 K 333 K 298 K 313 K 333 K

KF 107.1 316.5 2.05 × 105 183.4 1383.3 2.05 × 105 713.3 1383.37 2.05 × 105 216.2 543.6 1250
n 1.28 2.66 3.96 0.94 1.66 2.69 1.21 1.28 2.06 1.23 1.47 1.60
Error2 4463 260.2 1572.1 165.2 56.8 51.6 0.30 0.059 0.039 3.93 0.50 0.78
Error% 26.3 61.8 32.7 17.1 33.9 39.2 35.9 32.1 31.4 19.4 32.9 14.8

KOSW 37.0 19.7 27.8 15.06 4.82 32.0 17.9 0.21 36.7 1.49 7.98 1.63
AOSW 1.01 1.47 5.4 5.62 12.5 12.5 17.9 376.4 27.4 26.6 10.4 29.0
λ 0.41 0.76 0.82 0.47 0.59 1.27 1.17 0.47 1.47 0.49 1.19 0.59
Error2 3091.6 65.6 89.0 129.4 23.7 1.42 0.29 0.01 0.008 2.22 0.46 0.045
Error% 31.5 35.6 5.9 20.1 269 3.8 35.6 38.9 11.7 11.3 43.1 4.4

KP1 495.8 30.5 1.9 × 105 495.8 1453 192718 495.8 1453 192718 108.2 541.9 1227
n1 36.4 0.70 3.9 36.4 2.60 2.67 36.4 1.62 2.05 1.22 1.47 1.60
KP2 78.9 788.9 1.9 × 105 183.4 1140.2 192718 713.4 1140 192718 108.26 1224 1227
n2 0.94 4.88 7.35 0.94 1.62 7.4 1.21 1.27 7.41 1.22 10883 3.55
Error2 2718.9 45.1 1569.8 165.2 55.9 49.7 0.30 0.058 0.0386 3.93 0.50 0.78
Error% 27.4 48.1 32.5 17 35.4 38.5 35.9 32.9 31 19.4 33.1 14.6

AC 2.47 0.88 0.41 1.49 −0.18 0.55 −2.42 −3.1 −2.61 −0.89 −1.41 −0.94
KC 2.38 5.94 28.47 13.49 43.17 73.4 622.9 1092 956.8 67.94 85.16 83.9
Error2 3814.8 67.6 731.2 208.9 52.4 4.56 0.18 0.042 0.0151 2.34 1.14 0.21
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ysed, another important operating variable like the sorption
pH was investigated. The results obtained for the equilibrium
isotherms of PAHs carried out at initial pHs of 3, 6 and 9.
rror% 30.3 62.0 21.1 31.4 282 8.

As seen in Table 3, the general trend is that Oswing model
roduces the lowest errors. However, model parameter correla-
ions with temperature are more evident for the Freundlich and
aurie models.

Additionally, from Fig. 4, if experiments for acenaphthene
nd phenanthrene conducted at 333 K are ruled out, it is inferred
certain linear trend of the sorption isotherms. The linear trend is
specially plausible if neglecting the points with the highest Ceq
alues (likely these points present the highest analytical errors).
aking into account this linearity, the apparent equilibrium par-

itioning of PAHs between soil and water (KD) can be easily
alculated from the slopes. These slopes were KD = 108, 200,
00 and 94 (�g PAH g−1 soil/mg PAH L−1 water) for acenaph-
hene, phenanthrene, anthracene and fluoranthene, respectively.
ome correlations relating the partitioning of PAHs between soil
nd water and certain physical chemical properties have been
reviously reported [13,14]. To assess if some of these relation-
hips applies in this study, the carbon-normalized distribution
oefficient KOC value was computed as:

OC = KD

fC
(13)

here fC is the organic fraction of the soil. Walter et al. [13]
roposed the following correlation:

ogKOC = 0.62 logKOW + 0.70 (14)

alculations derived from this study showed that expres-
ion (14) did correlate acceptably the KOC and KOW values

or the PAHs studied but fluoranthene. Thus, the equation
log KOC − 0.7)/log KOW led to values of 0.654, 0.631 and 0.635
or acenaphthene, phenanthrene and anthracene. In the case of
uoranthene, the previous expression gave a value of 0.49, far

F
S

30.0 45.9 14.4 11.8 99.6 4.8

way from the slope of 0.62. KOW values were taken from Cai
t al. [15].

Given the particular behaviour of fluoranthene, with just
hree remaining PAHs, suggesting additional correlations is
ather audacious. In any case, given the literature values
eported, a priori, other potential relationship can be pro-
osed for the pairs KOC–molecular surface, KOC–F number
F = number of double bonds + number of primary and sec-
ndary carbons − 0.5 × number of non-aromatic rings) or
OC–L/B number (L/B represents the ratio of maximized length

o breadth of the rectangle enclosing the PAH molecule).
Finally, once the influence of the temperature has been anal-
ig. 5. Equilibrium sorption of PAH mixtures on soil (phenanthrene). T = 298 K.
ymbols: (�) pH 3; (�) pH 6; (©) pH 9.
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[15] Q.Y. Cai, C.H. Mo, Y.H. Li, Q.Y. Zeng, A. Katsoyiannis, Q.T. Wu, J.F.
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No appreciable effect of pH was experienced in the sorption
sotherms of the PAHs studied. The latter results are the conse-
uence of the low tendency of PAHs to be ionized or protonated
nd the low influence of pH on the surface properties of the soil
tudied. As an example Fig. 5 shows the phenanthrene isotherms
btained at different pH.

. Conclusions

The following conclusions can be derived from this work:

The kinetic experiments of the PAHs sorption onto soil
show that the process is quite fast (almost complete in just
10–20 min). The hydrophobic nature of PAHs involves a rapid
transference of PAH from the aqueous phase to the SOM.
When mixing the soil and pure water, a fraction of SOM
lixiviates to the water bulk. The main consequence is the trap-
ping of dissolved PAHs by the released organic species which
induces the appearance of anomalous isotherms for individ-
ual PAHs (case of phenanthrene at 333 K and anthracene and
fluoranthene).
If isotherms are conducted by mixing of the four PAHs used
in this work, the anomalous trend disappears. It seems that
acenaphthene (the most soluble PAH) is capable of immedi-
ately removing the lixiviated organic material so no effect is
experienced thereafter.
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