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a b s t r a c t

Solid phase extraction performed with commercial polymer beads to treat soil contaminated by chlor-
ophenols (4-chlorophenol, 2,4-dichlorophenol and pentachlorophenol) as single compounds and in a
mixture has been investigated in this study. Soil-water-polymer partition tests were conducted to
determine the relative affinities of single compounds in soil-water and polymer-water pairs. Subsequent
soil extraction tests were performed with Hytrel 8206, the polymer showing the highest affinity for the
tested chlorophenols. Factors that were examined were polymer type, moisture content, and contami-
nation level. Increased moisture content (up to 100%) improved the extraction efficiency for all three
compounds. Extraction tests at this upper level of moisture content showed removal efficiencies �70%
for all the compounds and their ternary mixture, for 24 h of contact time, which is in contrast to the
weeks and months, normally required for conventional ex situ remediation processes.

A dynamic model characterizing the rate and extent of decontamination was also formulated, cali-
brated and validated with the experimental data. The proposed model, based on the simplified approach
of “lumped parameters” for the mass transfer coefficients, provided very good predictions of the
experimental data for the absorptive removal of contaminants from soil at different individual solute
levels. Parameters evaluated from calibration by fitting of single compound data, have been successfully
applied to predict mixture data, with differences between experimental and predicted data in all cases
being �3%.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The contamination of soil by organic pollutants is a world-wide
problem that still seeks an effective solution. Although natural
physical-chemical (i.e. photodecomposition) and biological pro-
cesses can occur authochthonously, their rates of degradation tend
to be very slow, due to the lack of availability of sunlight, in the case
of photodecomposition, and poor bioavailability due to limited
water (mobility) and the presence of organic material in the soil,
which can bind contaminants.

A recent review of conventional and innovative technologies for
the bioremediation of organic contaminants in soil (Tomei and
Daugulis, 2013) has in particular highlighted the possibility of using
amorphous polymer beads for the absorption and concentration of
organics within polymers, resulting in the decontamination of the
soil. The conceptofusing inert, bulk, commerciallyavailablepolymers
for soil remediation was originally proposed in 2006 (Prpich et al.,
2006) when it was demonstrated that DuPont's Hytrel 8206 could
rapidly (<24 h) and effectively (>95%) sorb phenol from soil. This
approach was further confirmed for the removal of PCBs (Rehmann
and Daugulis, 2008) and mixtures of PAHs (Rehmann et al., 2008)
from soil, during which a variety of polymers were assessed in terms
of their partition coefficients for the various target molecules, over a
range of contact conditions (contaminant level, polymer-to-soil pro-
portion, moisture content, mobilizing agent). Moreover, the intro-
duction of magnetic components within the polymers themselves to
allow for easy polymer-soil separation (Yeom et al., 2010), post con-
tact has also been successfully demonstrated.
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Nomenclature

C concentration
k overall mass transfer coefficient between solid (soil or

polymer) and aqueous phase
M solid (soil or polymer) mass
P solid (soil or polymer) e water partition coefficient
R solid (soil or polymer) e water ratio (w/v)
SD standard deviation
V volume

Subscripts
0 initial value
4CP 4-chlorophenol

DCP 2,4-dichlorophenol
ds dry soil
i compound (4CP, DCP, PCP)
j phase (s, p, w)
M-HL Mixture High contamination Level
p in polymer phase
pw between polymer and aqueous phase
PCP pentachlorophenol
s in soil phase
sw between soil and aqueous phase
S-HL Single compound High contamination Level
S-LL Single compound Lower contamination Level
w in aqueous phase
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The uptake of contaminants within absorptive polymers for the
removal of pollutants in aqueous solutions has been studied
experimentally (Littlejohns et al., 2010; Rehmann and Daugulis,
2007; Rehmann et al., 2008) and has also been modeled (Tomei
et al., 2012) to predict the impact of operating conditions on the
rate and extent of absorption of the target molecules into the
polymer matrix. However, a model for the solid extraction of con-
taminants from soil via absorptive polymers has not yet been
published, potentially because the process is characterized by a
high degree of complexity due to the heterogeneity of the soil
matrices and the multiple interactions involved (i.e. contaminant
desorption from soil to the polymer beads in absence or in presence
of a mobilizing agent), which require extensive experimental data
for complete characterization.

In this work we present the results of using absorptive polymers
for the extraction of chlorophenols from soil, and this ex situ
remediation strategy has not previously been applied to this class of
compounds. Chlorophenols contamination can originate from
many sources i.e. discharges from industrial processes, biodegra-
dation of herbicides and pesticides, and atmospheric deposition;
they are present worldwide and the problem is especially impor-
tant for countries where large amounts of plant protecting agents
and fungicides have been used (for instance, Canada, Finland and
Sweden) (Czaplicka, 2004). Long-term exposure to phenolic com-
pounds, although in low concentrations, may cause loss of appetite,
headache and rapid fatigue (El-Sheikh, 2014).

In absorption-based methods, it is desirable to have knowledge
of the process variables and their influence on absorption capacity
to maximize removal efficiency of the contaminants in pre-decided
absorbents (Bhanarkar et al., 2014). The objectives of the present
paper are the evaluation of the performance of polymer beads to
treat soil contaminated by chlorophenols as single compounds and
in mixtures and the formulation of a dynamic model characterizing
the rate and the extent of polymer-driven decontamination. Factors
that were examined were polymer type, moisture content, and
contamination level. The target compounds 4-chlorophenol, 2,4-
dichlorophenol and pentachlorophenol were chosen because of
their different degree of substitution, and can therefore be
considered to be representative of the entire class of chlorophenols.

2. Materials and methods

2.1. Chemicals, soil and polymers

4-chlorophenol (4CP) (purity>99%), 2,4-dichlorophenol (DCP)
(purity>99%) and pentachlorophenol (PCP) (purity>97%) and
methanol (purity>99.7%) were purchased from SigmaeAldrich
(USA). Three polymers were tested for their ability to sorb the
above phenolics from soil: Hytrel 8206 (DuPont Canada), a
thermoplastic polyester elastomer with a density 1.170 g cm�3,
Tone P787 (Dow Chemical Canada Inc.), a polycaprolactone
polyester with a density of 1.145 g cm�3 and a polyethylene-vinyl
acetate copolymer, Elvax 40W (DuPont Canada) with a density of
0.967 g cm�3. The three polymers have been chosen because
their affinity for substituted phenols has been demonstrated in
previous papers (Tomei et al., 2009, 2011). All experiments were
performed with artificial soil composed of 10% organics (peat),
20% clay and 70% industrial sand according to OECD method 207
(OECD, 1984). Artificial soil was obtained from ECOTOX LDS
(Italy).
2.2. Preparation of chlorophenol-contaminated soil

Stock solutions of different concentrations of the target phe-
nolics were prepared by dissolving chlorophenols (single com-
pounds and the ternary mixture) in methanol. The solutions were
then distributed onto the soil in open glass trays by spikingwith the
stock solutions (with a soil:solution ratio ~ 1:1 w/v) and manually
hourly mixing during the following 8e10 h at room temperature to
ensure a homogeneous distribution of contaminants. The
contaminated soil was then placed in a fume hood overnight to
allow methanol evaporation and stored at 4 �C until used in the
sorption experiments. Concentrations of phenolics in the contam-
inated soil were determined by analyzing soil samples from at least
three different positions in the tray.
2.3. Partition tests

2.3.1. Soil/water
The transfer of chlorophenols from soil to water was investi-

gated in order to characterize inherent soil/water partitioning. The
soil contamination was in the range of 0.6e0.9 (mg gds�1). A known
mass of soil (10 g) was mixed with 50 mL of tap water (soil:water
mass to volume contact ratio of 1:5) in a 100-mL flask, and the
flasks were capped and placed on a shaker at 240 rpm. Chlor-
ophenol concentrations in the liquid phase were measured in
samples taken after 2, 4 and 24 h after having verified that 24 h was
a sufficient time for the system to reach equilibrium. Equilibrium
data measured at the end of the desorption tests were utilized to
evaluate the partition coefficient between soil-water Psw (defined
as the ratio of the compound concentration in the solid and
aqueous phases) for the tested compounds. The residual concen-
tration of chlorophenols in the wet soil was calculated by mass
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balance. Desorption tests were carried out in duplicate at room
temperature.

2.3.2. Polymer/water
Partition coefficients between polymer and water Ppw were

also evaluated with batch sorption tests performed according to
the methodology previously reported (Tomei et al., 2009). Known
amounts of polymers were contacted with a fixed volume of a tap
water solution at a concentration of ~80 mg L�1 of the compound
under investigation. Tests were executed in triplicate, and linear
fitting of the equilibrium data, (measured also in this case after
24 h) gives the partition coefficient. More details on the data
analysis procedure are reported in Tomei et al. (2009). Polymer
screening was performed based on the partition coefficient data
and Hytrel 8206 showed the best performance for the three
compounds so it was selected to be utilized in the soil extraction
tests.

2.4. Extraction of chlorophenols by polymers

Chlorophenol extraction from contaminated soils via polymers
was evaluated in a series of extraction tests on artificial soil
contaminated with a single compound and a ternary mixture of all
three chlorophenols. Two different contamination levels (nominal
contamination levels were 1 and 10 mg gds�1) were tested for single
chlorophenols-contaminated soils while tests on the ternary
mixture were performed at a total contamination level of
10 mg gds�1.

Preliminary tests were performed on single compounds at
different moisture content in the range of 0e100% w/w to evaluate
the effect of the water content on extraction. Since the best per-
formance was obtained with 100% moisture content the remaining
extraction tests were performed at this moisture level.

For each test 5 g of soil, 0.25 g of Hytrel beads (5% w/w polymer/
soil ratio) and 5 ml of tap water (corresponding to 100% w/w
moisture content) were added to six 25-mL flasks. The flasks were
sealed and agitated with magnetic stirrers for 24 h at 25 �C at a
mixing speed of 320 rpm. Three flasks from each extraction series
were removed from the mixer after 2, 4, 8, 14 and 24 h for the low
contamination level tests and after 4 and 24 h for the high
contamination level tests. Polymers and soil were separated and
chlorophenols were extracted from the polymer as described
below. The residual chlorophenol in the soil was then evaluated
through mass balance.

2.5. Analysis

Chlorophenols in the polymer and soil samples were extracted
by sonication with methanol carried out according to an extrac-
tion procedure modified from Martinez et al. (2004). Soil samples
were dried overnight at room temperature, and a known mass of
dried soil (in the range of 0.5e1 g) was then added to 10 mL of
methanol in a glass vial and placed in an ultrasonic bath (fre-
quency 60 kHz) (Grant, UK) for 10 min. The solution was then
centrifuged (8 min; 2500 rpm; 25 �C) and the supernatant was
separated and collected in a glass vial. The extraction step was
repeated a number of times preliminarily verified to be sufficient
to obtain complete solute recovery (three times were generally
sufficient) and all the extracts were mixed, centrifuged again
(6 min; 8000 rpm; 25 �C) and analyzed. Polymer samples were
treated using the same multistep extraction procedure. Analytical
determinations were performed by a Varian 9010 reverse phase-
HPLC (Walnut Creek, CA, USA) with a PerkinElmer (Waltham,
MA, USA) LC-95 UV/Visible spectrophotometer (flow-cell volume
18 mL) connected in series. The analytes were separated on an
Alltima 250 � 4.6 mm I.D. column filled with 5 mm C18 reversed-
phase packing (Alltech, Sedriano, Italy). The elution profile, at a
constant flow rate of 1.0 mL min�1, was in isocratic mode and the
mobile phases were acetonitrile (phase A) and ultra pure water
(phase B) in a 50e50% ratio. Based on selectivity, sensitivity and
reproducibility criteria, the band of characteristic wavelengths
labs ¼ 280 nm was used. All the analytical determinations were
made at least in duplicate.

3. Modeling

Data analysis was performed through a simplified process
model based on the differential system of dynamic mass balance
equations. The model was calibrated with single compound data
and validated with data on soil contaminated with single com-
pounds at a higher contamination level and ternary mixture data.

The use of absorptive polymers for ex-situ bioremediation of
soils is a recently proposed technology and a model to describe this
sorption is currently not available in the literature. Previously
(Tomei et al., 2013), solid extraction from soil was described by
means of a simplified model based on mass balance considering a
lumped “wet soil” phase comprised of soil and water in contact
with the polymer phase. Here, we propose a more detailed model
including the mass transfer of the contaminant(s) in two steps:
from the soil to the water, and then from the water to the polymer
phase. This two-step mechanism, based on the presence of “free
water” in the system, has been hypothesized taking into account
that the water holding capacity (WHC) of the utilized OECD artifi-
cial soil is in the range of 48e58% (Amorim et al., 2005; Garcia et al.,
2009; Abbiramy et al., 2013); thus, in our view, the 100% of mois-
ture content utilized in our experiments should be enough to
guarantee the presence of over-saturated conditions (i.e. free wa-
ter) in the soil. The positive effect exerted by free water as a
mobilizing agent for phenolic contaminant transfer from the soil to
the polymer phases has also been observed in previous experi-
ments performed with OECD artificial soil contaminated by 4-
nitrophenol (Tomei et al., 2013) and confirmed in this study (see
paragraph 4.1.2).

The first mass transfer step, i.e. the transfer of the solute from
the soil to the free water, is affected by several factors including the
solute concentration in the soil, the physical-chemical character-
istics of the system (pH, cation exchange capacity of the soil, ionic
strength of the aqueous solution, surface area of the soil, etc.),
temperature, presence of soil organic matter (Delle Site, 2001), and
concentration of soil suspension (Pangarkar et al., 2002). Similarly
for sorption of the contaminants into the polymers, both the sor-
bent characteristics (i.e. polymer properties) and operating pa-
rameters (i.e. mixing speed) can affect the mass transfer rates (Fam
and Daugulis, 2012).

A comprehensive model for the entire soil-polymer mass
transfer process requires many factors to be considered, which are
often case specific and not easy to extrapolate to other situations
(e.g. different soil types). The difficulty in parameter evaluation and
the high computational demand constitute significant limitations
to the applicability of complex models and have prompted the use
of simplified descriptive models based on “lumped” parameters for
both ksw (mass transfer coefficient from soil to water) (Johnson
et al., 2001), and kpw (mass transfer coefficient from water to
polymer) (Littlejohns et al., 2010). These “lumped” parameters take
into account the effect of all other parameters with consequent
simplification in model formulation, but they have to be evaluated
throughmodel calibrationwhenever different operating conditions
are employed.

Such a simplified method was also considered in a recent paper
(Rakowska et al., 2014) reporting a model for an analogous system



Table 1a
Soil/Water partitioning, aqueous solubility and Kow data. (Soil contamination range:
0.6e0.9 mg gds�1). Cs0 and Psw are reported as mean value ± SD among repeated
measures on different samples or test replicates, respectively.

Compound Cs0 Psw Solubility in
water (20 �C)

Log Kow

mg gds�1 (mg gds�1) (mg gw�1)�1 g L�1 e

4CP 0.837 ± 0.11 0.59 ± 0.32 28.5 2.4
DCP 0.897 ± 0.08 2.02 ± 0.13 4.6 3.2
PCP 0.639 ± 0.02 13.84 ± 1.24 0.014 5.01
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for the adsorptive extraction of PAHs from sediments performed
with GAC (Granular Activated Carbon) and with an adsorptive
polymer TENAX TA 2035 (Cornelissen et al., 1997). Although our
approach was similar, we operated with a very low polymer/soil
ratio (5% w/w) which in principle does not lend itself to the
simplified hypothesis of “infinite sink” for sorption (i.e. water
concentration close to zero). Additionally, in our experiments the
soil/water ratio was very low (1:1) in contrast to the system
described by Rakowska et al. (2014) inwhich the water volumewas
one order of magnitude higher than the soil volume, and therefore
the concentration in thewater phase has been taken into account in
our model.

The model proposed in this study was formulated according to
the following simplifying assumptions:

1. Each phase in the extraction system (soil, water and polymer) is
characterized by homogeneous chlorophenol concentration.

2. Soil composition is assumed to be homogeneous.
3. Chlorophenols are transferred from the soil phase to the

aqueous phase, and then from the aqueous phase to the polymer
phase. Direct transfer between the soil and the polymer phase is
neglected.

4. Equilibrium between water and polymer phases and soil and
water phases is described by constant partition coefficients.

5. Lumped overall mass transfer coefficients describe contaminant
mass transfer from soil to aqueous phase (ksw,i) and from water
to polymer phase (kpw,i).

Themass transfer equations reported below, apply to each of the
individual, single contaminants.

The desorption rate from soil is given by:

dCs
dt

¼ kswðPswCw � CsÞ

where Cs is the concentration of the contaminant in the soil, Cw is
its concentration in water, Psw is the partition coefficient of the
contaminant between soil and water and ksw is the lumped mass
transfer coefficient of the contaminant from soil to water which
includes the resistance to mass transfer between the soil and water
phases and the surface area across which mass transfer takes place.

The sorption rate fromwater to the polymer phase is expressed
by:

dCp
dt

¼ kpw
�
PpwCw � Cp

�

with Cp being the concentration of the contaminant in the polymer,
Ppw is the polymer-water partition coefficient and kpw is the mass
transfer coefficient from the water to the polymer which includes
the resistance to mass transfer between the water and polymer
phases, the surface area across whichmass transfer takes place, and
the diffusivity of the solute within the polymer.

The rate of change of the concentration in the water phase is
obtained from the mass balance:

Vw
dCw
dt

¼ MskswðPswCw � CsÞ �Mpkpw
�
PpwCw � Cp

�

The model has been calibrated with the data for soil contami-
nated with single compounds at the lower contamination level.
Data fitting was performed with Scientist 3.0 for Windows
(Micromath). The model was then validated with data of soil
contaminated with single compounds at the higher contamination
level and with the ternary mixture. Parameters obtained from the
calibration were used as fixed input data in the validation step.
4. Results and discussion

4.1. Preliminary tests

4.1.1. Partition tests
Soil-water-polymer partition testswere conducted to determine

the relative affinities, and hence extents of partitioning, of single
compounds in soil-water and polymer-water pairs. For the soil-
water system, partition coefficients (Psw) were determined from
the desorption test data at equilibrium conditions, which were
confirmed by following the contaminant water concentration vs.
time. The partition coefficients are reported in Table 1a along with
water solubility and octanolewater partition coefficient Kow values
(Verchueren, 1983). It is worth noting that solubilities of chlor-
ophenols are strongly influenced by the pH and at the pH of 6.9 of
the tap water utilized in the partition tests, solubilities increase up
to 5.6 and 2 g L�1 for DCP and PCP respectively (Huang et al., 2000).

Aqueous solubilities and Kow are considered to be representative
of the degree of hydrophobicity of a compound, which in turn in-
fluences its persistence in soil as, the higher the Kow or the lower
the aqueous solubility, the more persistent is the compound in soil
(Delle Site, 2001; Olaniran and Igbinosa, 2011). From Table 1a it can
be seen that the partition coefficients are related to the water sol-
ubility and to the Kow of the contaminants: i.e. partition coefficients
increase with increasing Kow, and decreasing solubility, and Fig. 1
shows a linear correlation between Log Psw vs Log Kow,
(R2¼ 0.9913) over the experimental range studied as obtained from
the partition test data. Among the three investigated compounds,
higher persistence in soil has been observed for PCP as predicted
from its higher Kow value (Delle Site, 2001). Similar linear correla-
tions were obtained in other investigations on the sorption of
organic contaminants in soil as summarized by Delle Site (2001).

The partition coefficients Ppw for the single compounds and the
three polymers are reported in Table 1b, the observed linear trend
of partition coefficients, is confirmed by the high correlation co-
efficients (R2 > 0.98) of Cp vs. Cw in all cases. This behavior is in
agreement with the findings of Bacon et al. (2014) showing that
over limited ranges of solute concentrations, partition coefficients
are nearly constant. Hytrel 8206 gave the best results for the tested
chlorophenols, and was therefore selected as the polymer in the
subsequent soil extraction tests. Commercial polymers have been
shown to exhibit vastly different partition coefficients for target
contaminants, including phenolics, and a first principles approach
aimed at explaining the basis for such differences has recently been
reported in Poleo and Daugulis (2014). They proposed a rational
method based on polymer accessibility and thermodynamic affinity
and confirmed the high uptake capacity of Hytrel for phenol.

The polymer-water partition coefficients for Hytrel also showed
a linear relationship with Log Kow (R2¼ 0.8548) (see Fig. 1), and this
finding suggests that Ppw may correlate with hydrophobicity. We
believe that the relative magnitudes of the soil-water and polymer-
water partition coefficients give a preliminary indication of the



Fig. 1. Log Ppw and Log Psw vs Log Kow and related fitting equations.
Fig. 2. Extraction efficiency by Hytrel 8206 vs. moisture content for the three inves-
tigated chlorophenols. Error bars are evaluated from data of three replicates. The gray
bar indicates the range of WHC values reported for artificial soil.
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feasibility of utilizing absorptive polymers for organic contaminant
removal from soil. That is, the much higher affinity of all the
compounds for the polymer in comparison to soil is a first indicator
of the potential applicability of the use of selected polymers for
extraction of organics from soil. Alternatively, as seen in Fig. 1,
tabulated values of Log Kow may be even more useful, as no
experimentation needs to be performed, as is the case for partition
coefficients.
4.1.2. Varying moisture content
In the uptake of contaminants by polymers for soil remediation

the effect of soil moisture contentmay be important for some target
molecules because the water has the potential to act as mobilizing
agent, thereby facilitating the contaminant transfer from the soil to
the polymer phase (Tomei et al., 2013). Extraction tests at different
moisture content were therefore performed to evaluate the effect of
soil water content on the mobilization of the three investigated
compounds, and Fig. 2 shows the results obtained in the extraction
tests performedwith Hytrel on soil contaminatedwith 10mg gds�1 in
the range of 0e100% of water level.

The results appear to show a positive effect of increased mois-
ture content on the extraction efficiency for the three compounds.
The effect at water levels �50% (in the range of WHC value for this
artificial soil) is more evident for 4CP and DCP (more soluble and
less hydrophobic compounds than PCP) but when the moisture
reaches 100% a significant increase in polymer extraction is
observed for all the contaminants. This implies that the presence of
free water (i.e. operation at oversaturated conditions) is a key
parameter to enhance the absorptive performance of the polymers
for these three specific solutes and supports the assumption made
in the proposed model that the contaminant transfer takes place in
a two-step soil-water and water-polymer mechanism.
Table 1b
Partition coefficients for the three tested polymers and compounds. Ppw are reported
as mean value ± SD among replicates and expressed as (mg gp�1) (mg gw�1)�1.

Compound Polymer

Tone P787 Elvax 40W Hytrel 8206

Ppw R2 Ppw R2 Ppw R2

4CP 81 ± 5.1 0.966 83 ± 4.3 0.981 303 ± 28.7 0.976
DCP 82 ± 2.7 0.992 81 ± 18.5 0.983 504 ± 48.1 0.993
PCP 6 ± 0.4 0.969 12 ± 0.9 0.987 556 ± 33.2 0.985
It is conceivable, however, that the positive effect of water
cannot be generalized for all classes of contaminants but is likely
dependent on the physical-chemical characteristics of the com-
pounds, in particular their aqueous solubility, hydrophobicity, and
relative affinity for the soil and the introduced absorbent. For
instance for less soluble and more hydrophobic compounds such as
PAHs and PCBs specific mobilizing agents as IPA (isopropyl alcohol)
may be necessary to increase their solubility (Rehmann et al., 2008;
Rehmann and Daugulis, 2008) to maximize extraction perfor-
mance. In any case the polymer extraction process can certainly
benefit from the presence of a mobilizing agent (water or organic
solvent) able to enhance the extent and rate of contaminant re-
covery from the soil (Robles-Gonz�alez et al., 2008).Whenwater can
be used, as in the case of phenolic compounds, there are advantages
related to the absence of residual reagents in the treated soils and
significantly reduced costs.
4.2. Solid extraction tests

For the three single compounds examined, two different
contamination levels were tested under the same operating con-
ditions (moisture content and polymer/soil ratio) with Hytrel 8206
as the absorptive polymer. Table 2a shows the removal efficiencies
obtained after 24 h of contact time for the less contaminated soil,
while Table 2b provides the same data for the more contaminated
soil for single compounds and the contaminant mixture. As noted,
the total level of contamination in the mixturewas the same as was
applied for single compounds.

Tables 2a and 2b demonstrate that high removal efficiencies
(always � 70%) were achieved in 24 h, which is a very short time,
Table 2a
Overview of the removal efficiencies and concentrations in polymer (contact time
24 h) obtained in the extraction tests on less contaminated soils. Reported values are
calculated from the experimental values as the average of triplicate tests ± SD.

Compound Cs0 Removal efficiency Cp

mg gds�1 % mg gp�1

4CP 0.837 ± 0.11 68.81 ± 0.38 10.59 ± 0.03
DCP 0.897 ± 0.08 84.81 ± 2.15 14.10 ± 0.47
PCP 0.639 ± 0.02 87.22 ± 2.83 10.19 ± 0.67



Table 2b
Overview of the removal efficiencies and concentration in polymer (contact time
24 h) obtained in the extraction tests on higher contaminated soils. Reported values
are calculated from the experimental values as the average of triplicate tests ± SD. S:
Single compound; M: Mixture.

Test Compound Cs0 Removal efficiency Cp

mg gds�1 % mg gp�1

S 4CP 8.402 ± 0.51 74.78 ± 0.24 116.12 ± 0.68
S DCP 5.962 ± 0.47 82.64 ± 2.51 91.10 ± 2.89
S PCP 9.412 ± 0.01 85.06 ± 3.47 147.61 ± 8.98

4CP 2.503 ± 0.01 86.57 ± 1.09 40.45 ± 1.19
M DCP 1.892 ± 0.05 87.10 ± 0.19 29.97 ± 0.50

PCP 2.522 ± 0.17 76.93 ± 2.78 35.22 ± 1.25

Fig. 3. Extraction tests: percent distribution between soil and polymer phases for the
investigated chlorophenols in the three different series of solid extraction tests. [a)
4CP; b) DCP; c) PCP]. Striped bars indicate soil while filled grey bars indicate polymer.
Hytrel 8206 fraction: 5% (w/w). S-LL: Single compound Lower contamination level, S-
HL: Single compound Higher contamination level, M-HL: Mixture.

Table 3
Input parameters and their values used for model calibration.

Parameter Unit Value

Experimental values
Rs (Ms/Vw) gds L�1 1000a

Rp (Mp/Vw) gp L�1 50a

Cs0,4CP,SLL mg gds�1 0.837b

Cs0,DCP,SLL mg gds�1 0.897b

Cs0,PCP,SLL mg gds�1 0.639b

Cp0,i
c mg gp�1 0

Cw0,i
c mg L�1 0

Ppw,4CP (mg gp�1) (mg gw�1)�1 303d

Psw,4CP (mg gds�1) (mg gw�1)�1 0.59d

Ppw,DCP (mg gp�1) (mg gw�1)�1 504d

Psw,DCP (mg gds�1) (mg gw�1)�1 2.02d

Ppw,PCP (mg gp�1) (mg gw�1)�1 556d

Psw,PCP (mg gds�1) (mg gw�1)�1 13.84d

Parameters estimated from data fitting Lower/upper bounds
kpw,4CP h�1 1e100e

ksw,4CP h�1 0.01e1e

kpw,DCP h�1 1e100e

ksw,DCP h�1 0.01e1e

kpw,PCP h�1 1e100e

ksw,PCP h�1 0.01e1e

Ppw,4CP (mg gp�1) (mg gw�1)�1 275e335a

Psw,4CP (mg gds�1) (mg gw�1)�1 0.25e1a

Ppw,DCP (mg gp�1) (mg gw�1)�1 455e550a

Psw,DCP (mg gds�1) (mg gw�1)�1 1.9e2.2a

Ppw,PCP (mg gp�1) (mg gw�1)�1 525e600a

Psw,PCP (mg gds�1) (mg gw�1)�1 12.5e15a

a Experimental data.
b Chlorophenols concentrations verified in soil.
c Cp0,i and Cw0,i are equal to zero.
d Evaluated from solid/liquid partition tests as reported in Table 2a and 2b.
e Assumed after preliminary software iterations.
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and in contrast to the order of weeks and months, typically
required for conventional ex situ remediation processes (i.e. land-
farming or slurry bioreactors), or as shown for GAC removal of PAHs
by Rakowska et al. (2014). In our experiments 1 day was sufficient
to drastically reduce the soil contamination and to transfer the
“pollution problem” to the polymer phase, which is only at 5% of the
original soil volume. Previous papers (Tomei et al., 2010, 2011)
demonstrated that polymers used in similar applications can be
easily regenerated or bio-regenerated achieving, in the latter case,
complete biodegradation of the contaminant.

A more complete overview of the solid extraction performance
in the three series of tests is provided in Fig. 3a, 3b and 3c, which
summarize removal efficiency data for the three compounds ob-
tained in the three series of tests. Single compound partition data
show that the removal efficiency increases with the affinity of the
compound for the polymer (expressed by the partition coefficient)
regardless of the level of contamination, while for the soil
contaminated with the ternary mixture a slightly decreased
removal efficiency is observed for PCP with a concomitant
Table 4
Parameters calculated from the model calibration.

Parameter Unit Estimated value

kpw,4CP h�1 19.171
ksw,4CP h�1 0.459
kpw,DCP h�1 11.465
ksw,DCP h�1 0.445
kpw,PCP h�1 8.796
ksw,PCP h�1 0.430
Ppw,4CP (mg gp�1) (mg gw�1)�1 291
Psw,4CP (mg gds�1) (mg gw�1)�1 0.91
Ppw,DCP (mg gp�1) (mg gw�1)�1 506
Psw,DCP (mg gds�1) (mg gw�1)�1 2.01
Ppw,PCP (mg gp�1) (mg gw�1)�1 586
Psw,PCP (mg gds�1) (mg gw�1)�1 12.81



Fig. 4. Model calibration for extraction kinetic tests performed on S-LL. Experimental and calculated concentration profiles for the three compounds in polymer, soil and water vs
time. [a) 4CP; b) DCP; c) PCP]. Histogram on the side shows the calculated percent distribution among the three phases and the error bars in the histogram give the difference
between experimental and predicted fractions.
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increased removal efficiency for the other two chlorophenols. This
may be due to the simultaneous presence of 4CP and DCP, less
hydrophobic compounds, in comparison to PCP, which are more
easily released from soil to water.

4.3. Modeling: calibration

Model calibrationwas applied over the data obtained for the soil
contaminated in the range of 0.6e0.9 (g kgds�1) (S-LL). Input values
for calibrationwere obtained from experimental data and are listed
in Table 3. The utilized software package allows specifying the
range of the fitted parameter values, and in the same table are also
reported lower/upper bounds used in the model calibration for the
estimated parameters. In the case of the partition coefficients Ppw,i

and Psw,i, experimentally determined in the partition tests, the
range of variability was assumed to be within the interval of values
resulting from the experimental mean values ± SD (see Tables 1a
and 1b) while for kpw,i and ksw,i the variability range was evaluated



Table 5
Input values used for model validation.

Parameter Unit Value

Rs (Ms/Vw) gds L�1 1000a

Rp (Mp/Vw) gp L�1 50a

Cs0,4CP,SHL mg gds�1 8.402b

Cs0,4CP,MHL mg gds�1 2.503b

Cs0,DCP,SHL mg gds�1 5.962b

Cs0,DCP,MHL mg gds�1 1.892b

Cs0,PCP,SHL mg gds�1 9.412b

Cs0,PCP,MHL mg gds�1 2.522b

Cp0,i mg gp�1 0c

Cw0,i mg L�1 0c

a Experimental data.
b Chlorophenols concentrations verified in soil.
c Cp0,i and Cw0,i are equal to zero and the same for S-HL and M-HL.
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by a preliminary software iterative analysis, which also accounted
for the physical meaning of these parameters.

Table 4 shows the parameters calculated in the calibrationphase,
while in Fig. 4 the experimental and calculated concentration pro-
files for the three compounds in the polymer, soil and water phases
vs time are reported. The log scale utilized in the figures (for solid
phases concentrations) facilitates displaying all of the profiles even
whencharacterizedbydifferent orders ofmagnitude: for example in
Fig. 4c it can be seen that predicted PCP concentrations after 24 h of
contact time are 0.0678 mgPCP gds�1 (vs. the experimental value of
0.0680 mgPCP gds�1) in the soil phase and 10.134 mgPCP gpol�1 (vs. the
experimental value of 10.188mgPCP gpol�1) in the polymer phase. Final
estimatedwater phase concentrations (i.e.13.57mg L�1 for PCP) can
be read in the secondary axes to the right of the plot.

In order to provide an alternative depiction of the distribution of
the compounds between the three phases a histogram bar in each
graph shows the calculated percent distribution among the phases
(polymer, soil, water) with the error bars giving the percent differ-
ence between experimental and predicted fractions. Such differ-
ences are in all cases in the range of 0.1e1.6%. For example in the case
of PCP, we observe, in the same Fig. 4c, a removal efficiency of 87.1%
(vs. an experimental value of 87.2%) with a residual amount of 10.7%
in dry soil and 2.1% in water. The difference between experimental
and predicted percent removal efficiencies of PCP, is about 0.1%.

Moreover, excellent agreement between the calculated and
experimental data for Ppw,i and Psw,i values and a good correlation of
the fitting curves with a correlation coefficient R2 � 0.98 are
observed.

From Table 4 data, it can be observed that for the ksw,i values
there are no significant differences among the three compounds,
while kpw,i decreases as the number of substitute groups increases,
and the lowest kpw value is found for PCP, the most hydrophobic
compound. This last finding is in agreement with that of Rakowska
et al. (2014) who observed the same behaviour (i.e. a decrease of
the mass transfer coefficient with increasing hydrophobicity of the
compound) in the removal of hydrocarbons from sediments by
solid extraction with activated carbon and TENAX TA 2035. Such a
similarity must be viewed cautiously, however, as the mechanisms
of solute uptake in these two studies are completely different
(adsorption vs absorption).

An interesting result of modeling, useful to clarify the perfor-
mance of solid extraction, is the prediction that the amount of the
pollutant retained in the water phase which (at 100% w/wmoisture
content in soil) is significantly lower in comparison to the fractions
present in the soil and in the polymers thereby confirming that the
compound is efficiently transferred from the soil to the polymer
phase which, once separated from the soil, can be easily regener-
ated and re-used.
4.4. Modeling: validation

The parameters reported in Tables 4 and 5 were then employed
to validate the model by simulating the data of the extraction tests
applied to soil at the higher contamination level S-HL and the
mixture data. Calculated and experimental data are reported in
Figs. 5 and 6 for S-HL and the contaminated mixture, respectively.

Good predictions have been obtained in both cases with dif-
ferences between calculated and experimental fractions retained
by soil and polymer in the range of 0.4e1.1% for S-HL and 1.2e2.8%
for the mixture.

A general and immediate overview of the goodness of the model
prediction is given in Fig. 7a and b showing the calculated vs
experimental concentrations in soil and polymer respectively after
24 h contact time, for all series of tests: correlation coefficients are
0.986 and 0.999 for soil and polymer, respectively.

The calibrated model is able to effectively predict experimental
data for soil at a different individual contamination level and also
for themixture data. This last point is of relevance because from the
single compound data it may be possible to predict the uptake of
contaminant mixtures. In other words, the characterization of
single compounds in terms of partition coefficients and mass
transfer coefficients (soil-water and polymer-water) is sufficient to
predict their behaviour in a mixture.

5. Conclusions

Ex situ solid phase extraction of chlorophenols from contami-
nated soil reached efficiencies of ~80% for contact time �24 h. This
result is highly significant considering that contact times reported
for the adsorptive extraction of organic contaminants from soil
obtained with GAC (Rakowska et al., 2014) are one order of
magnitude longer. This study confirms the effectiveness of com-
mercial polymers as extraction medium for ex-situ soil bioreme-
diationwith the additional operational advantage, in comparison to
conventional solvents used in soil washing, of a reduction of pro-
duced contaminated extraction medium requiring regeneration or
disposal. For the investigated chlorophenols a positive effect of
increased soil moisture content (up to 100%) was observed which
suggests the use of water as mobilizing agent for these specific
compounds: this is a significant benefit in terms of practical
application given the lower operating costs in comparison with
more expensive mobilizing agents required by other classes of
compounds (e.g. PAHs).

The proposedmodel, although based on the simplified approach
of “lumped parameters”, has given very good predictions of the
experimental data for the absorptive removal of contaminants from
soil at different individual solute levels. Mass transfer coefficients,
evaluated from calibration by fitting of single compound data, have
been successfully applied to predict mixture data.

The model can be potentially applied to different soil types and
compositions, and to different classes of contaminants but, given
the case-specificity of the “lumped parameters”, new calibration
experiments need to be conducted for such cases and a revised set
of parameters identified when the operating conditions are
modified.

Since the type and composition of the soil would obviously have
an enormous impact on both the rate and extent of sorption of a
contaminant by polymers, future work would need to be under-
taken to characterize these effects. This added complexity, along
with the quantitative effect of the presence of water over the entire
range of possible moisture ratios would then need to be included
into a more sophisticated model to provide a truly useful tool to
those working in the field of soil remediation. Even more broadly,
the likelihood that different classes of organic contaminantsmay be



Fig. 5. Model validation for extraction tests performed with S-HL. Experimental and calculated concentration profiles for the three compounds in polymer, soil and water vs time.
[a) 4CP; b) DCP; c) PCP]. Histogram on the side shows the calculated percent distribution among the three phases and the error bars in the histogram give the difference between
experimental and predicted fractions.
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Fig. 6. Model validation for extraction tests performed with M-HL. Experimental and calculated concentration profiles for the three compounds in polymer, soil and water vs time.
[a) 4CP; b) DCP; c) PCP]. Histogram on the side shows the calculated percent distribution among the three phases and the error bars in the histogram give the difference between
experimental and predicted fractions.
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Fig. 7. Comparison between calculated and experimental concentration in polymer (a) and soil (b), after 24 h contact time, for all series of tests; m ¼ mixture.
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present in soil, also suggests that rational polymer selection could
also be an important factor in understanding and exploiting this
novel remediation strategy.
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