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Abstract

To determine decontamination behavior as affected by temperature, shallow beds of a
clay-rich, a calcerous, and a sedimentary soil, artificially polluted with hexachlorobenzene,
4-chlorobiphenyl, naphthalene, or n-decane, were separately heated at 58C miny1 in a thermo-
gravimetric analyzer. Temperatures for deep cleaning of the calcerous and the sedimentary soil

Ž .increased with increasing boiling point bp of the aromatic contaminants, but removal efficiencies
still approached 100% well below the bp. Decontamination rates were therefore modelled
according to a pollutant evaporation–diffusion transport model. For the calcerous and sedimentary
soils, this model reasonably correlated removal of roughly the first 2r3 of the naphthalene, but
gave only fair predictions for hexachlorobenzene and 4-chlorobiphenyl. It was necessary to heat
the clay soil above the aromatics bp to achieve high decontamination efficiencies. Weight loss
data imply that for temperatures from near ambient to as much as 1508C, interactions of each
aromatic with the clay soil, or its decomposition products, result in lower net volatilization of the
contaminated vs. neat clay. A similar effect was observed in heating calcerous soil polluted with
hexachlorobenzene from near ambient to about 1408C. Decontamination mechanisms remain to be
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established, although the higher temperatures needed to remove aromatics from the clay may
reflect a more prominent role for surface desorption than evaporation. This would be consistent
with our estimates that the clay can accommodate all of the initial pollutant loadings within a
single surface monolayer, whereas the calcerous and sedimentary soils cannot. q 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Thermal treatment is an appealing technology for cleaning soils contaminated by
w xhydrocarbons 1,2 . Soil thermal treatment methods can be categorized according to their

oxygen potential and range of operating temperatures: vitrification under reducing
Ž . w xconditions at elevated temperatures )20008C 3 ; incineration involving reducing

w xregions followed by oxidation at 1000–13008C 4 ; and thermal stripping at temperatures
generally -5008C, and typically involving air or steam as sweep gases to remove
volatile or semivolatile organic contaminants for subsequent treatment, e.g., rotary kilns
w x w x w x w x5–12 , thermal augers 9,10,13 , fluidized beds 9,14,15 , plasma arcs 16 , vitrification

w x w xfurnaces 3 , and resonant technologies 17 .
w xLaboratory and critical subscale experiments, e.g. Refs. 17–23 , as well as mathe-

w xmatical modelling, e.g. Refs. 20,21,23 , can provide useful information to help in the
selection of soil remediation strategies, and in the design, operation, monitoring and
control of specific cleanup technologies. Of particular interest are how operating
parameters such as temperature, heating rate, treatment time, flow rate of ambient gas,
soil type, and contaminant properties, affect rates and extents of pollutant removal as
well as yields and identities of by-products.

Ž .Thermogravimetric analysis TGA has become a popular technique for studying
w xphysical or chemical processes that involve a mass change in a solid 24,25 . This

methodology allows use of small samples for which temperature can be reasonably well
controlled, and continuous determination of mass gain or loss, with high sensitivity. This
paper presents TGA data on the rates and extents of removal of four different organic
contaminants spanning a range of volatility, from three different soil types. Characteris-
tic temperature ranges where most of the decontamination occurred, as well as tempera-
tures for maximum rates of decontamination were determined for 11 different soilrpol-
lutant combinations. Insights on physical and chemical processes contributing to the
decontamination behavior are deduced from the successes and deficiencies of a pollutant

w xevaporation–diffusion transport model 25 in describing the observed decontamination
behavior, and from estimates of the number of pollutant monolayers initially covering
each soil.

2. Experimental

2.1. Materials

The soils were three standard European soil samples, supplied by the Environmental
Ž .Institute Joint Research Centre, European Commission at Ispra, Italy: a clay-rich soil,
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Ž . Ž .S , about 75% clays ; a mainly calcerous soil, S about 60% CaCO and a1 2 3
Ž .sedimentary soil, S , 75.5% silt . More detailed descriptions of these soils are given3

w xelsewhere 26,27 .

2.2. Apparatus

All these contaminated soil samples were subjected to TGA, using a thermobalance
CAHN 121. The initial sample mass of about 15 mg was placed in an approximately

Ž .hemispherical crucible 4 mm deep and 9 mm in cross-sectional diameter at its mouth .
The thermobalance operated under a carrier gas flow of nitrogen of 83 cm3 miny1

Ž . y1standard conditions and a heating rate of 58C min . Each experiment was performed
Ž .2 or 3 times. Uncontaminated neat samples were also subjected to the same tempera-

ture–time history to account for removal of volatiles from soil itself.

2.3. Experimental procedure

These soils were artificially and separately contaminated with n-decane, hex-
Ž . Ž .achlorobenzene HCB , naphthalene and 4-chlorobiphenyl 4-CBP . The following

w xprocedure 28,29 was used. Before being contaminated, the soil samples were crushed
and sieved to obtain the 0–400 mm size fraction. A known amount of contaminant
Ž .preselected in order to obtain a theoretical pollution level of 4 wt.% was dissolved in

3 Žabout 200 cm of an appropriate solvent see Table 1, in which the melting and boiling
.points of each contaminant are also noted . About 5 g of soil was exposed to the solution

of contaminant for 1 h, at a temperature in the range 0–108C, in a rotating vessel
Ž .rotation rate: 50 rpm . After evaporation of the solvent, the soil–contaminant mixture
was dried for 12 h at ambient conditions. Then, the contaminated soil sample was kept
in a brown pill box, in a refrigerator at about 48C. The theoretical contamination level,

Žbased on uncontaminated soil, was calculated for each soilrcontaminant system see
.Table 2 , by assuming all of the dissolved contaminant was transferred to the soil upon

evaporation of the solvent. However, for our determination of soil decontamination a
more reliable value of the initial contamination level, derived as described below, was
used.

Table 1
Contaminant characteristics and solvents used for the soil contaminations

Contaminant Molecular Melting Boiling Projected surface Solvent used for
weight point point area of one contamination of

y1Ž . Ž . Ž .g mol 8C 8C molecule of soils
2Ž .contaminant m

y1 9n-Decane 142.0 y30.0 174.0 3.51=10 Dichloromethane
y1 9Naphthalene 128.0 80.3 217.9 3.35=10 Dichloromethane
y1 9HCB 284.8 228.0 324.0 2.46=10 Chloroform
y1 94-CBP 188.7 77.7 291.0 4.26=10 Diethyl ether
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Table 2
ŽTheoretical initial contamination levels, and initial contamination levels measured by TGA enclosed in

.parentheses . The values are given in % by weight of uncontaminated soil

Pollutant Theoretical and Theoretical and Theoretical and
measured measured measured
contamination level contamination level contamination level
for S for S for S1 2 3

Ž . Ž . Ž .Naphthalene 4.2 2.4 4.2 3.2 4.0 2.6
Ž . Ž . Ž .HCB 4.0 2.5 4.0 3.6 4.8 4.5
Ž . Ž . Ž .4-CBP 4.0 2.9 3.9 3.5 4.0 3.5
Ž . Ž . Ž .n-Decane 4.8 1.5 4.0 0.0 4.0 0.7

2.4. Calculations

From these thermogravimetric measurements, the total weight losses of contaminated
Ž . Ž .soils WL in % by weight and uncontaminated soils WL in % by weight wereCT NCT

determined.
From thermograms, it appeared that the decontamination process was finished at

Ž4508C. Then WL and WL were recorded at this temperature the neat soil weightCT NCT
.loss occurs up to 10008C . Using WL and WL , it was then possible to estimateCT NCT

Ž .the initial contamination level CL % by weight of uncontaminated soil of the soil by
Ž .the Eq. 1 :

WL yWLCT NCT
CLs 100 1Ž .ž /100yWLCT

Studies of S , S and S contaminated with PAH, found that the initial contamination1 2 3

level CL, measured by this TGA method agreed well with the CL determined by
extraction of untreated soil followed by GC analysis of PAH in the extract.

From the continuous records of the weight losses of contaminated soils and uncon-
taminated soils, i.e. the thermograms, it was possible to obtain the decontamination level

w xDL , as a function of the time t, throughout the decontamination process 30,31 . TheŽ t .
quantity DL is defined as the percentage of the initial mass of contaminant released upŽ t .
to a time t.

3. Mathematical modelling

Contaminant removal from the soil during heat-up with the thermobalance was
Ž .modelled as evaporation from a liquid phase or sublimation from a solid phase

uniformly distributed over the particle surface area. The model assumes that mass and
heat transfer resistances within the soil particles are negligible. After separation from a
soil particle, contaminant removal proceeds by non-reactive diffusive transport through
the soil pile and then through a non-reactive concentration boundary layer above the soil

w xsurface within the crucible. This model, described in more detail elsewhere 30 ,
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represents the geometric arrangement of the soil and crucible by cylinders of cross-sec-
tional area S s3.00=10y5 m2 and S s6.36=10y5 m2, respectively.p c

In this model, the rate of evaporation of the contaminant r is assumed to bep

proportional to the difference in the mole fraction of contaminant vapor at the surface of
Ž . Ž .the particle x and the local mole fraction of contaminant vapor x in the gas phasesat

Ž . w xsurrounding the particle, according to Eq. 2 21 :

12 DC x yxŽ .sat
r s 2Ž .p 2dp

where D is the molecular diffusivity of the contaminant in the gas phase surrounding the
Žparticle, C is the gas concentration and d is the diameter of the soil particle d s75p p

.mm . The mole fraction x is calculated by assuming thermodynamic equilibriumsat

between contaminant in the vapor phase at the soil surface and contaminant in the
condensed phase, i.e., liquid or solid, on the soil surface.

The molecular diffusivities of the contaminant vapor are assumed to vary with
Ž .temperature T according to Eq. 3 :

DsaT 1.5 . 3Ž .
The values of a are given in Table 3. The equivalent diffusivity D of thee

Ž .contaminant within the soil bed is given by Eq. 4 :

D´
D s 4Ž .e

t

where ´ and t are the porosity and the tortuosity of the soil bed. These values were
taken equal to 0.35 and 4, respectively, whatever the soil. The porosity of 0.35
corresponds to a non-compact staking of particles. It was checked that a tortuosity
between 2 and 8 did not significantly change the results obtained with the model. It was
established that contaminants are transported through the soil pile to the bed surface by
ordinary Fickian diffusion.

The thickness d of the contaminant concentration boundary layer was estimated for
each contaminant, by a separate model of isothermal evaporation of the pure contami-
nant. This estimation was done at a mean temperature in agreement with the temperature
range of decontamination of the given soilrcontaminant system. The detailed determina-

w xtion of these different thicknesses is provided elsewhere 25,31 . The relevant value of d

is given with each figure displaying results obtained with the model.
This model is expected to apply only if evaporation of the contaminant is the main

mechanism for the contaminant release from each contaminated soil particle. For that

Table 3
Coefficients for estimation of the pollutant diffusivitya

Pollutant Naphthalene HCB 4-CBP n-Decane
2 y1 y1.5 y9 y9 y9 y9Ž .a m s K 1.3030=10 1.5999=10 1.0603=10 1.1150=10

a Ž .See Eq. 3 .
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reason, this model was used to predict the release of the contaminant molecules not
directly adsorbed onto the soil particle surface. The first monolayer of contaminant
molecules, covering the soil surface, is expected to be strongly bound to the soil
particles. The fraction f of the contaminant molecules comprising the first monolayer
adsorbed on the surface of the soil particle was estimated from the BET surface area

Ž 3 2 y1 3 2 y1S of the noncontaminated soil 50.1=10 m kg for S , 8.7=10 m kg forBET 1
3 2 y1 .S and 11.8=10 m kg for S and the projected surface area S of the2 3 mol

Ž . Ž .contaminant molecule given in Table 1 , using the following Eq. 5 :

100MSBET
fs 5Ž .

N =CL=Sa mol

Ž y1 .where M is the molecular weight of the contaminant kg mol and N is Avogadro’sa
Ž y1 .number mol .

Because the decontamination proceeded sequentially down the soil layers within the
w xcrucible 30 , during the model calculations, the local release of the contaminant from

the soil particles had to be stopped when only one monolayer of contaminants remained
adsorbed onto the surface of the soil particles situated between two adjacent computa-
tional grid points within the soil bed. This was done, locally, when the residual

X Ž .contamination level CL in % by weight of contaminated soil corresponding tores

coverage of the soil by just one monolayer of contaminant was reached within the soil
X Ž .bed during the computation. The value of CL was calculated by Eq. 6 :res

100 f=CL
XCL s . 6Ž .res 100qCL

The values of f and CLX are given in Table 4 for each system soilrcontaminant,res

together with the initial mass of the contaminated soil used in the simulation and in the

Table 4
Experimental and model inputs for the different soilrcontaminant systems

X ca bSoilr Initial mass of Real contamination level f n CL res
Ž Žcontaminant contaminated % weight of % weight of

Ž . . .system soil mg uncontaminated soil contaminated soil

S rHCB 14.300 2.5 1 1 2.41

S r4-CBP 14.444 2.9 1 1 2.81

S rnaphthalene 14.518 2.4 1 1 2.31

S rn-decane 14.622 1.5 1 1 1.51

S rHCB 14.690 3.6 0.46 -3 1.62

S r4-CBP 14.913 3.5 0.18 -6 0.62

S rnaphthalene 14.468 3.2 0.17 -6 0.52

S rHCB 14.578 4.5 0.50 2 2.23

S r4-CBP 14.455 3.5 0.25 4 0.83

S rnaphthalene 14.312 2.6 0.29 -4 0.73

a Fraction of real contaminant loading calculated to be in the first monolayer covering the soil BET surface
Ž .area see text .

b Total number of monolayers to hold the entire initial loading of contaminant.
c The calculated amount of contaminant needed to just cover the soil BET surface area with one monolayer.
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Ž .experiment. For example, line 5 of Table 4, S rHCB means that the model predicts2
Ž .54% of decontamination, 100 1y f , leading to a residual contamination level of 1.6%

by weight of contaminated soil.
The operating pressure was 105 Pa. A finite difference method was used with 60

mesh nodes in the soil and 10 mesh nodes in the concentration boundary layer. The
temperature step was 0.1 K.

4. Results

Ž .Table 2 compares the theoretical contamination levels CL to the initial contamina-
tion levels measured by TGA, for the different systems soilrcontaminant. The measured
contamination levels are much less than the theoretical ones of about 4%. It was not
possible to contaminate the soil S by n-decane and the soil S was only slightly2 3

contaminated by this contaminant. These low values for the observed initial contamina-
tion are due to the fact that much of the contaminant is vaporized during the solvent
evaporation step. This phenomenon is particularly evident when n-decane, a compound
of high volatility, was used. The soils S and S were contaminated to an extent of about1 2

2.5–3% and 3–3.5%, respectively, except when n-decane was the contaminant. The
contamination level of the soil S was much more affected by the nature of the3

Ž .contaminant. The chlorinated compounds HCB and 4-CBP seem to have been more
retained by the soils, particularly the soil S .3

Ž .In Fig. 1, four curves show the decontamination level % as a function of
temperature, for the soil S separately contaminated by naphthalene, HCB, 4-CBP and1

n-decane. Most of the contaminant is released well before its boiling point and

Fig. 1. Decontamination level as a function of temperature for the soil S contaminated by 4-CBP ', HCB v,1
y1naphthalene B, n-decane . Heating rate 58C min .
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decontamination approaches completion at about 2508C for n-decane and naphthalene,
3508C for 4-CBP and 4508C for HCB. The end of the decontamination cannot be studied
with enough accuracy using this TGA, owing to the very small changes in the sample
mass with increasing temperature as contaminant removal approaches completion. For a
given soil, the order in which contaminants are released is the same as their boiling
points, the n-decane with the lower boiling point being removed over the lower
temperature range. This is very clear in Fig. 1 for S and is also the case for the two1

other soils.
Ž .Figs. 2–4 show the decontamination level % for the different soils as a function of

temperature for the contaminants 4-CBP, HCB, and naphthalene, respectively. The
Ž .decontamination curves Figs. 1–4 are constructed by assuming that throughout the

heating protocol, the presence and release of the pollutant does not affect weight loss of
the soil, and vice versa. The presents results imply that this assumption breaks down for
some ranges of temperature and certain soilrcontaminant combinations. For all three

Ž .aromatic pollutants, the clay soil S shows negative extents of decontamination at1
Ž .temperatures from near ambient up to 60–1508C Fig. 1 . Similar behaviour was

observed from near ambient to about 1408C in removing hexachlorobenzene from the
Ž . Ž .calcerous soil S Fig. 3 . These effects suggest that contaminants interact with the soil2

itself or with soil-derived volatiles so that soil in the presence of contaminant undergoes
lower net weight loss than neat soil over the stated temperature ranges. Because of the
relatively low temperatures, and the attainment of virtually 100% contaminant removal
at higher temperatures, it seems unlikely that coking of some of the contaminant on the
soil surface is responsible.

Fig. 2. Decontamination level as a function of temperature for 4-CBP. Heating rate 58C miny1. d s4.6 mm.
soil S model; - - - soil S model; v soil S experiment; ' soil S experiment; B soil S2 3 1 2 3

experiment.
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Fig. 3. Decontamination level as a function of temperature for HCB. Heating rate 58C miny1. d s5.6 mm.
soil S model; - - - soil S model; v soil S experiment; ' soil S experiment; B soil S2 3 1 2 3

experiment.

Fig. 4. Decontamination level as a function of temperature for naphthalene. Heating rate 58C miny1. d s5.5
mm. soil S model; - - - soil S model; v soil S experiment; ' soil S experiment; B soil S2 3 1 2 3

experiment.
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In order to better characterize the release of the contaminant, two temperature ranges
Ž y1 .of decontamination were defined. The instantaneous decontamination rate Õ in mg s

was chosen as one index of decontamination intensity.
Ž .This rate, a function of time with m the initial contaminant mass , defined by theco

Ž .Eq. 7 :

m d DL tŽ .co
Õ t s 7Ž . Ž .

100 d t

rises to its maximum Õ at a temperature T and then decreases. The firstmax max

temperature range R corresponds to a decontamination rate higher than one tenth of the1

maximum rate. The second range of temperatures R corresponds to a decontamination2

rate exceeding one half the maximum rate. The first range is rather characteristic of the
‘total’ decontamination process while the second range characterizes the fast part of the
decontamination process.

These temperature ranges R and R are shown in Fig. 5 for the different decontami-1 2

nation experiments carried out under atmospheric pressure. In this figure, the melting
and boiling points of each contaminant are also indicated, for comparison with R and1

R . The values of T and Õ obtained during these experiments are presented in Fig.2 max max

6.

Fig. 5. Temperature ranges of decontamination for three different soils separately contaminated by four
y1 <organic compounds. Heating rate 58C min . I: Õ)0.1Õ and B: Õ)0.5Õ ; : Temperaturemax max

corresponding to the maximum rate of decontamination. mp: melting point; bp: boiling point, Õs
y1 Ž .decontamination rate in mg s , see text and Eq. 4 .
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Fig. 6. Maximum observed decontamination rates and corresponding temperatures for several soilrpollutant
combinations. Heating rate 58C miny1. The temperatures are indicated between brackets.

Although the temperatures T are different, all the maximum decontamination ratesmax

Õ are roughly of the same order of magnitude, except for the decanerS system.max 3

Moreover, they are very similar for all three soils for 4-CBP. The maximum rates
corresponding to the soil S contaminated by naphthalene or HCB are 2 to almost 41

times smaller than the corresponding rates for the soils S and S . Except for the case of2 3

the n-decane, the temperatures T corresponding to a given contaminant are alwaysmax

higher for the clay soil S . Whatever the soilrpollutant system, T is always much1 max
Ž .lower than the boiling point of the pure contaminant Fig. 5 .

Ž .Regarding the different temperature ranges R Fig. 5 , the soil S always exhibits a1 1

wider range whatever the contaminant. The same observation prevails for the tempera-
ture ranges R , except when the soil S was contaminated by 4-CBP. The soil S is the2 1 1

only soil which necessitates a temperature higher than the boiling point of the contami-
nant to achieve essentially complete removal of the naphthalene, HCB and 4-CBP
pollutants. The soils S and S contaminated by naphthalene and HCB, contaminants2 3

which sublime, undergo most of their decontamination below the melting points of these
contaminants, and the decontamination is completed well below their boiling points. The
same soils, S and S , polluted by n-decane or 4-CBP, begin significant decontamina-2 3

tion, i.e. first exceed rates of 0.1Õ , very near the melting point for 4-CBP and atmax
Ž .ambient temperature for n-decane data not shown here for S . In the case of n-decane2

contaminating the soils S and S , it is necessary to heat the soil above the boiling point1 3

of n-decane to complete decontamination.
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5. Discussion

Ž .Compared to the calcerous and sedimentary soils S and S , the clay-rich soil S2 3 1

exhibits different decontamination behavior, i.e. for naphthalene, 4-CBP, and HCB a
broader range of temperatures for decontamination, and a higher final temperature for
contaminant elimination. We assume that each pollutant is uniformly distributed over all
the accessible surface area of each soil, and that differences in soil–contaminant
interactions contribute to differences in the thermal release of pollutants from the soil.
For S , the BET surface area is so high that even at the highest contamination levels,1

Ž .each pollutant is calculated to cover less than one monolayer of this soil Table 4 .
Consequently we infer that the vapor pressure of each contaminant above the surface of
this soil is determined by equilibrium between pollutant vapor and an adsorbed phase on
this soil. This adsorbed phase may reflect significant soil–pollutant binding energy
w x32,33 leading to an equilibrium vapor pressure of contaminant considerably less than
that from equilibrium with pure liquid or solid, at the same temperature. Consequently
x is reduced leading to a lower driving force for contaminant separation from the soilsat

Ž Ž ..particle Eq. 2 . Thus the overall rate of decontamination is slower and a higher
Ž .temperature is needed for achieving high levels of contaminant removal Fig. 1 .

The organic fraction contents of S , S and S are 2.65, 6.4, and 2.35 wt.%,1 2 3

respectively. Thus we infer that for all three soils, most of the surface area is provided
by the minerals. For S approximately 65% of these minerals are clay-like. Thus we1

propose that for S , the pollutants are primarily adsorbed on clay-like structures and thus1

it is these structures that provide the strong binding of these pollutants. This proposition
assumes that the organic and inorganic sites are equally physically accessible to the
contaminants, and that the organic sites do not preferentially bind, e.g. owing to
dissolution, the contaminants. We view the latter as improbable because the inventory of
organic sites does not dramatically exceed the initial pollutant loadings.

Despite its relatively small abundance, the soil organic matter suggests a plausible
explanation for one of the current observations for S and S . Negative weight losses1 2

Ž . Žwere observed for S with any of the four pollutants Fig. 1 and with S qHCB Fig.1 2
.3 . The neat soils specimens were dried in an oven at 508C for 2 days before being

contaminated. Thus it seems unlikely that any of the exogenous pollutant would be
w xpartitioned into residual physical moisture in the soil 34,35 . Similarly it seems unlikely

that the negative weight loss could be explained by a missing contribution of physical
Ž .moisture evaporation to low temperature weight loss for polluted soils . The negative

weight losses occurred at lower temperatures where for dried neat soil, weight loss
presumably originates from decomposition of soil organic constituents rather than from
soil minerals. Consequently, we infer that for the stated combinations of soil and
contaminant, one plausible explanation for the negative weight loss is that the exogenous
pollutant interferes with release of volatiles from soil organic matter. Another possibility
is that during contamination the solvent alters the soil organic or mineral constituents.

For soils S and S , with a low BET surface area, only a fraction of the contaminant2 3

is expected to be strongly bound to the soil surface, i.e. in the first layer of coverage.
This is particularly true for the soils S and S contaminated by 4-CBP and naphthalene2 3
Ž .Table 4 . Then, from 3–4, to 6 monolayers of molecules are superimposed over the soil
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surface and most of the contaminant is only loosely bound and expected to be released
from the particles by evaporation. Only the last molecular layer has to desorb directly
from the surface of the particles and requires a higher temperature. This hypothesis of
evaporation partly controlling the release of the contaminant for the soils S and S is in2 3

agreement with the fact that the ranges R and R are shifted towards high temperatures1 2

when the boiling points of the contaminants increase, e.g. in Fig. 5, compare S rnaph-2

thalene and S rnaphthalene with S rHCB and S rHCB, and with S r4-CBP and3 2 3 2

S r4-CBP. The BET surface areas for the present soils may overestimate the amount of3

surface area available to the four pollutant molecules. This would be so if some of the
Ž .soil surface accessible to the standard BET gases N and CO is inaccessible to2 2

contaminants of larger cross-sectional area. Thus the number of monolayers needed to
accommodate to entire initial loading of contaminants on the three soils may be larger

Ž .than those estimated in Table 4 as the quantity n .
Ž .This could in turn mean that evaporation sublimation rather than desorption from

the soil surface would be responsible for removal of a greater fraction of the contami-
nant.

The model can be used to support the proposition that evaporation controls the
decontamination process of soils S and S . Figs. 2–4 illustrate the ability of the model2 3

to describe removal of the contaminants 4-CBP, HCB and naphthalene from the
different soils. The decontamination curves predicted by the model are almost indepen-
dent of the nature of the soil, for a given contaminant. The reason is that the model

Žparameters representing the different soil media porosity, tortuosity, geometry of the
.soil pile are the same as are the initial soil masses. The only differences in the model

arising from soil type are the residual contamination levels depending on the BET
surface area of the soil and the initial contamination level of the soil. These two
differences have only a small effect on the rate of contaminant release. In Figs. 2–4, the
experimental curves obtained for S are given for comparison.1

For soils S and S the range of naphthalene decontamination expected to be2 4

controlled by evaporationrsublimation–diffusion is 0–83% and 0–71%, respectively
Ž .Table 4 . The agreement between the model predictions and the experimental data is

Ž .quite good over most of these decontamination ranges Fig. 4 .
Ž .Agreement is not good for the other contaminants 4-CBP and HCB . For 4-CBP

Ž .Fig. 2 , the predicted temperatures, at which a given extent of decontamination of 50%
Ž .is reached, are 228C and 388C too low for S and S , respectively. For HCB Fig. 3 ,2 3

these temperatures are 308C and 358C too low for S and S , respectively. For 4-CBP2 3

and HCB the shift between the predicted temperature and the experimental temperature,
for a given extent of decontamination, increases with the temperature, for both soils S2

and S . The relative insensitivity of the model to parameters such as mean soil particle3

diameter, soil bed porosity, soil bed tortuosity and the areas S and S , shows thatc p

uncertainties about these parameters cannot explain the absence of good agreement. The
only model parameter having a significant effect is the boundary layer thickness. Thus,

Ž .for the system S r4-CBP Fig. 2 , a decrease of the thickness of the concentration3

boundary layer from 4.6 to 2.0 mm decreases by 188C the predicted temperature to
achieve 50% decontamination. Since the thicknesses used were previously validated by
modelling evaporation of the pure contaminants under the same heating rate, using the
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same geometric parameters, uncertainties about this particular parameter are not believed
w xto be responsible for the observed differences 25 .

The lack of agreement between the experimental data and data predicted by the
model could be due to stronger interactions between the molecules of contaminant
themselves, than those accounted for in the model of evaporation. Probably, interactions
between contaminant molecules, even those which do not belong to the first layer
covering the surface, and the soil itself, are at work, demanding higher temperatures for
decontamination. Another reason could be that the molecules of contaminant are situated
within the micropores of the soil. For example, bentonite, a swelling clay, can adsorb
organic molecules in an ‘interfoliaceous’ space of 1.4 nm, leading to a high temperature
range R for decontamination. The behavior of the soil S can be attributed to the1 1

presence of 11.3% of smectite, another swelling clay, comparable to bentonite. Kaolinite
although present at a level of 41% in S seems not to be responsible for the unusual1

Ž .behaviour of S . The soil S contains a lower amount of smectite 6.8% but this could1 2

still play an important role in the contamination and decontamination processes.
Ž .A model based on evaporation sublimation –diffusion provides an upper bound on

how fast a contaminant can be released from the soil. The good agreement obtained with
naphthalene, in the case of the soils S and S , shows that for a contaminant of high2 3

Ž .volatility, evaporation sublimation –diffusion is a plausible mechanism when the soil
does not exhibit a high microporosity.

6. Conclusions

Important details of the thermal removal of organic contaminants from soil can be
deduced from TGA experiments. At a fixed heating rate, temperature ranges to initiate
significant decontamination, to achieve maximum rates of decontamination, and to bring
decontamination virtually to completion, can be determined by comparing thermograms

Ž .for neat uncontaminated soil and the polluted soil. These comparisons assume that
contaminant interactions with soil and its decomposition products during heating are
either negligible, or that their effects on soil weight loss can be corrected for. The
current work finds evidence of such interactions at low temperatures, i.e., from near
ambient to as much as 1508C for a clay-rich soil and three aromatic pollutants
Ž .naphthalene, hexachlorobenzene, and 4-chlorobiphenyl and for a calcerous soil and
hexachlorobenzene from near ambient to about 1408C. Temperatures for deep cleaning

Ž .of the calcerous and a sedimentary soil increased with increasing boiling point bp for
each aromatic contaminant, but removal efficiencies still approached 100% well below
the bp. To achieve high decontamination efficiencies for the clay soil, it was necessary
to heat well above the contaminant boiling point for all three aromatics and for
n-decane. A plausible explanation is that thermal decontamination more closely approxi-

Ž .mates: a evaporation when much of the pollutant is held in multiple monolayers; but
Ž .b desorption from a surface when most of the pollutant is confined to a single surface
monolayer. We estimate that the calcerous and sedimentary soils hold from 50% to
)80% of the three aromatic contaminants above the first monolayer, whereas the clay
soil hosts all four contaminants within the first monolayer. Thus when soil contamina-
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tion levels exceed monolayer coverages, modelling decontamination rates in terms of
pollutant evaporation becomes of interest. Here, agreements between experiment and
predictions of a contaminant evaporation–diffusion transport model from Pichon et al.
w x25 varied with contaminant type and soil type, but were most satisfying for a
soilrpollutant combination with the highest estimated initial number of monolayer
coverages, i.e., the calcerous soil with naphthalene. This model could be improved by
accounting for intraparticle transport of contaminants and for soil–contaminant interac-
tions.

7. Nomenclature

Ž 2 y1 y1.5.a coefficient for the calculation of D m s K
Ž y3 .C contaminant gas phase concentration mol m

Ž .CL contamination level of the soil wt.% of uncontaminated soil
X Ž .CL residual contamination level wt.% of contaminated soilres

D molecular diffusivity of contaminant in the gas phase surrounding
Ž 2 y1.the soil m s

Ž 2 y1.D effective diffusivity of contaminant within the soil bed m se
ŽDL cumulative decontamination level of the soil up to time t wt.% ofŽ t .

.initial contaminant removed
Ž .d soil particle diameter mp

f fraction of the contaminant molecules comprising the first mono-
layer adsorbed on the surface on the soil particle

Ž y1 .M molecular weight of contaminant kg mol
Ž .m mass of contaminant at time 0 kgco

Ž y1 .N Avogadro’s number mola
Ž .P pressure Pa

Ž . Ž y3 y1.r evaporation rate per unit of volume of particles mol m sp
Ž 2 .S contaminant molecule area mmol

Ž 2 y1.S BET surface area of uncontaminated soil m kgBET
Ž 2 .S cross-sectional area of the crucible mc
Ž 2 .S cross-sectional area of the soil pile mp

Ž .t time s
Ž .T temperature K

Ž y1 .Õ instantaneous decontamination rate mg s
Ž .WL weight loss of contaminated soil %CT
Ž .WL weight loss of uncontaminated soil %NCT

x mole fraction of contaminant in the vapor phase
x mole fraction of contaminant in the vapor phase at the surface ofsat

the soil particle
Ž .d thickness of the contaminant concentration boundary layer m

Ž .´ soil bed porosity dimensionless
Ž .t soil bed tortuosity dimensionless
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