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Abstract: Venting is one of the most used in situ remediation methods for unsatu-
rated soils contaiminated with volatile organic compounds (VOC). The develop-
ment of mathematical models and their validation by means of experimental results
allowed the identification of the main parameters which influence the soil depo-
Ilution process. The influence of temperature on the venting depollution process of
soils polluted with volatile organic compounds was studied in this investigation. It
was found that the depollution efficiency is strongly influenced by the vapour
pressuree of the pollutants. The conclusions, derived from the performed experi-
mental determinations allowed characterization of the depollution process by using
an "equilibrium" model. This model considers the existence of equilibrium between
the four pollution phases (vapour, aqueous, "solid" and non-aqueous phase organic
liquids) at any moment in time. In order to calculate the vapour pressure, a modified
equation of the Antoine model was used in the model. Application of the mathemati-
cal model indicates that a 10 °C temperature rise leads to a two-fold increase in the
vapor pressure of a compound. Comparison of the modeled and experimental
curves, as well as the values of the obtained performance critterions, verified that the
chosen mathematical model describes the influence of temperature on the depo-
Ilution process very well.
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INTRODUCTION

Soil venting, or in situ ventilation, is a technology for removal of volatile or-
ganic compounds (VOCs) from polluted soils. The principle of venting consists in
sending into the soil a flow of air through a series of dispersion wells installed at
the border of the contaminated zone and in pumping into the center of this zone air
enriched with polluted gases.
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In soil, volatile organic compounds may be found in four phases: vapour phase,
aqueous phase, "solid" phase and non-aqueous phase organic liquids (NAPL). Venting
acts directly on the NAPL and on the organic vapors entrapped in the unsaturated zone. !

The aims of this study were to investigate the effect of temperature modifica-
tion on the depollution process of a soil polluted with volatile organic compounds.
This study was realized both by experimentaly obtained data and by a mathemati-
cal model, which allows a complex explanation of the investigated phenomenon.

The investigations realized in this work show that modification of the temper-
ature of the soil changes the vapor pressure of a compound, the constant of Henry's
Law, the adsorption coefficient onto the soil particles and the diffusion coefficient.
In their study, Walton et. al.2 noticed that increasing the temperature of the soil by
15 °C doubled the vapor pressure of trichloroethylene and, thus, doubled its re-
moval rate. The influence of temperature on the constants of Henry's Law is vari-
able, but most compounds partition to a greater extent into the vapor phase at
higher temperatures, thus encouraging the depollution process.3:4 The value of dif-
fusion coefficients increases with increasing soil temperature.

However, higher temperatures are not always favorable. An example is the sit-
uation of soils with a high moisture content. When organics are occluded by water
layers, diffusion through the water layer will be slowed when the Henry Law con-
stants lead to lower aqueous concentrations.”

EXPERIMENTAL

The studied soil, originating from the Cote Saint André (Isére) Agriculture High School,
France, had on an organic mater content of 2.2 % a soil porosity of 52.2 % and a humidity of 12 %.
Its granulometric composition showed a soil rich in sand and silt (43.2 % —sand; 39.8 % —silt ; 17.0
% — clay). As pollutants, two volatile organic compounds were used. They represent two different
chasses of hydrocarbons: heptane, which represents the alkanes class, and toluene, which represents
that of aromatic hydrocarbons.

The filling of the cylindrical containers and the achievement of pollution were performed by a
well-defined method, which offers a homogeneous permeability and porosity of the soil, as well as a
homogeneous pollution. The obtained content of pollution of the soil was 6 g /kg soil.

The ageing time of the organic compound in the soil was 11 days, a period considered suffi-
cient for establishing equilibria between the four phases of pollution in the soil. Subsequently, the
containers were coupled to the venting with N, depollution circuit.

The experimental installation used for venting depollution of the artificially polluted contain-
ers is presented in Fig. 1.

In order to realize depollution gas circulation through the soil column (7), the lower part of the
container is connected to a nitrogen cylinder (1) and a reducer (a). This system induces nitrogen flux
circulation, giving rise to a slight overpressure in the column. The obtained overpressure was mea-
sured in a parallel study by means of pressure detectors fixed in three tapped holes, which are lo-
cated on the lateral surface of the containers.

Another advantage of this system is the possibility of easy control of the nitrogen flow which
passes through the soil column and the possibility of keeping constant the flux humidity. With the
view of measuring the value of this flow, a Platon flow meter (6) was fixed at the inlet of the con-
tainer and at the outlet, a soap bubble flow meter was used. A low value of the depollution flow of
100 ml min"! was chosen to ensure equilibria between the four phases of the pollution in the soil.
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Fig. 1. The experimental installation utilized for th study of the venting depollution technique.
a — Reducer with diaphragm — HBS 315/8; b — Platon flow meter; ¢ — Chromatograph P200H
Agilent Technology (LGC); 1 — Nitrogen cylinder that guaranties the feeding with nitrogen of the
instalation; 2,4 — Manometers; 3 — Reduction valve; 5 — Taps for the flow adjustment; 6 — Flow
meter; 7 — Cylinder column with the sizes LxD = 106 x 98,4 mm; 8 — nGC drawing pump; 9 —
uGC capillary column; 10 — Computer.

On passing through the soil, the nitrogen flux is enriched with pollutant vapour. The composi-
tion of this gaseous mixture is analyzed at the outlet of the soil column by means of chromatography
(c). From time to time, a gaseous sample was with drawn by means of valve and an integrated draw-
ing pump (8). The supply information of the katharometer was sent to a computer (10), which allows
the analysis results to be processed in real time. For this purpose, the program EZ-Crom was used.

As the amount of pollutant in the soil column was small, the depollution gases are sent directly
to the exhaust hood without any preliminary treatment.

RESULTS AND DISCUSSION

The experimental results obtained by using the installation described in the
experimental section were processed and the resulting depollution curves were
similar to that presented in Fig. 2. During the treatment, the variation in time of the
ratio between the value of the pollutant concentration (c) in the depollution flux
and the value of the saturation concentration of the pure compound (cg,;) at the
working temperature was followed. This parameter allowed an easy detection of
the influence of temperature on the depollution process.

The mathematical model used was an "equilibrium" model, which considered
the existence of an equilibrium between the four pollution phases at any moment in
time. The other simplifying assumptions were:
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of a toluene polluted soil at 19.5 °C.
firne, | 4]

— ideal behavior of the soil vapor phase and aqueous phase;

— constant values of the temperature, of the humidity and of the porosity of the
soil during the depollution process;

— the absence of biodegradation of the organic pollutant.

Under steady-state conditions, the distribution of the pollutant in the four ex-
isting phases in the soil may be expressed by the following system of equations:

Viei=zi[(p' el )/ RT)+(pV p)/ @ M™)+ny+Kip V) (@ M™)]
N .
S (1)
i=1

where: 5 — considered soil element volume, cm?3; cl; — apparent global molar concen-
tration of compound in the soil, mol cm.=3; z — molar fraction of compound i in the
non-aqueous phase organic liquids (NAPL); pi,— vapour pressure of compound i, atm;
Eo— soil porosity, %; R — gas constant, atm cm3 (mol K)~!; T— absolute temperature,
K; a I — activity coefficient of comopound i in water (mol water) (mole compound)-!;
pS — soil density, g cm=3; ¢ — soil humidity, (g water) (g soil)"!; MY — water molar
mass, g mol1; n, — total number of moles of organic compoounds in the non-aqueous
phase organic liquids, mol; K — repartition coefficient between the liquid aqueous
phase and the soil; N — number of organic pollutants.

Concerning the dynamic behavior of the soil column, as a result of a hydrody-
namic investigation it was shown that it can be assimilated with a succession of two

continuous stirred tank reactors.”-8 The equations that characterize the reactor bal-
ance of the according to this system are:

Videl ()1 dt=—Fyi ()

i i i )
Vadey (6)/ di==F[y1 () -y (0)]]
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where: V|, V, —reactors volume, cm3; F — nitrogen molar flow that passes through
the column, mol s~1; ¢l (¢),cl5(f) — concentration variation of the pollutant i in the
two reactors, g cm=3; yi1 (), y1,(¢) — variation in time of the molar fraction of pollut-
ant i in the gaseous phase at the outlet of the two reactors.

In a four-phase system, the contaminant volatility will be governed by the
VOC's vapor pressure and mole fraction within the immiscible fluid. The vapor
pressure of all compounds increases substantially with increasing temperature,
while the solubility in a solvent phase is much less affected by temperature. This
suggests that the soil temperature should be taken into account when evaluating
VOC recovery for contaminants located near the soil surface (seasonal variations
in the soil temperature quickly decrease with depth).

To calculate the vapour pressure, a modified equation of the Antoine model
was used in the model:?

pl=A+BAT+C)+DIn(I)+E TF 3)

where: 4, B, C, D, E, F'— constants typical of each compound and which depend of
the pressure unit.?

The value of saturation concentration was obtained starting from the ideal gas
law, thus:

Ct =Py | (RT) @)

The variation of the saturation concentration of the two studied pollutants as a
function of temperature is presented in Fig. 3. From the Design Institute for Physi-
cal Property Data Base (DIPPR) it was found that the used model is valid for the
following temperature ranges: for heptane from —43.15 to 267.01 °C and for tolu-
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ene from —94.47 to 318.64 °C. In this study, the temperature range between 0 and
35 °C was focused on.

The shape of the curves calculated based on the Antoine Law shows the varia-
tion of the vapour pressure of the two compounds with temperature. In can be seen
that heptane is more volatile than toluene and therefore, it can be supposed that it is
easier to extract from a polluted soil. This phenomenon is amplified with increas-
ing temperature.

The testing the mathematical model, performance criterions: standard devia-
tion and correlation coefficient were utilized.

By representing on the same axes system the experimental values and the re-
sults obtained on the basis of the mathematical model, Fig. 4 is obtained.

The study of the experimental data curve highlights the existence of 4 charac-
teristic zones:

— 18t zone — the depollution curve has an ascending tendency which corre-
sponds to an insertion process due to mass accumulation in the installation at the
beginning of the depollution. It characteries vapour phase extraction;

—2nd zone —a plateau around the value 1, which coresponds to vapour and lig-
uid phase extraction, and is characterized by the maxim organic compound con-
centration in the extraction flux;

— 31d zone — a decreasing zone, corresponding to the extraction of pollutant
dissolved in aqueous soil solution;

— 4th zone — a constant around the value 0, corresponding to the extraction of
pollutant adsorbed on the soil particles.

In constant, only the last 3 zones can be distinguished on the depollution curve
obtained on the basis of the mathematical model. The same type of depollution
curve was established by Anderson et al.10

For the situation described above, the following values of the performance cri-
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terion were obtained: 0 = 0.1013; R = 0.9743. These values indicate a good agree-
ment of the model with the experimental results.

The influence of temperature on the depollution process was studied by 5 ex-
perimental sets, the temperature varying between 19.5 and 32 °C. The pollutant
used for the first 3 sets was the toluene and for the last two heptane, the alkane be-
ing more volatile than toluene. The experimental depollution curves and those ob-
tained on the basis of mathematical model are presented in Fig. 5.

The values of performance criterions for the 5 experimental sets compared
with the corresponding data sets obtained by applying the mathematical model are
presented in Table I. In this Table are given the values of the depollution efficiency
(), which show the efficiency of the extraction process.

TABLE I. The values of performance criterions and depolllution efficiency for the 5 experimental sets

No. pilot Pollutant p./Pa t/°C n o R
1 Toluene 2836.7 19.5 0.9615 0.1013 0.9743
2 Toluene 3793.1 25 0.9706 0.0781 0.9845
3 Toluene 4766.4 29.5 0.9759 0.1276 0.9561
4 Heptane 5862.9 25 0.9801 0.0416 0.9944
5 Heptane 8258.2 32 0.9890 0.0606 0.9855

It can be seen that with increasing temperature the saturation concentration in-
creases, which reduces the depollution time. This influence is also confirmed by
the good correlation between experimental and the modeled curves for the 4 stud-
ied temperatures.

By analyzing the obtained curves, it can be seen that the temperature affects each of
the 4 characteristic zones described previously. Thus, the time for the mass accumulation
in the first zone is shorter with increasing temperature. Assuming that the mass accumu-
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lation in the installation is constant, the higher the temperature is, the higher is ¢g,, which
leads to a shorter accumulation time.

The value of ¢y also influences the length of the c/cg,; = 1 plateu. If the quantity of
pollutant is the same for all experiments, the higher cgy, is, the shorter is the time for the
extraction of the same mass of pollutant.

Also, it can be observed that the depollution efficiency increases with increas-
ing depollution temperature. By comparing the experimental values curves and
those established on the basis of the model, the last zone which corresponds to the
extraction of pollutant adsorbed on the soil particles (around the value 0), it can be
seen that with increasing temperature its length is diminished. This confirms that
the adsorption process is dependent on the temperature.

By comparing the results of the depollution process for the soil polluted with
toluene and those for the soil polluted with heptane, the rates of depollution can be
observed. Thus, the second zone of depollution is shorter in the case of heptane
than for toluene. This is in agreement with the vapour pressure of heptane being 1.5
times greater than that of toluene. Thus, the quantity of heptane carried with the
depollution gaseous flux is greater than the quantity of toluene.

CONCLUSIONS

The increasing use of the venting depollution technique, for soils polluted
with volatile organic compounds has generated assiduous research for the determi-
nation of those parameters (physical, chemical and technological) which influence
this depollution method.

The presented work constitutes a laboratory study realized in order to estab-
lish the influence of temperature on the venting depollution process of soils
artificialy polluted with toluene and heptane. To evaluate the depollution, an "equi-
librium" mathematical model was used. The predictions of the model were verified
by comparing them with the results of experimental determinations. The influence
of temperature on the vapour pressure of the pollutants was described by using a
modified equation of the Antoine model.

Both the experimental and modeled results revealed that with increasing tempera-
ture, the rate of the depollution process increases because of the increase in the volatility
of the pollutants. Also, it was notice that the adsorption process of the pollutants on the
soil particles is dependent on the temperature, but an exactly correlation was not found.

The conclusions generated as a result of the applicaation of the mathematical
model were validated by calculatng the performance criterions of the model. The
obtained values show a good correlation between the mathematical model and the
experimental values, thus certifying the chosen equations.

This study was carried out using only thermodynamic laws, mainly the
Antoine laws. It can thus be extended to all volatile organic compounds, the only
constraints being related to the availability of the coefficients of the Antoine law
for the chosen products and respecting the applications conditions of this law.
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U3BO

NCIIMTUBABE YTULHAJA TEMIIEPATYPE HA ITPOLUEC ITPEUHNIII'HRABABA
SEMJIbMIITA 3ATABLEHOT UCITAPJbBMBUM OPTAHCKUM JEIHBEBVMA
METOIOM ITPOOYBABABA BA3[1IYXOM

GABRIELA-ALINA BRUSTUREAN,1 JEAN CARRE,2 DELIA PERJUl u TEODOR TODINCA
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[IponyBaBame Ba3gyxoM je jefiHa off HajBUIlle KOPUITheHNX in situ METOJja 3a peMefuja-
L]y 3eMJBUINTA 3arabeHor ucnapbUBUM OpPraHcKuM jeaumemnnma (VOC).

TTocraBmameM MaTeMaTHUYKOTr MOJiela U HErOBUM IOTBphUBaWkeM eKCIepUMeHTall-
HUM pe3yJTaTuMa HAeHTU(UKOBAHH CYy TJIaBHU NapaMeTpu KOjU yTHYy Ha Npollec Ipeyu-
nrthaBama 3eMJbuIITa. Y pajy je HICIUTHBAH YTUIAj TEMIIepaType Ha Ipolec npeunirhaBama
3eMJBHINTA NPOAYABakbEM Ba3[lyXxoM Off 3arabema UCap/bUBUM OPraHCKUM jeHECHIMA.
3aKJbyyll U3BEICHN HA OCHOBY €KelleprMeHaTa OMOIYhmiin ¢y KapakTepHu3alujy mpoueca
npeunnrhaBama Mpeko "paBHOTeKHOT " Mofiesna. OBaj MOfIes pa3MaTpa IOCTOojamkhe paBHOTE-
ke m3meby yetupu pase (racosura, BofieHa, "uBpcra’ U HEBOJCHA (pa3a OpraHCKEe TEYHO-
cTH) 3arabuBayva y cBAKOM TPEHYTKY. 3a U3padyHaBame HallOHA ape Y MOJieny je Kopuirhe-
Ha MOA(]UKOBaHA jeAHauYMHA Antoine-oBOT Mojeia. MaTeMaTHYKu MOJes je MHAMLUPAO
YABOCTpYyUYaBamk-€ HAIOHA Mape npu nopacty temnepartype 3a 10 °C. Ynopebbusame excre-
PUMEHTAJTHUX KPUBUX U KPUBHX 11O MOy, Ka0 U OOUjeHN KPUTEPHUjyMH IIOHAIlIaka, 110~
TBPAWIIY Cy Jla ©3a0paHu MaTeMaTHYKU MOJIEJ BPJIO J0OPO Omnucyje yTUIaj TeMiepaType Ha
npoliec npevnithabama.

(Ipumibeno 10. aBrycra 2005, pesuaupano 18. anpuia 2006)
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