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Abstract

Thermally-enhanced soil vapor extraction (T-SVE) combined with sand mixing is an alternative technology for remediating
low-permeable soil polluted by organic contaminants. In this study, a T-SVE apparatus with a large heating cylinder was
constructed for exploring removal mechanisms of typical petroleum hydrocarbons of n-C,; and C,5_, alkanes, and dynamics
of heat propagation within soils during T-SVE operation was simulated by CMG-STARS software. After 6 days of T-SVE,
most of the soil concentration-gradient curves of n-alkanes almost coincided with their isothermal contours, suggesting the
crucial role of heat conductivity on T-SVE remediation efficiency. The instantaneous concentration of n-alkanes in extracted
gas showed great fluctuations, and higher than 90% of spiked n-alkanes was removed from soils. n-alkanes were more eas-
ily eliminated from soil with lower organic matter due to the less retention ratio despite the trivial impact of organic matter
on heat transfer. By contrast, the higher soil moisture adopted in the study retarded heat transfer in the initial 2 days due
to thermal consumption induced by water evaporation. During the last 4 days, however, the average temperature of more
humid soil was obviously elevated, especially in the zones receiving less energy input. It was attributed to the fact that soil
temperature was mainly determined by heat conduction, and soil pores still occupied by water were more beneficial for heat
conduction, leading to the promoted evaporation of n-alkane and therefore eventual remediation efficiency. Suitable original
soil moisture is important for T-SVE remediating low-permeable soil combined with sand mixing.

Highlights

A T-SVE apparatus with a large heating cylinder was constructed.

Thermal conductivity was a crucial factor influencing remediation efficiency.
Volatilization of n-alkanes from heated soils showed an irregular pulsed mode.

Soil organic matter exhibited a trivial impact on heat transfer behavior in soils.
Higher soil moisture firstly retarded and then accelerated the removal of n-alkanes.
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zone. However, the presence of low-permeable soil makes
the contaminants with lower volatility at ambient tempera-
ture entrapped in strata without airflow (Kaleris and Croisé
1999). Consequently, the conventional SVE is limited by
retardation of contaminants in-situ, especially in fine clay
layers (Liu et al. 2024).

Thermally-enhanced soil vapor extraction (T-SVE) can
accelerate the removal of recalcitrant compounds via pro-
moted pore-partition and vaporization, and hence expand
the spectrum of soils and contaminants treated. T-SVE origi-
nated from oil exploitation industry and its application in
practical remediation since 1980s had promoted technologi-
cal upgrades (Horst et al. 2021). Recent bibliometric analy-
sis of academic research in the field further revealed the
vigorous development and the continuous growth of atten-
tions attracted over the past 20 years (Sun et al. 2024; Ala-
mooti et al. 2023, 2024). Compounds with vapor pressure
of greater than 70 Pa at 150 °C are candidates for T-SVE
removal, and it is therefore expected that most of diesel com-
ponents with 12-20 carbon bearing are removed by thermal
desorpion (Poppendieck et al. 1999a). However, soil is a
good insulator with higher heat capacity, and low-permeable
strata will be heated mainly by thermal conduction. The fact
implies that in-situ T-SVE operating on impermeable zones
may not achieve cleanup standards even with long-term heat-
ing. Alternative procedures such as excavation, sand blend-
ing and then ex-situ T-SVE remediation might be desirable.
It was reported that the total thermal conductivity of sandy
soil was more than double that of loam and clay soils when
the water volume fraction was 35% (Campbell and Norman
1998).

Several studies on application of T-SVE using differ-
ent heating approaches such as steam enhanced extraction
(SEE), electrical resistance heating (ERH), thermal conduc-
tive heating (TCH) and radio frequency heating (RFH) in
laboratory and field scenarios have been carried out (Pop-
pendieck et al. 1999b; Harmon et al. 2001; Roland et al.
2008, 2012; Liu et al. 2014; Yu et al. 2019; Davis et al.
2020; Mumford et al. 2021). Temperature, treatment time,
soil characteristics, heating power and well laying have
been identified as key factors of T-SVE remediation pro-
cess (Lighty et al. 1988, 1990; Bucala et al. 1994; Pifia et al.
2002; Sun et al. 2023). Both the temperature increasing and
the heating time extending effectively improved the energy
input, and hence the binding between contaminant and soil
particles was alleviated and the remediation efficiency was
promoted. Merino and Bucal4 (2007) found that evaporation
and desorption governed the removal process of C,4 alkane
when soil was heated to 150-800 °C for 30 min without the
occurrence of pyrolysis. The increment of soil temperature
from 50 to 150 °C gave rise to three orders of magnitude
increase in removal rate constants of C,,_,9 alkanes (Pop-
pendieck et al. 1999a). Temperature of 175 °C is sufficient
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to remedy diesel polluted sandy and silty soils, whereas the
higher temperature of 250 °C is needed for clays (Falciglia
et al. 2011). Simultaneously, soil characteristics such as
moisture content and organic matter composition were iden-
tified as key factors strongly affecting the thermal desorption
of contaminant from soil. The contaminants were adsorbed
by organic matter through mechanisms of hydrophobic inter-
action, m—m interaction, hydrogen bond, electrostatic interac-
tion, etc. The hydroxyl, carbonyl and other functional groups
on organic matter have significant contributions to contami-
nant retention (Sun et al. 2024). An increase in ground-water
flow rate and heating power enhanced thermal convection
and improved temperature uniformity (Sun et al. 2020),
whereas contradictive views were also proposed because
water decreased the soil permeability and hindered the mass
transfer of contaminant molecules within and between soil
particles (Wang et al. 2021).

The reported researches on T-SVE were mainly per-
formed on laboratory and in-situ field scale, and recently
numerical models such as TMVOC, TOUGH?2 and COM-
SOL multi-physics software were developed to simulate the
gas/aqueous transport, multicomponent migration and heat
transfer (Tse and Lo 2002; Guo et al. 2023; Zheng et al.
2023). It was proved that T-SVE exhibited a less sensitivity
to the parameters such as soil layers and distributions of
non-aqueous phase liquids (NAPLs) based on three-dimen-
sional fluid flow and heat transfer simulation (Webb and
Phelan 1997). Overall, most of experiments and mathemati-
cal researches lacked comprehensive consideration of gas/
aqueous phase change, stream migration, heat conduction
as the temperature increased under the effects of moisture
rise and soil organic matter deprivation during ex-sifu reme-
diation, and the concentration of contaminant in extracted
gases was seldom intensively monitored to offer the insights
into remediation performance. Furthermore, it is still needed
to explore the removal mechanism of organic contaminants
from bulk soil filled in a larger tank, which better match the
actual ex-situ engineering process relative to that from soil
packed in a tiny tube. In this work, we constructed a three-
dimension T-SVE apparatus with a large heating cylinder.
To improve fluid permeability, coarse quartz sand was incor-
porated into the tested low-permeable soils with different
organic matter and moisture content contaminated by n-C;
and C,;_,, alkanes. The prepared soils were packed using
the same procedure, and real-time temperature was acquired
by sensors and then transferred to computer per second.
CMG-STAR software was used to simulate the temporal
and spatial distribution of temperature within soil column
considering the difficulty of obtaining global temperature
information from a limited number of monitoring sensors.
The concentrations of 5 n-alkanes in extracted gases were
monitored, and their residues in soil were analyzed after
T-SVE process. The aims of this study were: (1) to explore



Int J Environ Res (2024) 18:86

Page3of11 86

the roles of temperature and soil characteristics such as
moisture and organic matter content playing in contaminant
removal, (2) to acquire the kinetic characteristics of petro-
leum hydrocarbon volatilization from soil during T-SVE
process, and (3) to evaluate the decontamination efficiency
by T-SVE combined with sand mixing. The obtained results
were expected to provide technical references for design of
T-SVE remediating low-permeable soil polluted by diesel
hydrocarbons.

Material and Methods
Reagents and Soil

n-Cy, 13-16 alkanes were selected as representatively volatile
and semi-volatile diesel hydrocarbons. The boiling points
of five n-alkanes are ranged from 196 to 287 °C. All chemi-
cals used in experiment were of analytical reagent quality
purchased from Aladdin Bio-Chem Technology Co., LTD
(Shanghai, China).

Silty soil free of petroleum hydrocarbons was collected
and sieved to pass 50 mesh (particle diameter of 0.30 mm)
after air-dried. Organic matter was analyzed to be 1.19%
using potassium dichromate oxidation spectrophotometric
method. Soil moisture was 3.2% measured by oven-drying
method. Soil texture was determined using hydrometer
method, and percentage of three aggregate fractions cor-
responding to sand (particle diameter: > 0.05 mm), silt (par-
ticle diameter: 0.002-0.05 mm) and clay (particle diame-
ter: <0.002 mm) was 18.2, 62.1 and 19.7 wt.%, respectively.
The surface area and micropore volume of soil was 2.02
m?/g and 0.026 mL/g, respectively which was determined
by a Quantachrome NOVA 4000 analyzer.

Soil Contamination

About 27 kg of silty soil was artificially contaminated with
around 0.3 L mixture of n-C,; and C,5_,4 alkanes dissolved
in 11.7 L of acetone. Soil and contaminant solution was
mixed uniformly and then vented in outdoor with constant
stirring until complete removal of acetone. The spiked soil
was kept in several self-sealing pockets and stored in a
refrigerator for 7 days. To obtain a homogeneous powdered
matrix, the polluted soils was ground and sieved in a 50 mesh
again. Quartz sand (particle diameter of 0.355 —0.425 mm
and bulk density of 1.75 g/cm®) was mixed with the pre-
pared soil at mass ratio of 1: 1 in an agitator running for 8 h
in order to improve fluid permeability. The obtained sandy
soil was designated as sand-modified soil (SS) in the study.

Aiming to evaluate the effect of soil organic matter on
removal of n-alkanes from soil by T-SVE, another set of
experiment was carried out on sandy soil with less organic

matter (SS-LOM), which was obtained by heating original
silty soil at 300 °C for 1 h in a muffle furnace firstly, and then
being spiked with n-alkanes following the same procedure
with preparation of SS. The organic matter of SS-LOM was
measured to be 0.69%, which was about 42% lower than that
of SS. For the purpose of investigating impact of soil mois-
ture on remediation efficiency of T-SVE, the prepared SS
was further mixed with deionized water and homogenized
to simulate sandy soil with higher moisture (SS-HM). The
moisture of SS-HM soil was determined to be 18.5%.
Before thermal treatment of SS, SS-HM and SS-LOM,
point-centered quarter sampling method was adopted and
5-6 samples for each type of soil were analyzed by n-hexane
extraction and subsequently gas chromatography (Agilent
Technologies 7820A) equipped with a flame ionization
detector (GC-FID) for measurement of n-C;; ;_;4 alkanes
levels in soils. The average concentrations of C;;, C3, Cy4,
C,s and C¢ in SS were determined to be 65.4, 95.5, 133.3,
311.3 and 380.4 mg/kg, respectively; in SS-HM 81.9, 92.79,
129.2, 275.1 and 380.4 mg/kg, respectively; and in SS-LOM
89.7, 87.3, 134.8, 288.6 and 393.1 mg/kg, respectively.

T-SVE Apparatus and Soil Packing

Three kinds of polluted soils were treated simulating ex-situ
thermal process using a pilot-scale apparatus which mainly
consisted of vacuum extraction system, extraction well, soil
tank, oil bath, temperature controller, temperature sensors,
signal acquisition and gas sampling systems (Fig. 1). The
soil tank made of stainless steel was a large cylinder with
internal diameter of 40 cm and depth of 30 cm. The bot-
tom and side walls of the cylinder were nearest to oil bath
whose temperature was set by a controller. A high-power
magnetic stirrer was placed under the bottom wall of oil
bath in order to promote heat propagation. Extracted vapor
driven by a vacuum pump was joined to an extraction well
(internal diameter =3 cm) which was axially inserted up to
the middle of cylinder. The under part of well was uniformly
screened with vertical length of screened zone of 2 cm. The
off-gases extracted by well were trapped and condensed in a
glass bottle at 0 °C (ice bath). Non-condensable gas was led
to a fume hood for the sake of safety.

The three prepared soils were equally divided into 4 lay-
ers, and then poured into the cylinder layer by layer. The
thickness of each layer was kept 4 cm, and the total height of
loaded soil was 16 cm. The surface of top layer was covered
by putty powder (200 — 300 mesh) with thickness of 4 cm to
avoid the occurrence of preferential air flow.

The real-time soil temperature evolution was monitored
by 16 temperature sensors (4 sensors per layer) located at
a cruciform rack above the surface of putty powder. The
sensors were arranged in a shape of “V”’ and designated by
Al— A8 and B9—-B16 in A and B profiles, respectively, as
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Fig.1 Schematic of T-SVE apparatus with the high-capacity heating tank

shown in Fig. 1. These sensors were controlled by NI 9216
8-ch PT100 RTD (24 bit) input module, and the temperature
data was recorded per second. The data acquisition program
was coded by Labview software purchased from National
Instruments Corporation (Austin, USA).

T-SVE Process

In each of T-SVE remediation, the apparatus was operated
for 6 days. During the first 5 days, soil was heated for 5 h
but vapor extraction was lasted for 10 h. At the final day, the
heating time was 2 h and vapor extraction was continued for
another 2 h. Therefore, the total experiment duration was
54 h. The heating of oil bath and temperature data collec-
tion were started after airflow rate reached the steady state.
The constant temperature of oil bath at 210 °C and airflow
rate of 60.5 L/min was kept in the experiments, respectively.

Vapor Sampling and Analysis
Vapor sampling section was composed of low-flow rate sam-
pling pump (LFS-113DC, Gilian, USA), pressure gage and

mass flow meter (FMA 1700A/1800A, OMEGA, USA). The
disposable syringe with a piece of polyurethane foam (PUF)
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absorber was connected to both vapor sampling section and
the hose pipe at outlet of extraction well. Every half an hour
the extracted vapor was sampled. The sampling lasted for
10 min, and about 150 ¢cm?> of vapor was collected under
the help of low-flow rate sampling pump. n-alkanes were
captured by PUF absorber.

For quantification, 10 pL of n-C,, alkane was spiked in
PUF as internal standard. All the n-alkanes in PUF were
extracted by n-hexane for 5 times in a ultrasonic extractor,
and all the extracts were combined and then concentrated to
0.5 mL by nitrogen evaporator, subjecting to GC-FID with
a capillary column (ADB-5 silica, 30 m length X 0.25 mm
1.d X 0.25 pm film thickness). The recoveries of n-C;
and C,;_¢ alkanes in vapor samples were in the range of
65.7-91.6%. The reported concentrations of n-Cy; 13_4
alkanes in vapor samples were corrected by recovery of
internal standard of n-C,, alkane.

Soil Sampling and Analysis

As T-SVE finished, putty powder was carefully removed
and soil samples were collected layer by layer. There were
16 samples for each layer and therefore total 64 samples
were obtained. The mass of each soil sample was about 20 g.
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Subsample of about 1.4 g soils was obtained using point-
centered quarter sampling method for subsequent analysis.

Subsample was extracted with 5 mL n-hexane for 5 times
under ultrasonic sound assistance and then centrifuged at
3000 r/min. All the extracts were combined and cleaned
by passing a column packed with silica and anhydrous
sodium sulfate. The effluent was concentrated to 0.5 mL and
then measured by GC-FID. The recoveries of n-Cy; 13_j¢
alkanes in soil samples were in the range of 56.7-98.2%.
The reported concentrations of n-C;; |3_;¢ alkanes in soil
samples were corrected by the recovery of internal standard
of n-C,, alkane.

Results and Discussions

Temperature Profiles Within Soil Column

Heat propagation was recorded by 16 temperature sen-
sors located in 4 different layers during 6 consecutive

days. Figure 2 shows the pulsed temperature variation of
tested soils as a function of elapsed time. The temperatures

ranged from above 180 °C at the bottom (Layer 4) to just
above 100 °C near the surface (Layer 1) at steady state
during heating. It was observed that the shapes of tempera-
ture curve for 3 tested soils within the same layer at the
same day were almost similar. During the initial 5 days,
the temperature curves of all layers could be generally
divided into 3 stages: rapid increase, slow increase and
decrease. At the sixth day, T-SVE only ran for 4 h instead
of 10 h, which made the shapes of temperature curves
changed greatly.

In our previous work (Yu et al. 2019), dynamics of heat
propagation during T-SVE operation had been successfully
simulated by CMG-STARS (Computer Modeling Group
Ltd., Canada) based on hypothesis of homogeneous poros-
ity and permeability of soil. Here the software was used
again to exhibit temperature profiles within SS soil column
with time (from 50 to 500 min) in each day of the first five
T-SVE operations, as shown in Fig. 3. The variations in soil
temperature profiles of SS-LOM and SS-HM during each
heating and cooling cycle were similar to those of SS, and
thus SS was chosen as a representative soil and simulated
by CMG-STARS.
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Fig.2 The variation of soil temperatures within 4 layers monitored by 16 sensors during T-SVE operating in 6 consecutive days
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Fig. 3 Soil temperature profiles during T-SVE process simulated by CMG-STARS software

As demonstrated in Fig. 3, the temperature demonstrated
the decreasing tendency from extraction well to upper side
and top of soil column since the bottom and side walls of
container were next to oil bath. From 100 min on, an approx-
imately hemispheric shape of lower temperature zone was
formed. At 150 min, about a half of soil was heated to above
100 °C. After 200 min of heating, Layer 4 nearest to the
bottom wall exhibited a relatively even temperature distribu-
tion. At 350 min, the temperature of greater than 65% of soil
matrix was above 160 °C. Due to the fact that sandy soil was
a material with poor heat conductivity, soil temperature still
gradually increased until 350 min even though oil bath had
been powered off at 300 min.

Influence of Soil Organic Matter and Moisture
Content on Heat Transfer

The temperature variation trend of different layers for SS-
LOM (organic matter content: 0.69%) were almost con-
sistent with those for SS (organic matter content: 1.19%)
(Fig. 2), and most of the temperature average for the two
soils at the same day was quite close, except for the middle
layers at the first two days (Fig. 4). The above observations
indicated the trivial impact of organic matter on heat transfer
behavior within soils.

On the contrary, soil moisture exhibited the remarkable
influence. In the first 2 days, the average temperature of Lay-
ers 2 —4 for SS-HM (moisture content: 18.5%) was much
lower than that for SS (moisture content: 3.2%), but the com-
parison between the two soils was reversed from the third
day on because of the obviously higher average temperature
of Layers 1 —3 for SS-HM relative to that for SS (Fig. 4).
These results suggested that under the condition of higher
soil moisture, energy propagation was firstly retarded at the
beginning of 2 days and then accelerated at the next follow-
ing 4 days. The lower temperature of SS-HM on Day 1 and
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ers

2 should be due to the thermal energy consumption required
by much water evaporation from SS-HM since water has a
high specific heat capacity and latent heat. In Layer 4 near-
est to the oil bath, soil pores occupied by water were mostly
displaced by air with the continuous operation of T-SVE,
and since the third day the almost same average temperature
of SS-HM with that of the other two soils was reached attrib-
uted to similar thermal conductivities (0.2-0.25 W/m K) of
different soils under dry condition (Wu et al. 2022), leading
to the enhanced temperature increasing rate of SS-HM in the
initial stage of heating. During the last 4 days the obviously
higher average temperature of Layers 1 —3 for SS-HM was
presumably attributed to the water still retained and redis-
tributed during extraction. The thermal conductivity of water
was higher than that of air by one to two magnitudes which
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made soil pores filled by water instead of air more beneficial
for heat conduction. Soil temperature was principally deter-
mined by heat conduction rather than convection except for
the case of extremely porous medium, and therefore soil
humid was more favorable for heat transferred further during
extraction. At the early period of T-SVE the certain level of
soil moisture was recommended (Xu et al. 2022).

Volatilization and Kinetic Characteristics
of n-Alkane During T-SVE Operation

Through volatilization and desorption, n-alkanes were par-
titioned from treated soil into extracted gases when T-SVE
was running. Figure 5A presents the variations in concentra-
tions of 5 n-alkanes in extracted gases with elapsed time in
6 consecutive days. In general, the instantaneous gas-phase
concentrations of n-alkanes showed great fluctuations over
time, especially for contaminants with longer carbon chain
(n-C,5 and n-C ). Sometimes the gas-phase concentrations
of n-alkanes increased rapidly by 1-2 orders of magnitudes
and then quickly decreased, and there were also plenty of

A 150

lower peaks up and down. This result indicated a pulsed type
of mass transfer of n-alkanes transported from heating zones
to extraction well. Related to the change of temperature with
time as shown in Fig. 3, the kinetic release of n-alkanes was
mainly attributed to the temporal and spatial variation of soil
temperature and then delayed evaporation of contaminants.

Influence of Soil Organic Matter and Moisture
Content on n-Alkane Volatilization

To further clarify the variation of volatilized n-alkanes with
soil organic matter and moisture content, the average con-
centrations of n-alkane in extracted gases were calculated.
As shown in Fig. 5B, both soil organic matter and moisture
content exhibited the significant impact on evaporation of
n-alkanes. The lower soil organic matter content resulted
in an accelerated volatilization of n-alkanes, especially for
n-Cy4. ;¢ alkanes with higher boiling point. On the first day
of thermal remediation, the average concentration of total
n-alkanes (Xn-C,, 15_1¢) in extracted gas from SS-LOM
was 166.8 pg/L, which was obviously higher than that from
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Fig. 5 Instantaneous concentrations (A) and average concentrations (B) of five n-alkanes in extracted gas during T-SVE process in 6 consecutive

days
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SS (105.7 pg/L). It was reported that the volatilization rate
and desorption efficiency was negatively correlated with soil
organic matter, and contaminant required more energy input
to overcome activation energy barrier and desorb from soil
with higher organic matter (Luo et al. 2019).

At the early stage of T-SVE, the higher moisture content
restrained the volatilization of n-alkanes, especially for n-
C,1, 15 alkanes with lower boiling point. On Day1, 2 and 3,
the average concentration of Y n-C,;, ;5_1¢ in extracted gases
from SS-HM was 75.6, 94.5 and 148.6 pg/L, respectively,
which was remarkably lower than that from SS (105.7, 122.0
and 205.6 pg/L, respectively). Presumably, the declined
gas-phase of n-alkanes from SS-HM was attributed to the
delayed temperature increment (Fig. 2). During the last
3 days, however, the higher soil moisture was beneficial for
evaporation of n-alkanes. The average concentration of ) n-
Cy1> 13_16 In extracted gases from SS-HM was peaked on Day
4 which was obviously higher than that from SS observed
on Day 3. The accelerated volatilization of n-alkanes from
SS-HM at the later stage of T-SVE could be explained by
the higher average soil temperature in top three layers as
well as the formation and propagation of gas-filled fractures
during boiling and subsequently enhanced steam-stripping
of n-alkanes from soil particles. Steam production by boiling
of pore water had been identified as one of the major mecha-
nisms for overcoming mass-transfer limitations. Moreover,
water molecules were easier to adsorb on the surface of soil
medium than petroleum hydrocarbons due to their greater
polarity which was favorable for the release of contaminants
(Shi et al. 2021). It was reported that 1, 2-dichloroethane
(DCA) concentration in the clay were reduced by two orders
of magnitude after roughly half the pore water was removed
(Liu et al. 2014). The gas-phase permeability was greatly
promoted when gas bubbles coalesced during heating, pro-
viding more preferential pathways for transport of VOCs in
vapor-phase (Liu et al. 2014).

Residue Characteristics of n-Alkanes in Soil After
T-SVE Operation

The contour of remained n-alkanes vs. soil depth together
with distance from well was obtained by interpolation
method (Fig. 6). The zones close to oil bath and punched
portion of well were cleaned to very low residual levels of
n-alkanes compared with the other zones. The difference
in concentration of n-alkanes between the two zones was
amplified with the increasing of carbon chain of n-alkanes.
Most of the soil concentration-gradient curves of tested
n-alkanes almost coincided with their isothermal contours
(Fig. 2), indicating the key impact of thermal drive force
on contaminant transfer which was in agreement with the
simulation of a developed second-order polynomial model
for remediation of sandy soil contaminated with VOCs using
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T-SVE method (Sabour et al. 2017). Since the unusually
maximum concentrations of remained n-alkanes were always
measured at the colder zone (Layerl or Layer 2), especially
for hydrocarbons with longer carbon chain, it is important to
reduce the soil volume with lower temperature in order for
improving the remediation efficiency of T-SVE.

Influence of Soil Organic Matter and Moisture
Content on Remediation Efficiency

The remediation efficiency of T-SVE for three artificially
contaminated soils was evaluated by comparing the origi-
nal concentrations vs. average residual concentrations of
n-alkanes. The average residual concentration was calcu-
lated by averaging the remained concentrations of each
n-alkane in SS, SS-LOM and SS-HM. As shown in Fig. 7,
T-SVE process achieved the higher remediation efficiency
for SS-LOM polluted by n-alkanes. The average residual
concentrations of 5 n-alkanes in SS-LOM (organic matter
content: 0.69%) were all obviously lower than those in SS
(organic matter content: 1.19%). After 6 consecutive days of
T-SVE, 94.1% of Yn-C;, 15_1¢ Was removed from SS-LOM,
whereas from SS the eliminated ratio of Y n-C,;, 13_;6 Was
90.4%. 1t was reported that humic substances (80% of soil
organic matter) were closely correlated with the adsorption
of organic pollutants (Ussiri and Johnson 2003). Different
humus types of organic matter thermally degraded in the
temperature range of 200-650 ‘C (Hempfling and Schulten
1990; Schulten 1987). Considering that the temperature of
most soil samples ever reached were below 200 ‘C when
T-SVE was running, there was still abundant adsorption sites
contributed by organic matter. Therefore, less soil organic
matter content led to the lower retention and thus the greater
removal of n-alkanes from SS-LOM.

Higher moisture gave rise to the enhanced remediation
efficiency of T-SVE. The average residual concentrations
of 5 n-alkanes in SS-HM (moisture content: 18.5%) were
all significantly lower than those in SS (moisture content:
3.2%) (Fig. 7). After T-SVE decontamination process, the
removal ratio of Xn-C,;, ;5.1 for SS-HM was calculated
to be 92.6%, which was remarkably higher than that for
SS (90.4%). Although the volatilization of n-alkanes from
SS-HM was suppressed in the initial 2 days, the final elimi-
nation rate was still enhanced which implied the positive
influence of suitable moisture content on removal of petro-
leum hydrocarbons from soil during T-SVE operation.

Conclusions

T-SVE combined with sand mixing achieved higher reme-
diation efficiency for petroleum hydrocarbon-contaminated
soil. Above 90% of spiked n-alkanes was removed during
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Fig.6 Contours of 5 n-alkanes (mg/kg) with soil depth (cm) and distance from well (cm) in three kinds of soils after 6 consecutive days of

T-SVE operation. Right and bottom lines in orange indicated oil bath

54 h of pulsed T-SVE running. Soil temperature and ther-
mal conductivity of fluid within soil pores crucially affected
the spatial distribution of residual n-alkanes and final reme-
diation efficiency. The higher temperature soil zones were
decontaminated to very low residual levels of n-alkanes. The
instantaneous concentration of n-alkanes in extracted gas

showed great fluctuations, and volatilization of n-alkanes
from soil with lower organic matter content was acceler-
ated despite the trivial impact of organic matter on energy
propagation. By contrast, higher soil moisture firstly retarded
and then promoted the heat transfer and thermal desorption
of n-alkane as a function of time, characterized with finally
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Fig. 7 Concentrations of 5 n-alkanes in three artificially contaminated
soils before and after T-SVE and calculated removal rates of these
n-alkanes

enhanced remediation efficiency of T-SVE. In conclusion,
reduction of low-temperature soil volume and maintenance
of suitable original soil moisture are key factors for T-SVE
remediating low-permeable soil combined with sand mixing.
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