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A B S T R A C T

In this paper, four treatment techniques commonly applied to Volatile Organic Compounds (VOC) removal
from soil are compared in column experiments with pure sand containing a residual Light Non-Aqueous Phase
Liquid (L-NAPL) contamination. Oxidation is tested through the injection of Fenton reagent, with persulfate,
and combined with sparging with the injection of ozone. Surfactant treatment was conducted at low flow rates
with Tween®80. Sparging was conducted by air injection but at a low flow rate of 1 mL min−1. Finally several
columns were thermally treated at a temperature of 80 °C. The results showed high removal (>90%) for all
techniques used, although only thermal treatment on BTEX (Benzene, Toluene, Ethylbenzene and Xylenes)
reached 100% efficiency. The main limiting factors of each technique were: (i) for oxidation, the solubility
of the substance limited the removal; (ii) for surfactant both the solubility in the surfactant and the type of
surfactant are important; (iii) for sparging, the main factors are contaminant vapor pressure and porous me-
dia grain size; (iv) for thermal treatment, the limitation arises from the contaminant vapor pressure and the
medium hydraulic conductivity. A comparison with literature data shows that the results are consistent with
most of the studies conducted on one technique.

© 2017.

1. Introduction

Diesel fuel is commonly used for road and railways transporta-
tion, resulting in spills into soil and groundwater. Diesel fuel is a com-
plex mixture, composed of about 40% n-alkanes, 40% of iso- and cy-
cloalkanes and about 20% of aromatic hydrocarbons (Chia-Hsien et
al., 2011). Among these compounds, aromatics have the highest wa-
ter solubilities and affect water quality most negatively. At contami-
nated sites, leakage from oil storage often results in the presence of a
Light-Non Aqueous Phase Liquid (L-NAPL) lens floating above wa-
ter table. After a first treatment the presence of a residual NAPL phase
leads to groundwater dissolved concentrations higher than legal values
at most sites, thus requiring further treatment.

Presently numerous techniques are used at contaminated sites to
treat these residual NAPL phases. Sparging and In Situ Chemical Ox-
idation (ISCO) are among the most used techniques while surfactant
injection and thermal treatment are less common but their use has in-
creased recently (Atteia et al., 2013; McGuire et al., 2006). Biodegra-
dation is often present and can be enhanced, however it is mainly ap-
plied on the plume rather than in the source zone, leading to long treat-
ment times (Stroo et al., 2012). The present article focuses on the 4
first techniques mentioned above and not on biodegradation.

∗ Corresponding author. Fondation Innovasol, 1 Allee Daguin, 33607, Pessac, France.
Email address: olivier.atteia@ensegid.fr (O. Atteia)

To efficiently treat this kind of contamination numerous factors are
important. Batch studies allow investigating several factors like the
overall reaction rates or reaction types that may occur. However, the
presence of a porous medium modifies the treatment techniques effi-
ciency and thus, it is common to test treatment techniques with column
experiments. Columns filled with calibrated sand allow testing the ef-
fect of the porous medium without disturbance of preferential flow.
Although column results will not directly be applicable to field scale,
treatment efficiencies at a heterogeneous site are always lower than in
controlled columns. The optimization of the treatment process through
column studies is thus an important prerequisite.

One of the most studied techniques in columns is surfactant in-
jection (Mao et al., 2015). Most of the tests were conducted on chlo-
rinated solvents for which very high increases in solubility can be
reached. In some studies a removal of 99% of the pollutant was
reached (Pennell et al., 1994), while for others a removal of only
40–60% was reached, without any clear explanation of these differ-
ences (Khalladi et al., 2009; Lee et al., 2001).

Concerning sparging, several studies were conducted on 2D verti-
cal laboratory pilots (Reddy and Adams, 2000; Rogers and Ong, 2000;
Semer et al., 1998) but few on columns. The objective of these 2D
pilots was to explore the gas preferential pathways, which signifi-
cantly reduce the treatment efficiency (Braida and Ong, 2001). At the
column scale this effect has also been clearly demonstrated through
X-ray scanning (Chen et al., 1996) and has been successfully mod

https://doi.org/10.1016/j.chemosphere.2017.08.163
0045-6535/© 2017.
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eled through a semi-empirical approach including a frequency of air
tubes (Braida and Ong, 2000).

For chemical oxidation, BTEX high removal rates were shown
through batch experiments (Anhua et al., 2014; Crimi and Taylor,
2007). In columns, removal of Polycyclic Aromatic Hydrocarbons
(PAH) by Fenton or persulfate was quite low (Lemaire et al., 2013).
Fenton's reagent was an efficient oxidant in batches (Crimi and
Taylor, 2007; Kim and Lee, 2012) but also in Diesel contaminated
columns (Stuart et al., 2001). The main issue about Fenton injection
on field sites is the explosion hazard of the mixture. To face this issue
some authors use pulsed injection (Watts et al., 2014) or use perox-
ide alone at places where iron is present in the solid phase (Ravikumar
and Gurol, 1994). Permanganate is widely used for chlorinated sol-
vents but is not efficient on benzene (Crimi and Taylor, 2007). Per-
sulfate has been used more recently (Siegrist et al., 2011). It has the
advantage of being stable for several days or weeks in the medium and
can thus easily reach places distant from the injection area. Ozone has
been used only at few contaminated sites, but has been studied at the
column scale (Alcantara-gardu, 2008; Choi et al., 2002).

Very few studies reported the use of thermal remediation in
columns (Falciglia et al., 2011; Zhao et al., 2014), but high removal
efficiency was reported in the field (McGuire et al., 2006).

This short literature review revealed that almost no study compared
several techniques on columns and that most of the results were on
chlorinated solvents while BTEX remain an important challenge at
several sites. This study has thus two major objectives:

- To compare, for the first time, four techniques using the same
medium and contamination, in order to find out the best parameters
to reach high efficiency.

- To determine the physical and chemical factors that may limit the ef-
ficiency of the investigated treatment techniques in a homogeneous
porous medium.

It was chosen to investigate challenging conditions where a suc-
cessful treatment was possible but difficult to achieve. This is why
sand with an average hydraulic conductivity of 10−4 m s−1 was se-
lected and water velocities close to field conditions were used. Sec-
ondly, if the technique was not sensitive to the nature of the contami-
nant in a group of substances, the least toxic substance was chosen for
safety reasons. Thirdly, a range of contaminants were used to explore
the potential limits of each technique.

2. Materials and methods

2.1. Chemicals

The following contaminants (pure grade) were used: n-decane
(C10H22, Fisher, Strasbourg, France), menthol (C10H20O, Fisher, Stras-
bourg, France), benzene (C6H6, Baker, Rennes, France), toluene
(C7H8, 98% Fisher, France), o-xylene (C8H10, 98% Fisher, Strasbourg,
France). Three different contaminant mixtures were used:

- a 1:1 (v) n-decane and menthol mixture.
- a 1:1:1 (v) benzene, toluene and o-xylene mixture.
- a 1:1 (v) n-decane and toluene mixture.

The physical and chemical properties of these pollutants are de-
scribed in Table SI1.

2.2. Column set up

Stainless steel columns used in the experiments have a diameter of
3.9 cm, effective length of 11.2 cm. Each column was carefully filled
with calibrated sand (MI 31, Sibelco, Authenay, France) of 10−4 m s−1

hydraulic conductivity and packed in order to reach the same pore
volume (PV, determined by mass balance) of 49.5 mL. A part of the
columns used for thermal treatment were filled with a mixture of the
calibrated sand and clay (Kaolinite, Sibelco, Authenay, France) lead-
ing to a measured hydraulic conductivity equal to 10─5 and 10─6 m s−1

for mixtures containing 10 and 20% of clay (in mass), respectively.
The L-NAPL saturation in the porous media was fixed to 6%. For

this purpose, sand, water, and pollutants were mixed in a beaker to ob-
tain a homogeneous mixture. This homogeneity was validated by mul-
tiple point sampling in blank columns. For volatile products the mix-
ing was achieved at 4 °C and as rapidly as possible (a few minutes) to
limit volatilization.

2.3. Treatments

The applied treatments were defined after a detailed literature re-
view, given in section 4. Concerning oxidation, despite the numer-
ous papers in literature, several experiments were first conducted in
batch in order to select the most efficient oxidant and the best concen-
trations, specifically for persulfate. Tween® 80 (Aldrich, Bar-le-Duc,
France) was selected as surfactant because of its high dissolution ca-
pacity and low toxicity. For sparging, as presented in introduction,
preferential gas flow is the main issue, conducting to choose low air
flow rates. For thermal treatment, the temperature was selected ac-
cording to the vapor pressure of the used contaminants (see details in
section 4).

The treatments are described in Table 1 and three repetitions were
conducted for each treatment.

Oxidants and surfactants were injected in a liquid form with a peri-
staltic pump at ratio given in Table 1. For persulfate injection two fre-
quencies were used: 1 injection per week during four weeks and 1 in-
jection per month during two months. During the inactive time, the in-
jected volume of persulfate simply stayed in the column at room tem-
perature. The added persulfate was in large excess for the first test
OPS1 (0.92 mol per column for 0.016 mol of contaminants or a stoi-
chiometric requirement of 0.49 mol) to avoid persulfate limitation dur-
ing the experiment, and at stoichiometry for the OPS2 test.

For all experiments using Fenton, 2 PV of Fenton solutions were
injected each day during 7 days. During the first experiment the H2O2
and iron sulfate solutions, components of the Fenton reagent, were in-
jected at a flow rate of 1 mL min─1 in three periods of 1 h: 15 min
H2O2, 15 min iron and 30 min without injection. In the second set of
experiments, the injected volumes were the same. The time slots were
changed and lasted 3 min each and were separated by 9 min without
injection. The injection flow rate was set up at 1.25 mL min─1 in or-
der to reach the same total injection time of 3 h per day (Fig. S1).
The total injected amount of H2O2 was in excess (1.3 mol for a de-
mand of 0.49 mol, as for persulfate experiment)Ozone was injected
into columns using an ozone generator (BMT, 802 N model) with a
fixed ozone rate production which resulted in the injection of 130 PV
of air and 10.5 g of ozone during the 7 days of the experiment.

Air injection for sparging was performed with a syringe pump and
for ozone the ozone-air mixture was directly injected with the ozone
generator. Air injection was performed at a continuous low flow rate
of 1 mL min─1 for a total of 2 PV (98 mL) per day. The overall treat
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Table 1
Description of the treatments applied to the columns.

Category Type Contaminant mixture Name Concentra-tions of agent Total injected volume Frequency of injections

Oxidation activated persulfate Decane/menthol OPS1 [Na2S2O8] = 550 g L─1 8 PV 1/week
OPS2 [FeSO4] = 27.8 g L─1 4 PV 1/month

Oxidation Fenton long slots Decane/menthol OF1 [H2O2] = 63 g L─1 14 PV 2 PV/day
Fenton short slots Decane/menthol OF2 [FeSO4] = 3.15 g L─1

Oxidation Ozone Decane/menthol OO1 10.5 g 130 PV continuous
BTX OO2

Surfactant flushing Tween® 80 Decane/menthol Su1 10 CMC 40 PV 2 PV/day
Decane/toluene Su2

Sparging Air Decane/menthol Sp1 14 PV 2 PV/day
BTX Sp2

Thermal treatment sand Decane/menthol Th1
sand BTX Th2
Sand + 10% clay BTX Th3
Sand + 20% clay BTX Th4

ment lasted 7 days for each type of columns. The gas phase was re-
covered with Tedlar bags at the column outlet.

Concerning surfactant, 40 PV of a Tween®80 solution at
150 mg L─1 (∼10 CMC, Critical Micelle Concentration) were injected
at a rate of 2 PV per day for each set of experiments. The solution was
injected daily in sequences of 15 min of continuous flow each hour
during 6 h.

For thermal treatment the columns were kept in an oven with a
Tedlar bag at the outlet (at room temperature).

2.4. Analysis

The recovery of contaminants in solutions containing surfactant
collected at the column outlets was done by first adding 40 mL L−1

of methanol into the solution to destabilize the contaminant-surfactant
bond. Then, decane was added for the contaminant extraction. The
measured efficiency of this extraction procedure was equal to 95%.

The remaining mass of pollutants was analyzed from sand extrac-
tion after treatment. For this purpose three aliquots of 20 g of soil were
sampled after mixing the soil of each column. These aliquots were
placed in 75 mL of methanol and shaken during 24 h (room tempera-
ture, 20 rpm). A volume of 2 mL of the supernatant was then sampled
for analysis.

Three control columns were realized with the same procedure, and
were directly dismounted to analyze the pollutant content. These con-
trols showed recovery yields between 99 and 101% with 5% error (as
standard deviation divided by the mean).

3. Results and discussion

3.1. Oxidation

The first experiments were conducted through an injection of one
PV of activated persulfate per week, leading to a total of 4 PV injected
(PS1). These experiments revealed a removal close to 10% for the de-
cane and 95% for the menthol that were present in the NAPL phase.
The same study was performed with one injection per month with the
same concentrations of persulfate and thus only 2 PV (PS2). In that
case, the removal of decane was close to 55% and menthol reached a
removal of 95% of the initial amount.

For Fenton treatment slots of H2O2 were followed by injection
of the iron solution (Table 1). The experiments performed with long
slots of 15 min between the injection of iron sulfate solution and hy

drogen peroxide (OF1) did not remove any decane and lead to a re-
moval of 83% of the initial menthol. The experiments conducted with
a short slot of 3 min (OF2) resulted in a better mixing of H2O2 with the
activating agent Fe and removed 44% of decane and more than 90%
of the initial menthol.

In a first approach the analysis of the oxidation tests revealed that
the most important factor was the aqueous solubility of the contami-
nant (Fig. 1). This result seemed to be independent of the oxidant used.
This can be explained by the slow dissolution of the NAPL phase that
can be a limiting factor of the oxidant efficiency. This is confirmed by
batch experiments with dissolved compounds under the same condi-
tions that showed no limitations on the reaction kinetics.

Using all literature data on column experiments (data given in SI)
there was no clear correlation between the solubility and the removal
(Fig. 2). In this figure several column experiments are compared by
differentiating the type of oxidants, with no clear efficiency pattern.
In these literature results, the effect of the solubility may be masked
by two other elements: a limitation by kinetics, or the use of dis-
solved sources. The only group for which enough experiments were
provided was PAH which have very low water solubility (between 0
and 40 mg L−1). For this group the removal efficiency can reach val-
ues higher than 80% only when using ozone.

Fig. 1. Oxidation removal efficiency related to the solubility of the substance (this
study), error bars represent one standard deviation calculated from three replicates and
each circle a group of non-statistically different points. Letters show the substance (B:
benzene, T: toluene, M: menthol, X: xylene, D: decane).
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Fig. 2. Efficiencies of oxidation differentiated by type of contaminant and oxidant
(points measured in this study are in red), error bars represent one standard deviation
calculated from three replicates and each circle a group of non-statistically different
points. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

3.2. Surfactants

There is no theoretical way to determine the value of the solubil-
ity of one substance in presence of a surfactant; which must be deter-
mined experimentally (Lee et al., 2001). The measured water solubil-
ity of menthol was equal to 450 mg L─1 at 20 °C while in presence of
the surfactant, the solubility did not change. The same test on toluene
with Tween®80 showed a measured water toluene solubility rise from
530 mg L─1–1250 mg L─1 at 20 °C. The overall recovery of menthol
was 30%, while the one of toluene was close to 95%.

The transient recovery of the contaminants at the column outlet
is shown in Fig. S2. The concentrations of menthol were almost sta-
ble during the whole recovery at a value close to 200 mg L─1 while
the solubility is equal to 450 mg L─1. For toluene the concentration
was close to 650 mg L─1 during the first eight days, with a peak
of 2.5 g L─1 which may be due to some mobilization of toluene as
a NAPL. Then, the toluene concentration decreased and remained
around 300 mg L─1. By contrast, and as could be expected based on
the solubility, the recovery of decane was very low (concentration be-
low 1 mg L─1).

There was no decrease in removal rate after day 11, which suggests
that a continuation of the experiment shall lead to the removal of all
the soluble compounds (toluene and menthol). These data also show
that the concentrations in solution were close to the theoretical val-
ues calculated using Raoult's law based on the solubility of each com-
pound, as suggested by McCray and Brusseau (1998).

Fig. 3 shows the removal efficiency as a function of the solubility
of the pollutant in presence of surfactant, including experimental re-
sults and literature data (data in SI). The trend shows that for solubil-
ities in surfactant lower than 10 g L─1, the efficiency decreases below
90%, but there is no clear correlation. Below this value some high ef-
ficiencies may exist, when using Tween®80 or Dowfax, but other sur-
factants reach lower efficiencies. Therefore the effect of the type of
surfactant seems to be more important than the solubility of the pol-
lutant as also suggested by Mao et al. (2015). The Darcy velocity or
grain size did not show clear effects. This figure also shows that the
results of the present study fall among the best removal efficiencies in
available literature. This may be due to the use of a low Darcy velocity
and Tween®80 as a surfactant.

Fig. 3. Removal efficiencies compared to the solubility of the pollutant in the consid-
ered surfactant (data given in SI, the point form this study is in red with error bars equal
to one standard deviation obtained from three replicates). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)

3.3. Sparging

For sparging, Semer and Reddy (1998) have shown that a pollu-
tant can be removed by air sparging if its vapor pressure is higher than
670 Pa and if its Henry's constant is higher than 1 Pa m3 mol─1.

Air injection into the first type of column, containing a mixture of
decane/menthol (Sp1) led to a removal efficiency of 59% for decane
and 53% for menthol. Air injection in the second experiment (Sp2),
removed 91% of benzene, 94% of toluene and 62% of o-xylene.

Gas sampled in Tedlar bags at the outlet of the columns contami-
nated by the decane/menthol (Sp1) mixture did not show the presence
of volatilized pollutants. The same measurements on the columns con-
taminated by the mixture of BTX (Sp2) showed decreasing concen-
trations from benzene, to toluene and then to o-xylene (Fig. S3). As
shown in Fig. S3, the measured concentrations are in the same range
as theoretical ones (using Raoult's law), and thus the slowly flowing
gas in sparging experiment was close to equilibrium with the residual
NAPL phase. One column (n°1) showed concentrations much lower
than the others may be due to preferential flow paths.

To compare the results of this study with literature, the vapor pres-
sure of the contaminant was used firstly, as the main differentiating
parameter. Fig. 4 shows that the overall efficiency increased from 50%
for very low vapor pressure of 8 Pa (Menthol) to 100% for the com-
mon volatile products (benzene, TCE) that have vapor pressure higher
than 1 kPa (at 20 °C). However, even for volatile products the removal
yield can vary from 60 to 100%.

As shown in columns or in 2D pilot scale experiments (Braida and
Ong, 2000, 2001), the major limitation of the air sparging technique
is the inter-distance of the gas channels in the medium. Fig. 4 shows
that for volatile products the efficiency seems to be higher in coarse
sand. However, the present results show a high removal efficiency in
medium sand. This may be due to a significant difference: the gas
was injected at very low flow rate (2 PV/day) and in a pulsed way.
This approach allowed reaching equilibrium concentrations in the gas
phase, while generally in other experiments injection rates were much
higher and concentrations were 10–100 times lower than those at equi-
librium (Braida and Ong, 2000; Semer et al., 1998). However this
will be difficult to apply in the field where the radius of influence
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Fig. 4. Removal efficiencies during sparging related to the vapor pressure of the com-
pound of interest (results from this study correspond to medium sand 1, other data and
references in SI). The points of this study are in red with errors bars that equal one stan-
dard deviation obtained from three replicates. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

of an air sparging well is largely dependent on the gas flow rate
(Reddy et al., 1995).

3.4. Ozone sparging

In the columns contaminated with the decane/menthol mixture
(OO1), the ozone sparging removed 50% of decane and 70% of men-
thol. The same experiment performed in columns contaminated with
a BTX mixture (OO2) removed 99% of benzene, 94% of toluene and
65% of o-xylene.

Analyzes realized on the gas sampled in Tedlar bags connected
to the outlet of the columns contaminated with the decane/menthol
mixture did not show volatilized pollutants. Columns contaminated
with the BTX mixture showed high concentrations of benzene and
toluene, and low concentrations of o-xylene in Tedlar bags (Fig S4).
The measured concentrations of benzene and toluene were lower than
the equilibrium one suggesting some degradation of these substances
by ozone. Concerning o-xylene the concentrations are highly variable
and although looking higher than in sparging tests, are not very differ-
ent from the equilibrium ones. This suggests an absence of oxidation
of o-xylene with the use of ozone, while ozone can generally oxidize
xylenes.

Few studies presented results of ozone sparging in saturated soil
columns. Removal efficiencies reached values higher than 80% for
some PAH experiments (O'Mahony et al., 2006), which was not the
case for persulfate, Fenton being intermediate (Fig. 2). In the present
experiments, benzene and toluene reached also high removal efficien-
cies, although these may arise from a mixture of sparging and oxi-
dation. Among the few papers studying it, the water content showed
contradictory effects, increasing the efficiency for some experiments
(Choi et al., 2002) and decreasing it in others (Yu et al., 2007).

3.5. Low temperature thermal treatment

Thermal treatment at 80 °C applied during 7 days on columns
filled with sand contaminated with the decane/menthol mixture (Th1)
removed only 35% of decane and 15% of menthol. The same treat-
ment applied to columns contaminated with BTX (Th2) mixture re-
moved all pollutants (100%).

Thermal treatment at 80 °C applied on a mixture of sand and clay
(90/10) polluted by BTX, removed 95% of benzene, 86.5% of toluene
and 70.5% of o-xylene. The same experiment conducted in a porous
media with a mixture of sand and clay (80/20), removed 90% of ben-
zene, 80% of toluene and 71.5% of o-xylene.

Very few studies of thermal treatment in columns exist in the lit-
erature. In absence of water flow, the theory of pollutant removal in
porous medium is now well established through the co-boiling process
(Zhao et al., 2014). In presence of water and a mixture of pollutants
in a NAPL phase the vapor pressure of all gases together reach a total
pressure higher than the atmospheric pressure leading to the build-up
of micro-bubbles, that then flow vertically into the porous medium
(Burghardt and Kueper, 2008).

For the few studies existing in literature, it is shown that when
the co-boiling temperature of the mixture is reached then the re-
moval efficiency is often very close to 100%. It can be seen in Fig.
5 that the only situation where much lower removal efficiencies were
observed was for sparingly volatile substances like decane or men-
thol (Pvap < 500 Pa) that also have boiling temperatures higher than
150 °C.

One can notice that in the case of co-boiling the high removal ef-
ficiency also concerns the compounds with lower vapor pressure. The
used mixture contained benzene, toluene and xylene at 1:1:1 vol ra-
tio. At 80 °C the sum of the vapor pressures of these compounds and
water is slightly higher than 1 atm (1.042 atm calculating with data
from Wilhoit and Zwolinski, 1971) producing micro-bubbles in the
medium. When benzene is entirely removed from the medium, the
sum of the partial vapor pressures becomes smaller than 1 atm and
bubbles should not form anymore. This suggests that xylene, despite
its much lower vapor pressure, is entirely removed during the period
when there is still some benzene present in the medium.

Clays influence the hydraulic conductivity of the medium that de-
creases from 10─4 m s─1 to 10─5 and 10─6 m s─1 in presence of 10%
and 20% clay content, respectively. This led to a decreasing removal
rate, mainly for o-xylene that is only removed to 70% in the two clay
experiments, while benzene and toluene removals decrease less (95
and 90% for benzene, 86 and 80% for toluene). It was assumed that
this effect is related to the difficulties of the gas bubbles to migrate in
the medium.

Fig. 5. Removal efficiencies of thermal treatment with vapor pressure of the considered
contaminant (data and references given in SI). Errors bars represent one standard devi-
ation.
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3.6. Comparison of techniques

The use of several techniques on the same columns allowed find-
ing the best conditions to implement the different techniques to reach
removal rates higher than 90%. Oxidation by persulfate depended
mainly on time, while oxidation by Fenton required short injection
steps. For surfactant, the used molecule (here Tween® 80) allowed to
reach high removal rates. Sparging was successful through the use of
low gas flow rates, and thermal treatment only required reaching the
correct temperature. Concerning oxidation the results must be consid-
ered carefully as oxidation products can be produced and some toxic-
ity may remain. Benzene has been shown to oxidize in part to hydro-
quinone (Fu et al., 2017), which is toxic, however less than benzene
(Ahmad et al., 2000). For toluene oxidation the identified products
in the Fenton reaction are benzyl alcohol, benzaldehyde and cresols
(Nomiya et al., 2001) which are not carcinogens (ECHA, 2015). No
hydroquinone was found (Huling et al., 2011). Under oxidation with
persulfate, also bibenzyl was observed as a product (Anhua et al.,
2014). Therefore the major part of the toxicity may come from ben-
zene when present but if toluene remains its oxidation products can
still provide a significant toxicity. Despite a fast oxidation rate of hy-
droquinone under some conditions (Elboughdiri et al., 2015) it is diffi-
cult to provide oxidation kinetics that would be valid for groundwater.

The results from the conducted experiment provide removal effi-
ciencies in the same range than the literature data for all techniques
(Figs. 1–5 and SI). They also show that, for most of the techniques,
the present study reached among the highest removal efficiencies.
Fig. 6 presents a comparison of the efficiency of the remediation
techniques at the column scale, separating four groups of contami-
nants. The first group (a) includes the most soluble and volatile sub

stances (benzene, toluene, TCE), the second group (b) hydrophobic
substances with lower solubility and volatility (xylenes, ethylbenzene,
alcanes), the third one (c) hydrophilic substances (MTBE, phenols,
menthol …) and the fourth one (d) PAH. For each treatment a sim-
plified histogram of the removal efficiency is presented in three cate-
gories.

The comparison of the four groups clearly shows that the highly
soluble and volatile substances present the highest removal efficien-
cies for all techniques, as shown by Mercer and Cohen (1990). Then,
the remediation efficiency decreases along the groups: xylenes and al-
canes show in average slightly better efficiencies than hydrophobic
substances and the most difficult to treat are PAH. It must also be em-
phasized that the number of potentially usable techniques decreases:
for PAH only ISCO can be used, among the four proposed techniques.

Looking in detail at the results of the first group (soluble sub-
stances), differences appear between the treatment techniques. Indeed,
thermal treatment has the highest efficiency leading to 100% removal
for all the contaminants of this group, as also shown in the field
(McGuire et al., 2006). Sparging and surfactant provide similar re-
sults: some tests revealed average removal efficiencies (<85%), but
most of them have really good removal efficiencies (>95%). Further
on, for these contaminants, ISCO revealed the lowest removal effi-
ciencies, with most of the experiments having an efficiency below
85%.

At the column scale the efficiencies among oxidation sparging and
surfactant were quite similar in this study. The main objective was
to identify the main limiting factors, as these factors will need to be
addressed in detail to upscale the treatment at the larger pilot scale
(Atteia et al., 2017).

The main factors leading to a decrease in the removal efficiency
value were identified during the present study. For thermal treatment,

Fig. 6. Comparison of the treatment efficiencies for four groups of contaminants: (a) most soluble and volatile substances (B, T and TCE) (B: benzene, T: toluene), (b) hydrophobic
substances with lower solubility and volatility (xylenes, ethylbenzene, alcanes), (c) hydrophilic substances (MTBE, phenols, menthol …) and (d) PAH. The results are presented as
simplified histograms: each bar represents the relative number of studies showing a removal efficiencies given in the legend (the bars sums to 100%). The greyed lines correspond to
techniques that cannot be used for the given contaminant group.
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experiments showed that a decrease in hydraulic conductivity leads to
a decrease of the treatment efficiency as shown in the field (Heron
et al., 2005). Concerning sparging, as previously mentioned, the ma-
jor limit is the potential presence of gas channels with high gas flux.
For surfactant use two main factors may lead to a lower removal ef-
ficiency. First, the type of surfactant, independently of the pollutant,
seems to play a significant role: Tween® 80 and sulfo-succinate are the
most efficient. Secondly, the solubility of the pollutant in the surfac-
tant solution also limits the removal efficiency. Concerning ISCO, the
limiting factors differ according to the used method. For Fenton reac-
tant the main limiting factor is the amount of radicals formed which
seems to be controlled by the mixing scale of hydrogen peroxide and
iron. For persulfate residence time seems to be the main factor to reach
high removal efficiencies.

The major mechanisms were divided into four categories:

- Access. Heat has access to everywhere, while for ISCO and surfac-
tants incomplete dispersion and contact with NAPL blobs may limit
the efficiency. For sparging the gas phase often catches only a por-
tion of medium.

- Density: heating and sparging produce low density fluids, which
may limit the action radius, an effect that is more pronounced for
sparging. Surfactants are not affected by density at these concentra-
tions. ISCO treatment with persulfate can prove to be density depen-
dent due to the high concentrations used.

- Reaction rates: it seems that surfactants and heat have instantaneous
effects. For sparging the transfer from water to air is kinetically lim-
ited. In ISCO there is a rapid loss of H2O2 that prevents its use with-
out stabilizer in the field, while for persulfate the reaction is slow
and adapted to typical field conditions.

3.7. Cost analysis

The column scale is quite small to analyze the cost differences of
the techniques, therefore the results were applied to one m3, using the
same amounts of contaminants and added agents. The results gathered
in are quite approximate and thus only order of magnitude differences
are important. The results show that, despite the need for ethanol to
separate contaminant from surfactant at the treatment outlet, surfac-
tant remains the lowest price technique; indeed the amount of added
surfactant is quite small. Sparging is also a low cost technique as it re-
quires only air injection. Fenton price remains reasonable but security
requirements may largely increase that price. Persulfate price is rather
high as it requires a high amount of reactant to eliminate the organics
and the price per kg is high. Finally, the thermal treatment shows the
highest price but it is the only technique that is known to remove all
contaminants in the field. These costs only represent a part of the total
costs and as shown by McDade et al. (2005) the total treatment costs
at the site scale are very similar for these techniques, as it depends on
many other factors like soil type and contaminant distribution.

4. Conclusion

This study was designed to determine the limitations of four treat-
ment techniques for contaminant mixtures including BTEX. For each
of the four techniques it was possible to reach removal efficiencies
higher than 90%. In presence of a NAPL phase, it is observed that
ISCO action is mainly limited by the solubility of the product when
the stoichiometry is carefully selected. For surfactant there is both ef-
fect of the solubility and the surfactant type. As previously shown, air
sparging is limited by vapor pressure which may limit its effect on
xylenes, or may lead to long treatment duration. Ozone sparging was

not much more efficient than sparging alone as BTX concentrations
remained at the column outlet. Thermal treatment is mainly limited
by the medium permeability as it limits the vertical velocity of mi-
cro-bubbles.
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