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1. Introduction and Executive Summary
The aim of the Timbre project is to develop and provide customized problem- and targetoriented packages of approaches, tools and technologies to overcome existing barriers to
mega-sites regeneration.
Among the work packages (WP), WP4 deals with the improvement of strategies and
technologies for the site characterization and remediation which are critical steps in
brownfield regeneration and challenging in the case of mega-sites. As sources of
contamination naturally spread and often present long-term barriers to the reuse of natural
local resources, their treatment is the most urgent remedial action. One of the most important
principles in green chemistry is the reuse and the recycling of materials. Hence, within this
WP, we have focused on the removal of source zones, exploring the possibility to reuse
remediation fluids in order to reduce impacts onto the natural environment and operational
costs as well as to support the remedial action. Alternative remedial strategies to the removal
of source zones are their immobilization and degradation. However, whereas the long-term
behaviour of contaminants remains difficult to predict for immobilization, the extraction of
contaminants allows their definitive removal and recycling of contaminants as well as e.g the
recovery of energy
Soil-washing and soil-flushing are two leaching technologies available to remove
contaminants from soils. They differ by the fact that the former needs excavation, while the
latter is carried out in-situ. Despite the fact that soil-washing is more effective in the sense of
of contaminant removal thanks to mechanical effects such as convection and grinding, the
absence of excavation, handling and transport of contaminated materials makes soil-flushing
the preferred and recommended technology. Hence, we particularly focused onto soilflushing although it is more challenging because it is more difficult to control, especially
regarding the efficiency. However, leaching of contaminants from soils is expensive with
regard to chemical and wastewater treatment costs. The aim of this research paper is to
reduce these costs further by:
► making leaching fluids more effective,
► re-using chemicals and leaching fluids and making a spate of uses,
► recycling leaching fluids for other washing operations and for energy recovery.
In the following, the report focuses onto the treatment of organic contamination because
metal contaminants were either absent (Solec Kujawski test-site) or were not suited for soilwashing because of their huge amount and inertness (Hunedoara test-site). However, heavy
metals have been extracted and assessed from model contaminated soils (Mohamed et al.,
2013; Efligenir et al., 2013).
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2. Methodology
2.1

Materials

Nanofiltration (NF) was carried out using an AFC40 polyamide membrane (PCI membrane
Systems). The AFC40 is an asymmetric composite membrane with tubular geometry (inner
diameter =1.4 cm). The maximal pressure and temperature limits are 60 bars and 60°C,
respectively. Its size cut-off is about 200 Da.
Ultrafiltration (UF) was carried out using a 100 kDa cut-off polyethersulfone tubular
membrane (KOCH membrane). Its maximal limits of entrance and exit pressures are 5.5 and
1.5 bar while the highest working temperature is 54°C. pH-bounds are 2-12.
Cocamidopropyl hydroxyl sultaine (CHS) and sodium dodecyl sulfate (SDS) were obtained
from KAO Corporation (Spain). Lauryl betaine (LB) and Cocamidopropyl betaine (CB) were
obtained from EOC (Belgium). Sodium persulfate (99%) was obtained from Fisher Scientific.

2.2

Analysis: Parameters / Approach

2.2.1 Analysis of Total Petroleum Hydrocarbon (TPH)
Total Petroleum Hydrocarbon (TPH) is conventionally used to express the level of
contamination with petroleum products. The TPH is the accumulated amount of hydrocarbon
compounds contained in water or soil samples, extracted with n-hexane and not absorbed on
Florisil (MgO-SiO2, obtained from Macherey-Nagel GmbH&Co. KG, Germany). TPH is a
concentration of hydrocarbons having carbon numbers in the range 10-40. TPH was used as
a global measurement of semi-volatile hydrocarbons including PAH. One g of soil in 100 ml
of de-ionised water (pH 1-2 using HCl 37%) was extracted with 50 ml of n-hexane for 30 min
on a shaker and sonicated for 15 min. Extracted polar substances were then separated from
the hydrocarbons by a clean-up step with Florisil. Similar procedures were performed for the
preparation of liquid samples (10 ml in 1000 ml de-ionised water).
According to the ISO9377-2 official method, TPH was measured by capillary gas
chromatography (GC), accumulating the total peak area of compounds eluted between ndecane (C10H22) and n-tetracontane (C40H82). TPH was analysed by GC/FID (Agilent
6890GC/FID with a 6850 AutoSampler) using a non-polar capillary column
(15m×0.32mm×0.45 µm; Varian Select Mineral Oil) in PVT (Program Vaporisation
Temperature) mode injection with hydrogen (H2) as a carrier gas (3.2 ml min-1). TPH was
quantified with FID using a mixture of diesel and mineral oils (1:1 v/v) obtained from LGC
standards (France) as external standard. Quantification was performed using the software
GC Chemstation Rev.B.03.01.
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2.2.2 Analysis of PAH and BTEX
PAH were extracted with n-hexane according to ISO17993 for liquids and ISO18287 for soils.
For the BTEX analysis, 0.5 g of crude solid soil or 10 ml of liquid phase (pH 1-2 using HCl
37% and 3.5 g of Na2SO4 was added) were placed in headspace analysis vials. Both PAH
and BTEX were analysed by GC/MS on a Thermo Trace Ultra gas chromatograph (GC)
coupled to a Thermo DSQ mass spectrometer (MS), and equipped with a dual
liquid/headspace Triplus AutoSampler. PAH were separated on a VF-5ms column
(30m×0.25mm×0.10 μm; Agilent technologies, Netherlands) in splitless mode (1 µl was
injected at 260°C) with He as a carrier gas (1 ml min-1). The starting temperature in the oven
(70°C) was held for 1 min, increased by 20°C min-1 to 215°C and by 5°C min-1 to 310°C,
held for 5 min. After the sample incubation (20 min at 60°C), 1 ml of BTEX containing
headspace gas was injected into a VF-624ms column (30m ×0.25mm×1.40 μm; Varian BV,
Netherlands) in PVT mode (He as carrier gas at 1.5 ml min-1 ). The starting temperature in
the oven (40°C) was held for 5 min, increased by 6°C min-1 to 90°C and by 10°C min-1 to
200°C, held for 2 min. A calibration standard consisting of 16 PAH and a mixture of 8 BTEX
(LGC Standards, France) at a concentration of 100 μg ml-1 and 2 mg ml-1 were used for
peak identification and quantification. Quantifications of PAH and BTEX were carried out
using Xcalibur software version 1.4 SR1 for GC-DSQ and version 1.4.1 SP3 for MS.

2.2.3 Determination of surfactant and oxidant
Surfactant concentrations for LB, CB and SDS were determined by colorimetry (Rodier et al.,
2005) using alizarin or methylen blue. CHS concentrations were measured at 220 nm by
HPLC (Ultimate 3000 apparatus, Dionex, France) equipped with UV-vis diode-array detector
(detection rate 5 Hz), and Acclaim®120 C18 column, (150 mm 2.1 mm; 0.12 µm; Dionex,
France) using 5 calibration standards (0.2-2% w/w). 20 µl of samples was injected and a
mixture of methanol and high purity water with a ratio of 4:1 (v/v) (0.3 ml min-1) was used as
carrier.
Persulfate was determined indirectly by titration using potassium iodide (KI) according to
Liang et al (2008). The reaction between these two reagents produces I2 which is then
reduced using sodium thiosulfate (Na2S2O3).
Measurements for the chemical oxygen demand (COD) of solutions were also carried out in
order to estimate the amounts of organic pollutants in wastewater. This measurement is
indicative of the presence of oxidizable organic compounds and inorganic salts. The
standard method NF T 90 101 was followed. It uses a powerful oxidant (potassium
dichromate) in a hot sulphuric acid medium at 120°C during 30 min (Degrémond 2005). This
fast and practical measurement in the field allowed us an on-line monitoring of the process at
the pilot scale.

Project acronym: timbre
FP7-ENV-2010.3.1.5-2
Contract no: 265364
D4.4 Version 3 | Date: 20/12/2013

2.3

Page 7

Soil selection, preparation and treatment

Source zones of contamination with sizes of at least several cubic meters were identified and
selected according to their accessibility. The selected soils were excavated and set into a cell
in order to allow accurate mass balance measurements. Contaminants were more or less
homogeneously repatriated within the soil through excavation and filling. Contaminant
concentrations and their course through treatments were measured through repeated soil
sampling using systematic 3D-random selection within the cell. Total petroleum
hydrocarbons (TPH C10-C40), polycyclic aromatic hydrocarbons (PAH restricted to the 18 of
the priority contaminant list) were measured. These measurements were completed by
carbon oxygen demand (COD), total organic carbon content (TOC %) and metals (Al, As, Ba,
Cr, Cu, Fe, Mn, Ni, Zn) for samples from the Hunedoara test-site. Treatment fluids were
injected using 40 mm wells with a density of 2-4 m-2 (see schemes for cells, part 3). A central
PVC-pipe was set to collect soil leachates using an immersed pump. Soil leachates were
then recovered and treated for re-use as shown in Figure 1.

Figure 1: Set-up used for the re-use of treatment fluids in the soil-flushing experiment.

Membrane processes were used for the regeneration of treatment fluids as they were the
only ones to warrant full preservation of fluid properties and activity, while removing a
substantial fraction of contaminants. These membrane processes base on a physical barrier;
the driving force is a pressure gradient. Depending on the size of active molecules in
aqueous solutions, nanofiltration (NF) or ultrafiltrations (UF) were used. Distillation at
reduced pressure (0.05 MPa, 80°C) was assessed for the over-concentration of liquid
wastes.

Project acronym: timbre
FP7-ENV-2010.3.1.5-2
Contract no: 265364
D4.4 Version 3 | Date: 20/12/2013

Page 8

Soil-flushing is a high potential in-situ technology with minimal site disturbance and able to
adapt easily to target contaminants by using additives that help for the contaminant removal.
Surfactants are well-known amphiphilic molecules, able to reduce the high interfacial tension
between water and non-aqueous phase liquid (Paria et al., 2008). In addition, in aqueous
solutions they provide hydrophobic micro-environments, named micelles, which enhance
hydrophobic organic compounds solubilisation and thus their biodegradability (Cheah et al.,
1998). It has been shown that above critical micelle concentration (CMC), the hydrocarbons
solubility increases with the surfactant concentration (Edwards et al., 1991). Therefore, and
because of the surfactant sorption onto soil, a larger value CMC* is required to remove these
contaminants that are tightly bound to soil. Usually, neutral surfactants are preferred to ionic
parent compounds because of their much higher solubility in the presence of salts. In
addition, zwiterrionic surfactants display very low CMCs. Therefore, we decided to focus onto
zwiterrionic and innocuous surfactants, while comparing them with sodium dodecyl sulfate
(SDS) and Triton X-100, which are reference compounds in soil-washing. Surfactants were
selected on several criteria:
► 1) TPH extraction efficiency,
► 2) low loss by sorption onto soils,
► 3) at ease for on-line concentration measurements with analytical field tools.
Betaine-derivatives surfactants displayed the best properties except in the case of heavily
contaminated soils where Triton X-100 was more effective. For example, Fig.S1 shows the
comparative recovery yield using betaines and SDS through the course of flushing
experiments at the lab-scale.
The use of surfactant-foams instead of solutions was also shown to be more efficient at the
lab-scale, since, from mass-balance experiments, 3-4 times more TPH and PAH were shown
to be removed in the gas phase with respect to the liquid phase (Table S1 and Fig S2a).
Surfactant-foams are meta-stable bi-phasic media made of thin liquid films and gas. The gas
dispersion is obtained in surfactant solutions, liquid films made of surfactant multi-layers and
water (Hirasaki et al., 1996). For example, Fig.S2a shows PAH partition between the gas and
the liquid phase in the case of creosotes-contaminated sandy soils obtained from the Solec
Kujawski test-site. Among betaine surfactants, LB was preferred to CB because the lower
stability of its foams made it more compatible with water treatment. A 2% surfactant
concentration was used as surfactant concentration enhances the hydrocarbons extraction
from soils. Foams with gas fractions in the range 95-97% were used. Their minimal drop
pressure for propagation vs. surfactant concentration is shown in Fig. S2b.
However, in case of high fractions of highly viscous hydrocarbons like in the test zone of the
Hunedoara site, a preliminary oxidation step was required to make the contaminated soil
matrix porously. Sodium persulfate, which is largely used as a soil conditioner, was selected
because of security reasons and cost factors. The slow oxidation rate was catalysed in
alkaline medium. In addition, it allowed converting a fraction of hydrocarbons into surfactants
as degradation metabolites which could help to remove hydrocarbons too (Gryzenia et al.,
2009, Fig S3).
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2.4

Modelling of contaminant extraction from soils

As hydrocarbons contaminants were much more concentrated than surfactants in soils, it
was not a surprise to observe exponential rate laws for their extraction, despite the nature of
the flushing fluid. The general model used to describe hydrocarbons extraction is presented
in Appendix 1. It provides a similar equation to hydrocarbons desorption observed from
various matrices (Karickhoff et al., 1985, Johnson et al. 2001). The model is a threeparameter model. It uses first-order equations to describe desorption rates for both a rapidly
desorbing fraction θ and a slowly desorbing fraction (= 1 - θ) (Cornelissen et al., 1997); i.e,

η L (%) = 100α

[1 − (θ exp(− k

r

) (1 − θ ) exp(− k

PV +

s

PV

))]

[1]

Where ηL is the TPH removal efficiency in the aqueous phase during the extraction process
and ks and kr are apparent first-order rate constants for the slowly and rapidly desorbing
fractions, respectively.
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3. Timbre test-sites
The assessment of SSWRS was performed at the two Timbre test sites of Solec Kujawski
(Poland) and Hunedoara (Romania). The main characteristics of the sites and of the
contaminated area selected for tests are given in Table 1.

Former Contaminants /
use
level
► BTEX
► PAH
► Phenols
► Petroleum
hydrocarbons
► Metals*
Iron smelter

Hunedoara
Romania

Site

Nature of
soil
Mixture of
gravel,
sand
and clay

Physical
parameters
KH (cm s-1)
0.013 ±
0.002

Sand

KH (cm s-1)
1.69×10-3
Porosity (%)
0.182 ±
0.073

Chemical parameters
pH 7.3
TOC : 17.55 ± 1.36 %
[PAH] 16780 ± 2940 ppm
[TPH] 75900 ± 9780 ppm
[BTEX] 570 ± 165 ppm

Wood impregnation

Solec Kujawski
Poland

Very high level
► PAH
► Petroleum
hydrocarbons
Moderate level

pH 5.5
[PAH] 2020 ± 560 ppm
[TPH] 2950 ± 640 ppm

Table 1: Characteristics of the test-sites and selected test zones.
*Heavy-metals were shown to be mostly stabilized as sulfides or sequestered with iron
oxides. KH is the hydraulic constant of the soil.
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3.1 Solec Kujawski
Soil flushing with re-used fluids was performed at the conjoint Hombre-Timbre test-site with
the aim of assessing technological efficiencies and costs for removing creosotes from a
medium-contaminated sandy soil. The treatment was carried out from the 11th September to
the 1st October 2012. The site is a former wood impregnation industrial plant used from 1876
to 2001. It has a surface of about 13 ha, while about 4ha is heavily polluted. A more detailed
description of the site can be found in our milestone report. A preliminary campaign for
reconnaissance and sampling was carried out in November 2011. Sampling was performed
in an open area while the SSWRS-test was carried out closer to the main access to the site
for practical reasons (see Fig. 2). Soil samples collected in 2011 were used to set-up the
flushing technologies (foam and surfactant solutions) and treatments for re-use of soilleachates at the lab-scale. Site characteristics are reported in Table 1. The main targeted
contaminants were PAH and TPH. In the best case, flushing in soil-columns at the lab-scale
showed a minimum of 50 PV for the full extraction of TPH (see Table S1). The linear part for
the exponential extraction rate corresponding to the most productive part has been observed
at up to 5 PV, which has been the level to target at the field-scale.
The Geo-logik company managed the set-up of the test-area. A pilot-scale experiment was
built up by excavating a contaminated area in the black zone (size 2×2×3 m), setting a plastic
cover at the bottom and a central PVC-pipe to collect soil-leachates. The excavated soil was
then filled back into the hole, and 16 injection-extraction wells were set before dressing an
upper capping. The pore volume (PV) was estimated to be 2.4 m3 based on the dimensions
of the cell and soil porosity (20%). Details for the building steps are shown in Fig. 3. At the
end of the test, all the items were removed from the cell except the bottom cover.
Two soil collections, 10 samples each, were carried out before starting and after the end of
the flushing test to assess the contaminants removal. In addition and in order to complete the
mass-balance, two liquid samples per day were collected from the storage tank of effluents
and from the UF-treatment unit during the flushing experiments. The treatment consisted in a
simple surfactant flushing at neutral pH. Unfortunately, a technical issue delayed the works
by 10 days (waiting time for the delivery of a machined steel connector), and finally, the
treatment was running for 19 days as follows: 3 days for air-injection to dry the soil before the
treatment with foams, 7 days for the surfactant-foam injection (0.47 PV), 6 days for the
surfactant-solution injection (1.6 PV) and 3 days rinsing with water (0.83 PV). The
assessment of flushing with foams was interrupted because of the delayed start of the
treatments. Using solutions instead of foams allowed to increase the injection rate by a 3-fold
factor, quite simply because of higher injection capacity. A slight reduction in the hydraulic
constant of the soil was noticed, which is probably the result of surfactant adsorption in small
pores.
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Figure 2: Overview of the Solec Kujawski test site and main areas of work. (Map kindly
provided by Dr. W. Irminski – Geo-Logik)

Figure 3: Images of the test-cell set-up and the SSWRS-tests at the Solec Kujawski site.
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The analysis of PV-recovered vs. PV-injected showed that 15% of the injected volumes
escaped the cell laterally. Despite a shorter treatment than expected, substantial removal
rates were targeted: 54.1%, 35.6% and 29% for PAH, TPH and BTEX, respectively.
Considering a soil density equal to 1, 13.1 ± 1 kg and 13.4 ± 3 kg were calculated to be
removed from the cell for PAH and TPH, respectively. TPH and surfactants concentrations
recovered from soil leachates along the treatment are presented in Fig S4. TPH recovered in
liquid effluent amounted to 4.3 kg, and from the mass balance, 7.1 kg were volatilized in the
gas phase, while 2.1 escaped the cell laterally. The important removal rate of TPH in the gas
phase has been previously observed at the lab scale, flushing using foams (see Table S1),
or during the aeration steps of the liquid effluent in presence of activated sludges. These
gas-phase extractions are in relation with the two starting steps of aeration and flushing with
foams. 104 kg of surfactant were injected into the cell for flushing, while 7.8 kg were saved
using UF-treatment and re-used. The most important losses were identified as:
► sorption in soil (55%, agreeing with lab-results (see Fig. S1)),
► loss outside the cell (15%),
► loss in UF concentrates for the treatment of soil-leachates (22%).
However, only 3.5 g of TPH were re-injected with the re-used solutions. The overall situation,
costs and benefits are presented in Fig. 4.
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Costs (638 – 738 €)*:
► Chemicals (mainly surfactant) : 500 €
► Energy (electricity) : 320 KWh×0,12
euro = 38 €
► UF-permeates ( 3.8 m3 : DCO : 1100
ppm, DBO/DCO> 80%) transportation
and discharge in the municipal
wastewater station: 100 €
UF-concentrates (0.3 m3, but high internal
calorific power ICP → recycled as energy
recovery): 0 – 100 €

Benefits (374- 2834 €):
► 7.5% surfactant savings: 35 €
► 46% water savings: 38 €
► immediate re-use of flushing fluids (2
h delay)
► High concentration factor (25 times)
for liquid wastes with a single
treatment tool (UF). It allows a strong
reduction of management costs
(1000-2500 €)**,
► high quality of the re-used solution
(TPH ~ 0.9 ppm)

Figure 4: Summary of the overall treatment including costs (without tax) and benefits
assessed from the field-test in Solec Kujawski
* Costs for workers and guarding are not included
** Considering wastewater as a waste to be managed with costs in the range 200-500 €/m3
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3.2 Hunedoara
The second Timbre test-site was a former steel work industrial mega-site at Hunedoara
(Romania) used from 1884 to 1999. Two preliminary campaigns (13-14/10/2011 and 1415/05/2013) were needed to track down suitable contaminated areas and to sample them.
Finally, we selected the area of the former wastewater station to assess SSWRS because of
the challenging situation in terms of remediation. A highly viscous and hydrophobic dense
non-aqueous phase liquid (DNAPL) was spreading in the underground (see red arrows in
Fig. 5-right) resulting from the spillage of phenolic tars from concrete tanks. Soil samples
collected in May 2013 to set-up the treatment showed a huge hydrocarbon content (~ 40%).
Because of the very low porosity of the contaminated soil and the high viscosity of
hydrocarbons, a direct washing with surfactant solutions at neutral pH was unable to remove
hydrocarbons efficiently. However, alkaline surfactant solutions (pH 11) were 10 times more
effective because of the large amount of phenolic compounds which are water soluble in
their anionic form. It was decided to make an oxidative pre-treatment to increase the porosity
of the contaminated soil and increase the efficiency of the flushing operation. Sodium
persulfate was selected as oxidant because it is among the safest oxidants available and
widely used in soil amendment, cosmetics and so on. Sodium persulfate is a slow oxidant
with a high redox potential (2.12 V/NHE) that does not produce heat and hence harmful
vapors (US EPA report, 2004). In the present case, the catalyst to increase the oxidation rate
was a hydroxide ion.

Figure 5: Overview of the Hunedoara test site and main area of work. (Modified from Google
earth)

Fortunately, the DNAPL was confined by a dense clay layer at 1.2 m depth and surrounding
concrete foundations. The contaminated soil (from top: layer 1: gravel-sand 35 cm, layer 2:
sand-clay 25 cm, layer 3: fractured clay 45 cm, layer 4: fractured rock 15 cm, layer 5: clay)
was full of DNAPL between 20 and 120 cm depth. The significant amount of clay (≥ 50%) in
the contaminated soil was also a challenging condition for soil-flushing.
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Preliminary works to soil flushing were carried out by Timbre co-workers from the Technical
University of Civil engineering of Bucharest (UTCB, Romania). As usually agreed, the first
remediation step was to remove the pure liquid phase from the contaminated soil. In order to
carry out a mass-balance on hydrocarbon contaminants, a nearby former Venturi channel
(4.05 m-long, 1.1 m-large, and 1.7 m-depth) was used as a flushing cell for tests after it had
been made waterproof with cement. The cell was set-up as follows: a long T-shaped
collecting pipe was set at the bottom of the Venturi channel, covered with gravels, then sand,
and finally with a HDPE filtration textile. Then, the cell was progressively filled with 4 m3 of
contaminated soil in order to set up two 4m-long horizontal wells. Finally, eight 1m-long
vertical wells were added along the cell. Details of the cell preparation are shown in Fig. 6.

Figure 6: Pictures of the test-cell set-up and the SSWRS tests at the Hunedoara site.

The soil-treatment was carried out from the 7th of September to the 4th of October 2013. The
flushing mode with re-used solutions was adopted for all the treatment steps. The oxidation
step was carried out for 20 days, re-using 1.86 m3 of water to carry 100 kg of Na2S2O8, and
150 kg of Na2CO3 to set an alkaline medium. Then, 1.2 m3 of the water was re-used to flush
80 kg of LB-surfactant and 22 kg of Na2CO3 for 5 days. Finally, 2.3 m3 of UF-permeates and
then 0.4 m3 of water were used to remove the remaining surfactant from the soil. Soil
samples were collected all along the test to assess the performance of each treatment step.
Each soil sample was collected all along the depth of the contaminated soil using an auger.
Five soil samples were collected before the beginning of the treatment, five soil samples
were collected after the oxidation step and four soil samples were collected at the end of the
test. Contaminants concentrations and the fraction of total organic carbon (TOC) in soil along
the treatment steps are presented in Table 2. Substantial removals were observed for the
overall treatment (61% TOC, 62% TPH and 62% BTEX) except for PAH (15%). The highest
removal rates were observed during the oxidation step. Unfortunately it has shown that
persulfate was unable to oxidize PAH. The reason is the transfer of oxidation power onto the
carbonate radical which is only 1.59 vs NHE (Bennedsen et al., 2012). During the flushing
with oxidant, about 50 L of hydrocarbons were floating onto the cell surface and were
recovered by skimming (see Fig.S5). The removal of BTEX is thought to be the result of
solubilisation and volatilisation. The leaching of metals from soil samples was followed by
ICP-OES measurements. Only iron and manganese were partially leached by 27.9 and
37.5%, respectively. This removal mainly took place during the oxidation step. None of the
others metals (As, Ba, Cr, Cu, Ni, Zn) was extracted (see Fig. S6).
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TPH (mg kg-1)

PAH (mg kg-1)

BTEX (mg kg-1)

± s. d.

± s. d.

± s. d.

Before treatment 17.6 ± 1.4

75900 ± 9780

16800 ± 2940

571 ± 166

After oxidation

10.2 ± 3.1

29670 ± 6770

16520 ± 4615

290 ± 75

6.9 ± 1.6

28870 ± 16100

14355 ± 3890

218 ± 90

Stage of the
treatment

TOC (%) ± s. d.

After surfactant
flushing

Table 2: Concentrations of hydrocarbons along the treatment steps in Hunedoara.

A strong reduction in the hydraulic constant of the soil was observed as soon as flushing with
surfactant started. Despite a final flushing with pure water to remove surfactant, the
magnitude of the hydraulic constant was not recovered. (Fig. S7). This probably results from
the clay deposits that reduced the pores size in the soil.
Soil leachates obtained from the oxidation step were recovered and re-injected. Several
wastewater treatments were assessed for COD-removal and oxidant recovery. Their
performances are summarised in Fig. 7. Unfortunately, 60% of COD was produced by small
organic molecules like phenol or benzene with masses smaller than 200 Da. Under this
condition, the performance of all treatments (except distillation which cannot be easily driven
in the field) is moderate . The high osmotic pressures obtained due to the high salt
concentration hindered the occurrence of reverse osmosis, and the removal of COD was not
improved with respect to the NF-treatment. Persulfate recovery was about 100% for the fast
treatment technologies, except for distillation.
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Figure 7: Performances of technologies assessed for the treatment of soil-leachates
obtained from flushing with oxidant solutions, considering COD-removal and persulfaterecovery for the reuse of solutions.
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Soil leachates obtained from the flushing with surfactant were ultra filtrated. As shown in Fig.
S8, high permeate rates were maintained during the UF-treatment.The surfactant recovery
was limited (7.5%) due to the high surfactant concentration used in the flushing treatment.
Results assessed from the field test are summarised in Fig. 8. The TPH recovered in liquid
effluent amounted to 4 kg, and from the mass balance, 184 kg TPH were removed. Among
the 184 kg of TPH, 37 g were absorbed on bio-filter and 15 kg were skimmed at soil surface.
The remaining TPH (167 kg) were probably oxidised in a small molecules and carbon dioxide
(CO2).
TPH and surfactant concentration were measured at the oxidation and surfactant flushing
steps. It is observed that LB surfactant losses in the soil were low (see Fig. S9). Surfactant
produced by hydrocarbons oxidation (10-100 mg l-1 of SDS equivalent) provided a reduced
surface tension in soil-leachates, which may help to remove the TPH from the soil. Additional
1.5 kg TPH was extracted from the cell during the final water-flushing using 0.3 m3. Beside
this, the assessment of the leaching potential achieved at the lab on the soil with a ratio
liquid/solid=10 showed that 2.7 kg TPH could be removed from soil yet assuming no
degradation for LB. 100 kg persulfate was injected into the cell but as much as 56 kg can be
saved using NF for the treatment of soil-leachates during the oxidation process. 80 kg of
surfactant was injected into the cell for flushing and 7.5 % (6 kg) were saved and re-used.
The most significant loss was identified for the UF treatment of soil-leachates. However, only
less than 7.5 g of TPH were re-injected with the re-used solutions. The overall situation,
costs and benefits are presented in Fig.8.
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Costs (948 - 1228 €)*:
► Chemicals
(oxidant,
carbonate
and
surfactant):519 €
► Water (1600 L): 32 €
► Energy (electricity from fuel ): 260L × 1,52 € =
397.4 €
(Injection-recirculation = 212 € and UF: 106
€)
► UF-permeates (3.75 m3: DCO: 1000 ppm,
DBO/DCO> 80%) filtered with NF (DCO=64
ppm, DBO/DCO>80%) → Environmental
discharge.
► UF-concentrates (0.7 m3 but high internal
calorific power ICP recycled as energy
recovery): 0 – 280 €

Benefits (1283 - 2963 €):
►
►
►
►

7.5% surfactant savings: 35 €
Water savings: 80 €
54% oxidant savings: 48 €
immediate re-use of flushing
fluids (2 h delay)
► High concentration factor (43
times) for liquid wastes with a
single treatment tool (UF). It
allows a strong reduction of
management costs (1120-2800
€)**
high quality of the re-used solution
(TPH ~ 2 ppm)

Figure 8: Summary of the overall treatment, including costs and benefits assessed from the
field-test in Hunedoara.
* Costs for workers and guarding are not included
** Considering wastewater as a waste to be managed with costs in the range of 200-500
€/m3
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4. Discussion
Some observations from these tests are given below:
► Soil-flushing was able to coarsely remove 40-60% of contaminants within 3-5 weeks
in two extreme situations (sandy soil, moderately to highly contaminated with high
amounts of clay). However, thresholds for reuse were not obtained, the operational
costs are significant (workers, chemicals, energy and waste management), and
workers are exposed to hazards when managing effluents.
► Flushing with LB surfactant solutions is poorly effective for the extraction of
hydrocarbons (25 kg of surfactant, i.e. 75 € of chemicals, are needed to remove 1 kg
of hydrocarbons). However, the removal rate can be significantly improved using
foams (3-4 times because of effective volatilisation) or prior oxidation (4-6-times). In
addition, the use of Triton X-100 instead of LB displayed a 10-times higher efficiency
to remove TPH. However, unfortunately this surfactant is toxic and hardly
biodegradable. While oxidation can be more effectively used remove TPH (to
coarsely remove 1 kg TPH, 0.5 kg of persulfate are needed, i.e. 10 € of chemicals),
oxidation was not able to remove PAH and may need more expensive technologies
and also for the treatment of leachates. A full removal of contaminants is expected by
five-times longer treatment periods (3-6 months).
► Membranes technologies (UF, NF) are very effective for the fast recovery (within 2h)
of chemicals and treatment fluids. Persulfate was completely recovered without
changes in the pH of solutions and using a single NF-step which removed 60% of
COD from leachates. UF is very effective when concentrating soil-leachates
recovered from surfactant-flushing and when converting this waste (with high ICP as
fuel oil when it is mixed at 50%) into a product in order to recover energy. The low
recovery rate obtained for surfactant (7.5%) can be substantially improved (5-times
more) by reducing the sufactant concentration for washing from 2 to 0.5% as shown
in Fig. S10. However, this would require a longer treatment (1.5-times). From an
ecological point of view, UF does not allow the rejection of filtrates obtained from the
treatment with surfactant solutions because the COD-values of UF-filtrates exceed
the threshold limit for rejection (100 ppm).. The combination of both UF and NF, or
both UF and sorption onto activated carbon like treatment trains make possible the
environmental rejection. Finally, the high quality of treated leachates encourages their
reuse, and high concentration factors favour the recycling of wastes. In contrast to
coagulation, sorption and biological-treatments offer a safe reuse of the washing
fluids. While biological treatments are extensive and need a long time to be set-up
(several weeks at least), membrane treatments are mobile (weight of the equipment:
less than 300 kg; available as modules) and allow an immediate reuse of treated
effluents.
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5. Summary
SSWRS was set up and assessed for soils contaminated with divalent metals, and petroleum
hydrocarbons from creosotes and phenolic tars. However, because of the characteristics of
available contaminated sites, the field assessments only focused on hydrocarbons
contaminants (TPH, PAH, BTEX). While soil characteristics and contamination levels hold
into large ranges, it was observed that SSWRS could be suitable for different soil and
contaminants levels. However, for each field-test the soil was systematically excavated to
make a cell, and hence the soil structure was disturbed. Obviously, this perturbation
improved the dispersion of treatment fluids through the soil. However, fracturation
technologies are now commonly used to enhance the dispersion of remediation fluids.
Because of both costs associated with wells and timescale for treatment, SSWRS more
especially matches to small heavily contaminated areas like hot spots and needs their
accurate spatial detection. In that case (e.g. the leakage of a DNAPL in the Hunedoara testsite), it must be involved in a treatment train (e.g. pump-and-treat, soil flushing with recovery
and bioremediation).
Results showed that despite the fact that surfactant solutions are poorly efficient in removing
hydrocarbons, the process may be improved significantly by the use of surfactants foams or
oxidation. However, in contrast to foams, persulfate was unable to oxidise PAH in alkaline
solutions of carbonate ions. In addition, the soil was not treated homogeneously because for
an accessibility issue: 2/3 of the soil volume was effectively treated and the remaining third
was in the “dead zones”.
An easily transportable filtration unit was built and assessed into the field. This assessment
showed that UF and NF treatments of soil-leachates strongly encourage the reuse of
washing fluids, the recovery of active agents and off-site energy recovery from liquid wastes.
Moreover, NF is a refining tool compatible with environmental rejection of washing fluids at
the end of soil-treatments. In addition, these treatment technologies offer stable treatments
as well as reduced operation costs and use of chemicals.
Finally, membranes technologies specially fit the following situations:
► Flushing or washing treatments of hydrocarbon contaminated soils carried out in cells
using persulfate like oxidant or surfactants,
► rough fields with low operating space,
► pressure onto the use of water resources (Reduction of hydric stress onto aquatic
media because lower taking or uneasily water supply)
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7.

Appendix

7.1

Mathematical modelling of the foam extraction

Assuming that hydrocarbon contaminants concentration in micelle or surfactant films is very
small compared to surfactant concentration, the solubilisation constant K can be written as:
K

=

TPH s
TPH u C s

[A1]

where TPHs is the solubilised hydrocarbons concentration in surfactants aggregates, TPHu
is the hydrocarbon concentration in the extra-surfactant phase (e. g. in water), and Cs is the
surfactant concentration.
At the equilibrium, the partition coefficient of hydrocarbon contaminants between gas and
liquid phases is defined as:
Φ TPH

=

V
Χ TPH
L
Χ TPH

[A2]

where XVTPH and XLTPH are the equilibrium mole fractions of hydrocarbon contaminants in the
gas and liquid phases, respectively.
Assuming Henry’s law, the partial pressure of hydrocarbon contaminants in the gas phase is:
PTPH

= H TPH u

[A3]

where H is the Henry’s constant for the hydrocarbon contaminants at a given temperature.
Using Dalton’s law, PTPH can be rewritten:
PTHI

V
= Χ TPH

P

[A4]

Combining eqs 3 and 4 then substituting eq. 1 yields:
Φ TPH

=

H
P

Ctot
1 + K

Cs

[A5]

where Ctot is the total concentration of all components in the liquid phase.
Combining eq.s 2 and 5 gives
V
nTPH
L
nTPH

=

H
P

nVTPH

Fq
1 − Fq

nLTPH

V
Ctot
1 + K

Cs

≅

H
P

Fq
1 − Fq

CwV
1 + K

Cs

[A6]

and
are the amount of hydrocarbons extracted in the gas and liquid
where
phases, respectively, and CVw is the water concentration in the gas phase. H and K are
specific to the hydrocarbons of interest and Fq is the fraction of gas in the foam. Eq. 6 shows
that, on the one hand, high values of H and Fq, and low pressure increase the hydrocarbons
fraction in the gas phase. In addition, increasing the water content in the gas phase also
improves the hydrocarbons vaporisation, which is similar to steam extraction. On the other
hand, high values of Cs and K decrease the hydrocarbons fraction into the gas phase.
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Considering a mass balance to TPH in the column, we can write:
nTPH ,tot

= nTPH ,ads

+ nTPH , pore

+ nTPH ,abs

[A7]

where nTPH,tot, is the total amount of hydrocarbons in the soil matrix, and nTPH,ads, nTPH,pore,
nTPH,abs are the amounts of adsorbed hydrocarbons in pores and absorbed hydrocarbons in
the soil, respectively.
The amount of hydrocarbons extractable from the soil matrix, nTPH,tot_m is :
nTPH ,tot _ m

= nTPH ,ads

+ nTPH , pore

[A8]

The equilibrium components in each phase are quantified considering that the overall
balance on the system is:
F

= L + V

[A9]

where F is the total molar flow rate in the foam, while L and V are the total molar flow rates in
the liquid and gas phases, respectively.
Let’s consider the simple scheme of two parallel reactions as follows:
S
TPH ads

k

fast
⎯⎯
⎯
→ TPH F

and

slow
⎯⎯
⎯→ TPH F

k

S
TPH pore

where TPHS and TPHF are the amounts of hydrocarbons in the soil and foam, respectively.
kfast and kslow are the kinetic rate constants for the removal of TPH adsorbed onto the surface
and into the pores of the soil matrix, respectively. Assuming that extraction rates are
proportional to the amounts of extractable hydrocarbons, and considering that PV injected
were proportional to the period of foam injection, by integrating and adding each contribution
to TPH-mobilisation, its concentration in the column is expressed as follows:
S
S
TPH tot
( PV ) = TPH tot
,0

[θ exp(− k

f

PV

)

+

(1 − θ ) exp (− k s PV )]

[A10]

where TPHStot,0 is TPH in soil before treatment, TPHStot is TPH in soil after a number of PV
injected, and θ is the most mobile fraction of hydrocarbons (i. e. adsorbed onto soil particles)
in the soil.
The TPH removal efficiency during the extraction process can be calculated as follows:
η F (%) = 100

S
TPH tot
,0

S
− TPH tot
( PV )
S
TPH tot
,0

[A11]

Combining eqs 9, 10 and 11 gives:
η L (%) = 100α

[1 − (θ exp(− k

f

)

PV +

(1 − θ )exp(− k s PV ))]

[A12]

where α is the fraction of TPH extracted that is removed in the liquid phase of the foam. α
can be calculated from the mass-balance at the end of the treatment.
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Tables

Amount of
soil (g)

Surfactant

TPHNumber of extracted in
PV injected wastewater
(%)

TPHTotal TPHextracted in
extraction
gas effluent
(%)
(%)

Total TPHextraction
after 10 V
water (%)

50

CHS

30

16

78

94

98.0

-

LB

53

15

80

95

99.7

-

SDS

57

18

76

94

99.6

650

CB

19

7

88

95

97.5

-

LB

11

22

66

88

93.7

-

SDS

12

9

42

51

63.8

Table S1: Mass balance calculations after flushing with 2% surfactant foams through Solec
Kujawski soil samples in columns.
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7.3

Figures

Surfactant recovered (%)

100

80

CB

60
LB

40
SDS

20

0
0

5

10

PV

Figure S1: Amount of surfactant recovered vs. pore volumes (PV) of surfactant solutions
injected during flushing experiments with foams.
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Figure S2a: PAH-partition between liquid (black area) and gas (white area) phases using
LB-foam for soil remediation.
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Figure S2b: Minimal drop pressure for LB-foam propagation in the sandy contaminated soil
of the Solec Kujawski site test.
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Figure S3: Variation of surface tension in soil-leachates with their amount of surfactants as
metabolites of hydrocarbons oxidation with persulfate.
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Figure S4: Profiles for surfactant recovery and TPH extraction in soil leachate obtained
during flushing-test held in Solec-Kujawski.

Figure S5: Photos illustrating the oxidation treatment carried out at the Hunedoara test-site.
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FigS6: Metals concentration measured in the soil samples during the different steps of the
treatment at the Hunedoara test-site.
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Figure S7: Evolution of the soil hydraulic permeability along the soil-treatments in
Hunedoara.
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Figure S8: Variation of permeate rates during the UF-treatment of soil-leachate obtained
from flushing with surfactants at the Hunedoara test-site.

Page 31

Project acronym: timbre
FP7-ENV-2010.3.1.5-2
Contract no: 265364
D4.4 Version 3 | Date: 20/12/2013

Oxidation

Permeateflushing

Waterflushing

Permeateflushing

Waterflushing

-1

TPH in the soil leachate (mg l )

1000

LB-flushing ≈ 2%

100

10

1

Oxidation

Surfactant in the soil leachate (mg l -1)

100000

LB-flushing ≈ 2%

10000

1000

[LB]
[SDS]equivalent

100

10

1
0

0,5

1

Vliquid/Vsoil

1,5

2

Figure S9: TPH and surfactant concentrations in the soil leachates along the treatment
performed in Hunedoara.
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Figure S10: Determination of the optimal surfactant concentration for TPH-extraction from
soils and surfactant-recovery from UF.
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All information in this document is provided "as is" and no guarantee or warranty is given that
the information is fit for any particular purpose. The user, therefore, uses the information at
its sole risk and liability. For the avoidance of all doubts, the European Commission has no
liability in respect of this document, which is merely representing the authors view.
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