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PHYSICO-CHEMICAL STUDY OF SELECTED SURFACTANT-CLAY
MINERAL SYSTEMS
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A physicochemical study of the systems formed by the clay minerals, montmorillonite and kaolinite (layered) and sepiolite
(non-layered) and the surfactants Triton X-100 (TX100, non-ionic), dodecyl sodium sulfate (SDS, anionic) and trimethyloctadecyl-
ammonium bromide (ODTMA, cationic), with different chemical structure, was carried out by X-ray diffraction (XRD), infrared
spectroscopy (FTIR) and thermogravimetric and differential thermal analysis (TG/DTA). TG/DTA results indicated an increase in
the thermal stabilization of non-ionic (TX100) and cationic (ODTMA) surfactants adsorbed by all clay minerals in relation to pure
compounds. This effect was greater in montmorillonite and sepiolite than in kaolinite owing to these minerals must allow the estab-
lishment of a stronger bond with the surfactants as indicated by XRD and FTIR results. Differences in decomposition of anionic
surfactant SDS are not emphasized due to the low adsorbed amount of this surfactant by all systems. The results obtained indicate
the interest of taking into account the structure of surfactant and the clay mineral type when preparing customized surfactant—clay
mineral systems which contribute to establish more efficient soil and water remediation strategies based in the use of these systems.
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Introduction

The extended use of toxic organic compounds in
many industrial or agricultural activities and their fre-
quent presence in soils and sediments represents an
important environmental concern nowadays [1]. This
involves the performance of numerous studies about
the processes related with the behaviour of these com-
pounds in soil, especially about adsorption—desorp-
tion and mobility processes [2]. Furthermore, in the
last years, numerous studies about technologies re-
lated with the prevention of the contamination and the
remediation of soil and water contaminated with these
compounds have been carried out [3, 4].
Technologies preventing soil contamination are
based on the use of natural or modified materials,
which have a great capacity to adsorb organic com-
pounds giving rise to its immobilization in the soil, de-
creasing therefore the water contamination [4]. Those
technologies having as aim the remediation of contam-
inated soil and/or water are based on the extraction of
organic contaminants with a mobile phase which in-
creases its mobility controlled through an increment of
the apparent solubility of the compound in water [5].
Surfactants are organic compounds with chemi-
cal properties which can be used in prevention and
remediation technologies. Numerous studies have
pointed out the interest of using cationic surfactants
to modify clay minerals giving rise to efficient
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sorbent materials for non-ionic organic compounds
[6-8]. Furthermore, anionic and non-ionic surfactants
can increase the apparent solubility of contaminants
in the system soil-water, adsorbing the contaminant in
the inner part of the micelles or aggregates formed by
surfactant molecules when the surfactant concentra-
tion is close or higher than the critical micelle concen-
tration (cmc) [9—11]. However, although this type of
surfactants can facilitate the transport of soluble con-
taminants, they can also be adsorbed by the soil ma-
trix, especially by the clay minerals giving rise to a
decrease in its mobility [12].

In relation to the use of surfactants for these aims,
studies on adsorption of surfactants by soils and their
components have been usually carried out [13-16].
However, studies on the surfactant—clay interaction
mechanism involving thermal analysis or using X-ray
diffraction and infrared spectroscopy have been more
limited. In this sense, references in the literature indicate
the systems made up by cationic surfactants [17-22] or
non-ionic surfactants [23, 24] with the clay mineral
montmorillonite like those more widely studied.

In this paper, a study of the systems formed by dif-
ferent clay minerals, montmorillonite (M), kaolinite (K)
and sepiolite (S), and three surfactants with different
chemical structure, Triton X-100 (non-ionic), dodecyl
sodium sulfate (anionic) and trimethyloctadecyl-
ammonium bromide (cationic), was carried out by X-ray
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diffraction (XRD), infrared spectroscopy (FTIR) and
thermogravimetric and differential thermal analy-
sis (TG/DTA). The aim was to know the interaction
mechanisms between clay minerals and surfactants, the
thermal stability of the adsorbed surfactants and the pos-
sible influence of the interaction between surfactant and
clay mineral in this stability. The originality of this work
lie in the following aspects: 1) The use of one layered
non-expansible clay mineral (K) and another non-lay-
ered (S), besides the layered expansible clay mineral
montmorillonite (M) as a model and 2) the use of three
surfactants with very different structure and properties.
Additionally, the results will complement those ob-
tained in our previous paper [16] about the adsorption of
these surfactants by clay minerals.

Experimental

Clay minerals (<1 mm) with different structures, rep-
resentative of the different types of clays in soils,
were used in the study: Tidinit montmorillonite (M)
(Morocco), Cuenca kaolinite (K) (Spain) and
Vallecas sepiolite (S) (Spain). The characteristics of
these samples determined by the methods described
elsewhere [16] are included in Table 1.

The surfactants used were: a non-ionic surfactant,
4-(1,1,3,3-tetramethylbutyl)phenyl-polyethylene gly-
col (TX100), an anionic surfactant, dodecyl sodium
sulphate (SDS), and a cationic surfactant, trimethyl-
octadecylammonium bromide (ODTMA), supplied by
Sigma-Aldrich (St. Louis, MO). The three surfactants
were used as received.

Surfactant—clay systems were obtained by treat-
ment of the different clay minerals with surfactant solu-
tions of concentration of 6000 ug mL ™" for TX100 and
SDS, and 2000 ug mL ™' for ODTMA, according to the
method indicated in a previous paper by the same au-
thors [16]. The prepared samples were slightly washed
to avoid the excess of organic compound coming from
solutions and its precipitation on the clay mineral sur-
face, dried at room temperature and grounded. The frac-
tion <1 mm was selected by sieving, and kept in a con-
trolled humidity atmosphere for later use.

Natural clay minerals and these samples treated
with the surfactants were studied by the XRD tech-
nique using CuK,, radiation on a PW1710 Philips An-
alytical diffractometer controlled by a X Pert Quan-
tify software (EA Almelo, The Netherlands) operat-
ing at 50 kV and 40 mA between 3 and 30° at a step
size of 0.04° 20 at 2.5 s step . FTIR spectra of the
same samples were registered in a Midac M Series
FTIR spectrometer (Midac Corporation, California,
USA). All the FTIR spectra were measured in the
4000-600 cm™' range by the co-addition of 64 scans
with a resolution of 4 cm™'. Spectral manipulation
was performed using the GRAMS/32-Al software
package (ThermoGalactic, Wobum USA).

Simultaneous thermogravimetric and differential
thermal analysis (TG/DTA) of different samples (ap-
proximately 10 mg) were performed in ceramic pans
using a TA Thermogravimetric Analyzer (TA Instru-
ments, New Castle, USA), model SDT Q600 operat-
ing at 20°C min ' heating rate from 40 to 800°C in a
flowing air atmosphere of 100 mL min'. Derivative
thermogravimetric curves (DTG) were also obtained
by using the data analysis software of the instrument.

Results and discussion
XRD study

Table 1 shows the dgy; basal spacing values of XRD
patterns corresponding to the clay minerals treated
with the surfactants studied and Fig. 1 includes those
XRD patterns obtained for the surfactant-montmoril-
lonite system. The amounts of surfactant adsorbed by
each clay mineral are also included in Table 1. The
adsorbed amounts of cationic surfactant ODTMA
represent 2.5, 2 and 8 times the cation exchange ca-
pacity (CEC) of montmorillonite, kaolinite and sepio-
lite, respectively. A modification of dy spacing is
observed for montmorillonite treated with TX100 and
ODTMA, while spacings for kaolinite and sepiolite
are not modified. The dy; spacing of montmorillonite
increase 0.82 or 1.15 nm in relation to the 0.96 nm
value of dehydrated montmorillonite after the treat-
ment with TX100 or ODTMA. Expansion of mont-
morillonite treated with TX100 must correspond to

Table 1 Characteristics of natural clay minerals, amounts of surfactants adsorbed (Cs) by clay minerals and X-ray diffraction
spacing of different surfactant-clay mineral systems studied

+TX100 +ODTMA +SDS
Clay mineral CEC/ Specific surface/  Natural dyg/ ; ; ;
Y cmol g™ m g nm Cs/mg g Csimg g Csimg g
d()01/1’11’1’1 d001/nm d()o]/l’lm
Montmorillonite 82.0 750 1.46 415 1.78 758.0 2.11 114 1.46
Sepiolite 5.0 189 1.23 267 1.23 128.0 1.23 28.7 1.23
Kaolinite 6.1 12 0.71 134 0.71 40.8 0.71 229 0.71
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Fig. 1 X-ray diffraction patterns for the studied
surfactant—-montmorillonite systems

the intercalation of two layers of surfactant with a par-
allel arrangement to the silicate layers according to
that proposed for other non-ionic ethoxylate surfac-
tants [23, 24]. In the case of ODTMA, the spacing in-
crement must correspond to a pseudotrimolecular ar-
rangement with a parallel disposition to the silicate
layers or a paraffin-type monomolecular arrangement
as indicated by other authors [18, 25]. This cationic
surfactant could be also adsorbed in the structural ze-
olite-like channels of fibrous silicate sepiolite, being
its size similar to the trimethylammonium group of
ODTMA [26].

Montmorillonite, kaolinite and sepiolite treated
with the anionic surfactant SDS do not modify their
basal spacings, indicating that the adsorption of this
surfactant does not take place in the interlayer space
of these minerals.

FTIR study

Figure 2 shows the FTIR spectra of surfactants
(Fig. 2a) and of the montmorillonite natural and
treated with the different surfactants (Fig. 2b), and
Table 2 includes the wavenumbers (cm™') of charac-
teristic absorption bands for surfactants, and for the
surfactant—clay systems studied. Subtraction tech-
nique of clay mineral spectra from surfactant—clay
mineral spectra was used to evaluate modifications on
the absorption bands of surfactant after adsorption.

FTIR spectra of natural clay minerals display
bands in the regions 3700-3600 cm ' (structural OH vi-
brations), 3500-3200 and 1663-1636 cm ' (adsorbed
water OH stretching and bending vibrations) and
1040-600 cm ™' (linkage vibrations), and those of free
surfactants display bands in the regions 3500—3000 and
around 1600 cm' (OH stretching and bending vibra-
tions for TX100 and for environmental water mole-
cules), 3000-2800 and 1500—1300 cm ™' (CH stretching
and bending vibrations for different surfactants and CO
and OH bending vibrations for TX100).

FTIR spectra of the surfactant-clay mineral sys-
tems indicate the presence of absorption bands corre-
sponding to adsorbed surfactant. Bands correspond-
ing to the adsorbed water indicate that not all the wa-
ter has been replaced by surfactant molecules. How-
ever, changes in wavenumbers of these bands are ob-
served and they could indicate partial displacement of
water molecules by adsorbed surfactant. Moreover,
wavenumber shifts of some adsorbed surfactant bands
compared to those registered in the spectrum of the
free compound (Table 2) indicate that some type of
interaction has been settled down between organic
molecules and the clay minerals surface.

In the spectra of TX100-silicate systems a dis-
placement of the absorption band corresponding to
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Fig. 2 a — Infrared spectra of pure surfactants and b — montmorillonite natural and treated with the different surfactants studied
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Table 2 Wavenumbers (cm ') of characteristic absorption bands of the FTIR spectra for the natural clay minerals, surfactants

and surfactant—clay mineral systems

Sample Vou vouH,0 SonH,0 Vas(CH) Vs(cH) Scn Vco
Natural clay minerals
Montmorillonite 3622 3425 1636 - - - -
Kaolinite 3695, 3620 3432 1630 - - - -
Sepiolite 3620, 3564 3404, 3260 1662 - - - -
TX100—clay mineral systems
TX100 - 3474 1609 2948 2872 1458 1345
TX100-M 3626 3414 1643, 1615 2951,2923 2878 1473, 1457 1353
TX100-K 3695, 3619 3435 1637 2960, 2924 2856 1457 -
TX100-S 3566 3408, 3260 1652, 1609 2953,2926 2883 1474, 1457 1354
ODTMA-—clay mineral systems
ODTMA - - - 2918 2849 1474 -
ODTMA-M 3627 3420 1635 2922 2849 1468 -
ODTMA-K 3693,3619 3440 1625 2918 2849 1471 -
ODTMA-S 3565 3415, 3252 1663, 1622 2926 2853 1468 -
SDS—clay mineral systems

SDS - - - 2956, 2918 2850 1468 -
SDS-M 3620 3439 1636 2958, 2923 2852 1446 -
SDS-K 3694, 3619 3445 1630 2962,2923 2853 - -
SDS-S 3564 3414 1660 2962, 2926 2855 1462

the OH bending vibration of adsorbed water is ob-
served, especially in the TX100-M system. These
modifications and those observed in the bands corre-
sponding to the CO bending vibrations (1345 cm ™) of
the surfactant towards higher wavenumbers could in-
dicate a possible ion-dipole interaction between the
surfactant and the silicate through the OH group of
TX100 and the water coordinated to the exchangeable
cations of clay minerals. Changes in the absorption
bands corresponding to CH,-stretching and bending
modes of hydrocarbon chain groups of TX100 (2948
and 2872 cm') are also observed towards higher
wavenumbers (Table 2). These displacements can be
related to a reorganization of the organic compound
molecules when an interaction with the adsorbent is
established. The observed effects take place, in gen-
eral, in all systems but they are more emphasized for
TX100 adsorbed by montmorillonite and sepiolite.
These minerals are those that present the highest
amount of adsorbed surfactant (Table 1) and, in addi-
tion, the adsorption of TX100 in the interlayer space
of montmorillonite, as indicated by XRD, must possi-
bly allow the establishment of a stronger bond with
the surfactant.

The FTIR spectra of the ODTMA-—clay mineral
systems present modifications in the CH stretching
(2918 and 2849 cm™") and bending modes (1474 cm ™)
of adsorbed ODTMA compared to the pure ODTMA.
Some authors [27] have indicated that the CH,-stretch-
ing vibration of amine chains is very sensitive to the
conformational ordering of the chains. Xi et al.
[18, 19] studied modification of montmorillonite by
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different alkyl ammonium surfactants by FTIR spec-
troscopy and they found asymmetric stretching fre-
quencies (v,s) of CH; groups in all organoclays higher
than that in pure surfactants reflecting some disordered
conformations in the surfactant adsorbed in these sys-
tems in relation to pure compound. The displacement
of CH wavenumbers in ODTMA-M is lesser than that
in ODTMA-S involving a more ordered arrangement
of the surfactant molecules when the adsorption takes
place in the interlayer space [28]. Changes in the CH
bending vibration of ODTMA adsorbed in montmoril-
lonite and sepiolite towards higher wavenumbers are
also ascribed to the locking of the methyl groups into
the siloxane layer [19] and a hydrophobic bonding or
Van der Waals forces between the hydrocarbon chains
of surfactants and the hydrophobic siloxane surface of
clay minerals can be established.

A displacement of the CH stretching and bending
vibrations is also observed in the FTIR spectra of
SDS—clay mineral systems towards higher wave-
numbers, and a modification in the stretching mode
Al-OH of silicate network (1083 cm™') is observed in
the FTIR spectrum of SDS-kaolinite towards higher
wavenumbers (1112 cm ™). This shift could correspond
to an interaction between the surfactant and the charged
octahedral layer of the kaolinite as it has been indicated
by Sastry et al. [29] in the interaction of dodecyl and so-
dium benzenesulphonate with this clay mineral. This in-
teraction could support the higher amount of this
surfactant adsorbed by kaolinite (Table 1).

The bands corresponding to alkyl groups of surf-
actant are always observed by the FTIR analysis in all

J. Therm. Anal. Cal., 94, 2008
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systems studied indicating its presence although the
amount adsorbed is low in some systems (i.e. kaolinite).

Thermal analysis (TG/DTA)

Figures 3 and 4 show TG/DTA curves of free surfac-
tants and those corresponding to different surf-
actant—clay mineral systems. For the free surfactants
TG curves present mass losses in the temperature in-
tervals: 200-376°C (TX100), 175-575°C (ODTMA)
and 128-437°C (SDS), which corresponds to the loss
of the 100, 96 and 75% of the organic compound, re-
spectively. These mass losses are related to exother-
mic peaks (T) at 311°C (TX100) and also to endother-
mic (3) and exothermic effects at temperatures
of 207, 264, 331 and 487°C (ODTMA) and of 201,
241,267 and 422°C (SDS) due to combustion of these
compounds. Endothermic effects are seen after initial
combustion of ODTMA and SDS possibly as a result
of the flowing air within the furnace has not enough
oxygen to give rise to a total combustion [17]. DTA
diagrams display another endothermic effect to lower
temperature originated by the melting or transition

phase of organic compounds that does not give rise to
mass losses.

Results from the TG (mass losses, %) and DTA
analysis (minimum/maximum temperatures corre-
sponding to mass losses, °C) of surfactant—clay min-
eral systems studied are included in Table 3. For natu-
ral clay minerals a mass loss is observed in the
50-200°C region caused by their dehydration and an-
other one in the range 450-700°C corresponding to
their dehydroxylation [30—-32]. The dehydration stage
is associated with two endothermic effects; one
around 90°C, related to the hygroscopic water loss
and another one, in the 120-200°C zone, caused by
the adsorbed water elimination. The fibrous silicate,
sepiolite, present mass losses much more elevated
than the laminar silicates in this zone due to the hy-
groscopic and zeolitic water losses, the last one ad-
sorbed in the structural zeolite-like channels [33, 34].

The TG/DTA curves of surfactant-silicate sys-
tems present thermal effects in the clay dehydration
and dehydroxylation region of the clays (Table 3) and
thermal effects corresponding to the oxidation of the
organic material. The oxidation reaction is exother-
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Fig. 3 TG and DTA curves of pure surfactants studied
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Table 3 Results from the TG (mass losses (%)) and DTA analysis (minimum/maximum temperatures corresponding to mass
losses/°C) of natural clay minerals and surfactant—clay mineral systems studied

. Natural +TX100 +ODTMA +SDS
Clay mineral
Mass loss/% 7/°C Mass loss/% T/°C Mass loss/% T/°C Mass loss/% 7/°C
2.31 90.6 2.0 138 0.6 74.8 2.83 87.9
0.64 165 - 244 30.9 235 2.43 202, 398
Montmorillonite 2.99 682 16.4 327 8.20 394 5.18 688
5.1 415 7.02 582
4.9 661 3.77 690
0.1 93.5 0.3 82 0.15 81.4 0.06 83
Kaolinite 11.1 525 - 201 4.75 350 0.90 343
1.35 375 10.7 523 11.4 520
11.5 521
3.87 94.4 1.50 86.2 2.48 93 3.41 90
Sepiolite 3.04 296 - 218 3.17 359 4.27 305
P 2.83 538 21 385 12.5 404, 480 2.42 517
5.38 749
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Fig. 4 TG and DTA curves of different surfactant—clay mineral systems studied

mic (T) and occurs during the gradual heating of the
sample. It can take place in two steps, in the range
200-500°C, oxidation of organic hydrogen and for-
mation of water and charcoal, and in the range
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400-750°C, oxidation of charcoal and formation of
CO,. The exothermic peak temperatures and the total
oxidation of the charcoal depend on the mineral, the
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organic compound and the types of bonding between
the charcoal and the clay mineral [31].

The decomposition of TX100 adsorbed by clay
minerals begins after two endothermic effects. One of
them corresponds to a mass loss due to the dehydra-
tion of the system and another one due to the melting
of non- or weakly adsorbed surfactant molecules to
temperatures <250°C (Fig. 4). The first mass loss is
smaller than that in the untreated clays since some of
the water molecules are replaced by the adsorbed or-
ganic molecules. Next, the organic matter begins to
release in agreement with TG curves, originating one
or several exothermic peaks, as indicated in DTA
curves, caused by the combustion of the organic com-
pound in the presence of air. The decomposition of
the TX100 molecule, with a chain of 9.5 ethoxylate
groups and one OH function, must imply ruptures of
bonds C—OH of the ethoxylate part, and C—C of the
alkyl part, previously to its combustion. It is noted
that the oxidation temperatures registered in all
TX100-silicate systems are more elevated than for
the pure TX100. This could indicate a greater stabili-
zation of the organic compound in adsorbed state due
to the interaction between adsorbent and surfactant in
a greater or lesser extension.

Loss of TX100 adsorbed by montmorillonite
takes place in two steps at temperatures of 327
and 415°C (Fig. 4) possibly due to the presence of
surfactant adsorbed on the surface and in the
interlayer space of this mineral [16] or to decomposi-
tion of different units of TX100 adsorbed in the
interlayer space of montmorillonite. Breen ef al. [35]
showed that only the ethoxylated chain remains at
temperatures >400°C. Surfactant oxidation adsorbed
in TX100-K and TX100-S systems only occurs in a
step at temperatures of 375 and 385°C, respectively,
suggesting a lesser interaction of surfactant molecules
with the surface of these minerals.

The DTA curves of ODTMA—clay mineral sys-
tems (Fig. 4) show at first an endothermic peak due to
loss of adsorbed water or water around the exchange-
able cations. The amount water in these systems de-
creases in relation to the natural clays as indicated by
TG results (Table 3), because the replacement of ex-
changeable cations by the cationic surfactant in-
creases the hydrophobic character of the surface. Af-
ter, the organic compound begins to be released
(~200°C), DTA curves show several exothermic
peaks due to combustion of surfactant. Four mass loss
steps (235, 394, 582 and 690°C) are observed in the
ODTMA-M system for the total disappearance of the
surfactant (Table 3), being the decomposition temper-
ature of the adsorbed ODTMA increased when com-
pared with that of the pure surfactant. It is considered
that the arrangement of ODTMA in the interlayer
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space of more than one molecular layer can give rise
to the stabilization of some product originated in the
surfactant decomposition and its later oxidation to
more elevated temperature. Total disappearance does
not take place until a temperature of 600-700°C is
reached indicating the oxidation of residual organic
carbonaceous matter [31].

The combustion of ODTMA adsorbed by kaolinite
and sepiolite begins at higher temperatures (350
and 359°C, respectively) than that observed in the pure
surfactant and in the ODTMA-M system. It would
therefore appear that the thermal stability of ODTMA
decrease as the amount of adsorbed surfactant increases
(Table 1), as it has been also indicated by some au-
thors [21, 36]. It is observed one or four mass loss steps,
respectively, for the decomposition of ODTMA ad-
sorbed by kaolinite and sepiolite. The adsorption of
surfactant in the structural channels of this silicate could
permit the stabilization of some decomposition products
until temperatures >700°C. It must be noted that the en-
dothermic peak corresponding the dehydroxylation of
clay minerals between 500-600°C is not observed in
ODTMA-M and ODTMA-S systems because of the
overlapping by the four exothermic oxidation steps of
residual organic carbonaceous matter.

TG/DTA curves (Fig. 4) corresponding to the
studied SDS—clay mineral systems indicate low pres-
ence of the surfactant in agreement to the low ad-
sorbed amount of SDS by clay minerals (Table 2).
Only it is appreciated a little change in the tempera-
ture of water loss in relation to the natural clay miner-
als, this fact could be due to the replacement of some
of the water by organic molecules [31].

Conclusions

The XRD study of surfactant-clay mineral systems has
showed the adsorption of non-ionic and cationic sur-
factants (TX100 and ODTMA) in the interlayer space
of montmorillonite. The adsorption of these surfactants
by kaolinite and sepiolite and the adsorption of anionic
surfactant SDS by all systems did not modify the X-ray
diagrams, indicating its adsorption on the surface of
these minerals and/or in the structural channels of
sepiolite. FTIR spectra of surfactant—clay mineral sys-
tems showed absorption bands that indicate the pres-
ence of surfactant adsorbed by clay minerals.
Wavenumber modifications of the clay mineral OH vi-
bration modes were observed for the non-ionic
surfactant TX100, especially when adsorbed by mont-
morillonite. They indicated interaction of surfactant
with the silicate through the functional groups of or-
ganic compound and the water coordinated to the ex-
changeable cations of clay minerals by ion-dipole or
hydrogen bonding. On the other hand, modifications in
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CH stretching wavenumbers of three surfactants were
also observed in all systems indicating a re-arrange-
ment of the adsorbed surfactant molecules and hydro-
phobic bonding or Van der Waals forces between the
hydrocarbon chains of surfactants and the hydrophobic
siloxane surface of clay minerals. Concerning the
TG/DTA study, the results indicated an increase in the
stabilization of non-ionic (TX100) and cationic
(ODTMA) surfactants adsorbed by all clay minerals
studied in relation to pure compounds. This effect is
greater in montmorillonite and sepiolite than in
kaolinite systems owing to these minerals must allow
the establishment of a stronger bond with the surfac-
tants as indicated by XRD and FTIR results. Differ-
ences in decomposition of anionic surfactant SDS are
not emphasized due to the low adsorbed amount of this
surfactant by all systems. The results obtained indicate
the interest of taking into account the structure of
surfactant and the clay mineral type when preparing
customized surfactant—clay mineral systems to be used
in environmental applications related with the re-
mediation of soils and water contaminated by toxic or-
ganic pollutants.
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