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ABSTRACT: A crude contaminated sail, arising from an ail production zone in Tabasco, Mexico was studied. A
sample of about 40 kg was dried and screened through meshes 10-100. Total petroleum hydrocarbons and 6 metals
(Cd, Cu, Cr, Ni, V and Zn) were determined to the different portions. For soil which passed mesh 10, six non-ionic,
three anionic and one zwitterionic surfactant solutions (0.5%) were employed to wash the soil. Additional tests
using surfactant salt mixtures and surfactants mixtures were carried out. Once the best soil washing conditions were
identified, these experimenta conditions were applied for washing the rest of the soil portions obtained (meshes 4,
6, 20, 40, 60, 80, 100). Tota petroleum hydrocarbons values were in the range of 51,550 to 192,130 mg/kg. Cd was
not found in any of the soils portions, and the rest of the metals were found at different concentrations, for every
soil mesh. Treatability tests applied to the soils indicated that it is possible to get removals between 9.1 to 20.5%.
For the case of a sodium dodecyl sulphate 1% solution, total petroleum hydrocarbons removal was as high as
35.4%. Combinations of sodium docecyl sulphate and salts, gave removal rates up to 49.5%. Total petroleum
hydrocarbons concentrations for the whole soil were about 150,600 mg/kg. The higher the particle size, the lower
the washing removal rate. The combined effect of particle size and total petroleum hydrocarbons concentration,
determines the total petroleum hydrocarbons removal efficiencies. These facts are very important for designing an

appropriate soil washing remediation process.
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INTRODUCTION

Oil exploration and production zones are very
frequently contaminated. In Mexico, the most important
exploration and production zones are located at
Veracruz and Tabasco states. There are several
remediation techniques, which have proven to be an
excellent option for remediation purposes. One of them
is surfactant enhanced soil washing. Many paper
related with surfactant enhanced soil washing deals
with aspects such as the selection of ideal surfactant
and doses, soil washing mechanismsand modeling of
the process (Chu and So, 2001; Chu and Chan, 2003),
the use of different driving forces for surfactant
enhanced soil washing, i.e. air sparging and flotation
(Zhang, et al., 2001; Urum, et al., 2005) and other
engineering aspects (Zhou, et al., 2005).Our research
group has been studying for years this remediation
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techniqueat laboratory, pilot plant and full-scalelevels,
for decontamination of soil containing diesel,
gasolines, crude oil and other petroleum fractions
(Torres, etal., 2003; Iturbe, et al., 2004 &; Iturbe, et al.,
2004 b; Lopez, et al., 2004; Torres, et al., 2005g; Torres,
et al., 2005b, Torres, et al; 2006). Kuhlman and
Greenfield (1999) reported the washing of soils
contaminated with petroleum hydrocarbons or metals
at industrial level. They describe soil washing process
grouped in modules, including @) a soil preparation
module for removal and cleaning of oversize materia
and debris, b) a soil washing module to remove the
contaminants, subdivided into equipment for washing
sand and fines (<200-mesh or 74-um). Authorsdescribe
that this division has deve oped because lower surface
areq, larger sand grainsareeasier to processthan fines
fraction, which has one to three orders of magnitude
larger surface area than the >200 mesh sand, ¢) a
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wastewater treatment module, to treat dirty water
generated in the process, d) a residual management
module, €) avolatileemission control moduleand finally,
f) awash water storage and management module. Yeh
and Young (2003) studied cleaning of soils contaminated
with petroleum hydrocarbons by means of surfactant
enhanced soil washing. They studied the cleaning
procedure for two different soils containing different
sand, gt and clay contents (and thus different cationic
exchangecapacity (CEC) and soil organic matter (SOM)
values). They characterized the soilsmeasuring the CEC
and SOM values for coarse and fine fractions. They
observed that fine fractions for both soils contained
always SOM values higher than those values found at
coarse fraction (up to 3 fold), while CEC values were
higher at fine fraction in comparison to coarse fraction
for only onesoil. Theinteresting point was to measure
the TPH removal inthefine, coarse and bulk fractions,
when washing both soil swith two different surfactants:
one nonionic (Triton-100, TX-100) and one cationic
dodecylpiridinum chloride, (DPC). At the end of the
study, authors concluded that both CEC and SOM
valuesin the soils affected the sorption of TX-100 and
2,6-dichloroindophenol DCP, though obvioudy DCP(as
a cationic surfactant) was more sorbed to soil than the
TX-100. Besides, they concluded that sufficient
amounts and strong capacities of thefine fraction were
both important in reducing the total petroleum
hydrocarbons (TPH) level in the coarsefraction during
soil washing. The questions arising form these facts
are: how is the TPH contamination distributed along
the soil fractions? How this TPH level affects the soil
washing process? Is it easier to clean soil coarse or
finefractions contaminated with TPH? Theaims of this
work are three: 1) characterizing a soil highly
contaminated with crude, arisng forman oil exploration
zone, including acharacterization of TPH and metals
level at different fractions, 2) evaluate the surfactant
soil washing efficiencies for thewhole soil usingsingle
surfactantsand mixturesand 3) eval uate the surfactant
soil washing efficienciesfor different soil particlesizes.

MATERIALSAND METHODS

A 40 kg soil sasmplearisngtoan oil exploration zone
at Tabasco, Mexico, was received and kept at 4 °C
beforeitscharacterization. Subsampleswere obtained
from the parent sample and used to characterize its
physical and chemical composition. TPH and 16
Polycyclic aromatic hydrocarbon PAH, considered by
USEPA aspriority pollutants, pH, electrical conductivity,

nitrogen and carbon contents, water content, metals(Cd,
Cu, Cr, Ni, V and Zn) and density assessments were
carried out to those samples. After initial
characterization, soil was dried at environmental
temperatureand was milled. After that, it was passed by
different mesh Szes, from mesh 10 (1,700 pum), until mesh
100 (150 pum). Particles bigger than mesh 10 were
separated, since they were comprised for big
hydrocarbon agglomerates covered by thin layers of
sand. These particleswerenot ableto break in that kind
of mill, sncethey areplagtic, and werekept apart. After
thisprocess, TPH and metals(Cd, Cu, Cr, Ni, V and Zn)
were evaluated in every one of the meshed samples.
Initial approaches for identify the best reactive to be
used for surfactant enhanced soil washing assessments
werecarried out using 11 different surfactantsasshown
in Table 1, together with some of their main
characterigtics, including their chemical nature (i.e.,
anionic, nonionic, zwitterionic), their chemical names,
andthecritical micdlar concentration (CMC). Surfactant
enhanced soil washing experimental runswere performed
asfollows: Six gramsof soil (mesh 10) werewashedina
40 mL amber vial, with 20 mLof water or surfactant
solution, using gentle agitation during 23 h, at room
temperature. After thistime, soil was allowed to settle
for 1 h and resulting solution-was discharged. Clean
soilsweredried and measured for TPHS concentration
using a gravimetric technique. Previous experiments
showed that resultsfor this technique varies between 4
and 5%. In order to evaluate the effect of ionic strength
on surfactant efficiency for soil washing, soils were
washed using water and seawater (SW), as well as
surfactants sol utions (those surfactantswith the highest
efficiency) prepared in tap water or seawater. Washing
removal swere cal cul ated taking into account thewater
content of samplesand theinitial TPH concentrations.
Once the best conditions (surfactant type and
concentration, water type, and salt concentration) were
identified, every oneof the soil portions(i.e. mesh 4, 6,
10, 20, 40, 60, 80 and 100) were washed using these
experimental conditions, in order to determine theeffect
of the particle size over the soil washing rates.

RESULTS
Tabasco contaminated soil characteristics

On Table 2, some physical-chemical properties of
the contaminated soil are shown. It is important to
remember that these measurementswere taken in situ
at the expl oration zone (points A and B).
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Asit was mentioned earlier, besidesthe TPH and
the other measurements showed, the 16 PAH
considered asprioritary by USEPA were al so eval uated
in every sample. None of the sub-samples showed
presenceof thetested PAH in values over thedetection
[imit for the measurement technique. TPH val uesfound
for the two sampling sites (sitesA and B), showed an
important heterogeneity in the contaminated soils
(34,502 and 51,915 mg/kg, respectively). Soils show a
lot of product conglomerates covered by thin layers of
sand. Some particles showed valuesupto 0.16 m size.
Valuesfor C, Hand N were evaluated because they are
interesting if the proposed remediation treatment isa
biological one. Concentration of C, H and N werequite
similar for both sampling sites. The water content for
soilswas between 25 and 35%, considering thishigh
water content we decided to dry the soil at
environmental conditions prior to perform further
characterization assessmentsand thetreatability tests.
The electrical conductivity for both samples (as an
indirect measure of the soil salinity) wasthesame, 126
mS/cm. Thisvalue correspondstonormal soilswith an

Table 1: Some surfactant characteristics for the used

electrical conductivity in the range of 0-2 dS/m.
Regarding the pH values, soil samples showed very
close values (5.73 and 5.58, for site A and B
respectively), and both indicatesthat soil ismoderately
acid (5.1to 6.5 unities). Finally, soil density for both
samplesresulted in 2.569 g/cm?, which isavery useful
parameter for converting volumes to weights of soil.
Metals distribution for the different soil meshes is
presented on Table 3. We were not able to determine
Cd over the method detection limit (MDL), 0.08 mg/kg)
in any of the samples. Regarding therest of the metals
(Cu, Cr. Ni, V and Zn), it isimportant to underline that
none of the values were over the Mexican legidation
values (SEMARNAT, 2003). It ssemsthat thereisnoa
clear path in thedigribution tendency for thefivemetals
inthemeshes6, 10, 20, 40, 60, 80 and 100. Cu showed
its maxi mum concentration at mesh 40, while Cr was
present in the higher concentration at mesh 100. On
the other hand, the maximum concentration valuefor
Ni, V and Zn were found at meshes 10, 10, and 80,
respectively. Lower metal concentrations were found
at mesh 60, with exception of Ni, which waspresentin
thelower concentration at mesh 6. It has been reported
(Toeberman, et al., 1999) thefollowing tendency; the

products lower the particle size, the higher the TPH
Surfactant ~ Chemical name Chemical nature CMC concentration. This tendency has been reported
Lauryl miristyl Nonionic (in previously at least for coarse and fine fractions (Yeh
q *
Surfacpol LO gineivl amine oxide Eg‘lngi?i' (;"‘:S‘; basic *NR and Young, 2003). Toeberman, et al. (1999) reported a
Sorbitan monoleate o s0il characterization for asoil contaminated with mineral
Tween80 5o —o0 Non ionic 654 oil. Particle sizes between the intervals of 0-45 m and
Brij35  Lauryl ether Poe=23  Nonionic 396 2000-4000 um werefound, with massfractions between
Brij 58 Cetyl ether Poe=20 Nonionic 84.15
Emulgin 600 Nonyl phenol Poe=6 Non ionic 45.0 Table 2: Physicochemical characteristics for the Tabasco
Eongg)l an Tg nyl phenol Poe = Non ionic 495 contaminated soils. Field samples
Sodium lauryl ether - Parameter Point A Point B
Texapond0 g e Anionic 1,458 TPH (mg/kg) 34,502 51,915
Sodium dodecyl I Total carbon (%) 8.12 7.79
Sbs sulfate Anionic 400 Total hydrogen (%) 0.96 0.78
] Sodium dodecyl - Total nitrogen (%) 0.31 0.39
Maranil Lab. benzene sulfate Anionic 1,392.0 Water content (%) 255 35.7
Surfacpol G NR Anionic NR Electrical conductivity (mS/cm) 126 126
Polafix Propyl-cocoamide . _— 100, pH 5.73 5.58
CAPB betaine Zwittermionic ) Density (g/cm®) 2,569 2,569

*NR: not reported

Table 3: Metals present at the different Tabasco soil fractions

corresponding to different mesh sizes. Concentrations in mg/kg soil

Metal/mesh 6 10 20 40 60 80 100
Cd *ND ND ND ND ND ND ND
Cu 1.475 2.358 3.029 3.283 0.627 2.469 1571
Cr 4.768 3.087 3.749 3.010 2.543 4.402 9.961
Ni 1.291 15911 11.478 6.416 3.846 5.423 7.900
\ 34.383 35.909 28.303 17.799 10.707 15.674 29.68
Zn 31.591 36.762 32.154 21.826 19.200 48.380 45.344

*ND: Not detection-under detection limit (0.80 mg/kg)
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0.82% (for the45-63 umrange) and 41.7 % (for the 180-
355 um size interval). The mean values within size
interval contamination by mineral oil were between 376
mg/kg (for the 355-630 um) and 20,618 mg/kg (for the
45-63 umgzeinterval). Inresume, maximummineral oil
concentrationswerefound at there ative small particles
fraction with a low mass fraction, while lower
concentrationswere found at bigger particlesfractions
with ahigh massfraction. TPH valuesin the soilsfrom
different meshes, Table4 showsthe TPH distributions
in meshesfrom 4 to 100. In our case, we observed that
the higher the particle size, the higher the TPH
concentration, except for the finesfraction. Themesh
80 s0il showed theminimum TPH concentration (43,590
mg/kg), while mesh 100 showed a higher TPH
concentration, i.e. 51,550 mg/kg. Thisbehavior iseasly
explained if we considered that bigger partidesarebig
dry TPH conglomerates, covered by thin layers of sand.
Asfar asweknow, thistendency hasnot been reported
before and has profound implicationsfor thewashing
of this kind of soils using surfactant solutions, as it
will be discussed in the next section. In resume, TPH
concentrations in the samples ranged from 43,590
mg/kg (mesh 80, corresponding to particles about 0.18
mm), and 192,130 mg/kg (for mesh 4, corresponding to
particles of about 4.75 mm). In the same table it is
possible to observe the retained fractions for the
different meshes. Asan example, itisquiteclear that
the more abundant fraction ismesh 40 (0.445mm) with
a0.3751 retained fraction), with a TPH concentration
of 80,250 mg/kg. Theseresultsare quitedifferent from
the results showed at Table 2. It is important to
remember what it was stated before: soil is highly
heterogeneous and contents a lot of big dry TPH
conglomerates. Another source of error is that the
valuesin thistablearereported in dry basis, whilethe
results in Table 2 are reported in wet basis (water
contents were as high as 35%).

Table 4: Fractions distribution at the different meshes sizes,
and TPHSs contents

Mesh A"e(rr":]grﬁ)s' 2 Reained fraction  TPH (g/kg)
7 475 0.0492 19213
6 335 0.1720 176.06
10 2,00 0.1107 150.67
20 0.85 0.1409 94.18
40 0.445 0.3751 80.25
60 0.25 0.1407 4558
80 0.8 0.0053 4359

100 0.15 0.0035 5155
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Soil washing using only one surfactant

Theresultsof the assessments carried out with only
one surfactant are depicted on Fig. 1. For all the
assessments soil, which passed mesh 10, wasemployed
(with a TPH concentration of 150, 671 mg/kg). As
observed, the maximum valuefor the TPH removal was
obtai ned when washing with Surfacpol LO, anon-ionic
surfactant at neutral and alkaline pH (28.3%). This
surfactant contains an amine group, so it tends to
protonate and behave as a cationic surfactant. For soil
washing purposes that behavior is quite undesirable,
sincecationic surfactantstend to adhereto soils(which
have in general a negative charge), so the loss in
surfactant due to that phenomenon is very high. In
second place, TPH removal valuein soil when washing
with Maranil Lab (sodium dodecyl benzene sulfate,
(SDBS), of anionic nature) was also very good (26.7%).
Inthethird placeisthe soil washed with thezwitterionic
surfactant Polafix CAPB (21%). Besidetheseresults,
two assessment results should be mentioned: using
SDS at 0.5% (20.5%) and using the nonionic Brij 35
(17.6 %). When the assessment with SDSwasrepeated
using a surfactant concentration of 1%, a better result
of 35.5% was obtained. In other works (Deshpande, et
al., 1999), it hasbeen stated that not alwaysan increase
in surfactant concentration means an increase in the
soil-washing rate; sometimes the result is opposite to
that desired. Finally, even when is not shown at the
sameFigure,, theresult of washing the soil with seawater
previously characterized (Torres, et al., 2005a) was a
TPH removal of only 9.15 % and thisvaluewill beused
in the discussion of the next section results.

Soil washing using surfactants mixtures or surfactant
salt mixtures

Experience has shown us that, when washing soils
contaminated with crude oil or fractionsusing anionic
surfactants such as SDS and SDBS, dueto the Ca and
Mg soil contents, TPH removal values are not as good
as they could be, since part of the surfactant is
precipitated by the Ca and Mg ions (Torres, et al.,
2005b). When using thiskind of hard sails, it is very
important to measure the value of the ratio (Na+K/
Cat+Mg). If thevalueishigher than 1, itisvery possble
that no adverse effect will be observed when washing
the soil with anionic surfactants. in the contrary, If the
ratio is quite lower than 1, the effect of this divalent
cationswill bevery important in the soil washing rates.
Toovercomethisdifficulty, three different mechanisms
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have been suggested in the literature (Stellner and
Sacamehorn, 1989; Rodriguez, et al., 2001; Torres, et al.,
2005a): 1) to add a Na-salt to the surfactant solution
(i.e., NaCl), 2) to add phosphates or zeolite powder, to
capture Caand Mg ionsand 3) to combinenon-ionic +
anionic surfactant mixtures. The three options have
shown to decrease anionic surfactant precipitation. The
three procedures have disadvantages of different origin.
Theuseof NaCl, for example can be very costly and on
the other hand, for some type of soils, it could be risky
toadd NaCl solutionsat 1-3 % concentration, Sncethis
solutions could cause soil salinitization. In the case of
the use of phosphates, costs can be high too. Finally,
the use of zeolite powder is more attractive from the
technical point of view, but costsrelated tothistechnique
arequite high. Mixing nonionic+ anionic surfactantsdo
not present environmental or cost inconveniences in
general, but results are not as good as those observed
when adding Na or Ca sequestrants to the surfactant
solutions (as reported by Torres, et al., 2005b). In this
work, as SDSand Maranil Lab (SDBS) surfactantsare
very popular products, which have low pricesand are
easy to get, besde the high soil washing rated that
showed, it was decided to try both surfactantswith the
use of the three mechanism to avoid surfactant
precipitation and enhance the washing rates. Both
aurfactantsweremixed with NaCl, Na-metasilicate (Na-
Si) or anonionic surfactant trying to get better washing
results. Theresults of these assessments are presented
alsoonFig. 2. Testsusing SDS(0.5%) + NaCl at 1 and
3% concentrations showed an enhancement in thevalue
of the soil washing removal but not very important
(increases of 3 and 4% in comparison with SDSalone,
respectively). On theother hand, using SDSand Na-S
at 5 and 7%, did increasethe TPH washing removal in 29
and 25%, if compared with the assessment with only
SDS. Theassessment where SDSwasmixed with TW80
was not successful, since the TPH removal obtained
was 17.5% lower than the removal, obtained with just
SDS, but higher if compared with the assessment using
TW80 aone(16.3%). When preparing the SDSsolutions
with seawater, the TPH removal value was 28% more
than that obtained with SDS in tap water, and higher
than that obtained with SDS + NaCl at 1 and 3%
concentrations. It is important to remember that the
assessment employing seawater alone gave TPH
removals of only 9.15%. The use of seawater, when
washing soils near the sea, could be a very high cost-
effective technique though it would be very necessary
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to evaluate the effect of addition of the salts contained
in seawater (Na, K, Ca, Mg, chlorides, sulfates, etc) to
soils. With respect to the assessmentswith Maranil Lab
(SDBS), it was observed that addition of NaCl 3%,
augmented TPH removal in 4.5% more than the
assessment without salt. By adding Na-S (7%), an
increase of 20.5% was observed. The assessment were
SDBS + SW was used resulted in a TPH removal of
18.7%, lower than that observed using SDBS alone, but
very similar to the val ue obtained when washing with
SDS+ TW80.

Effect of the particle size over the soil washing rates
The results of the assessments for different soil
fractions; washed with SDS 0.5% are presented on Fig.
3. Assessmentswith meshes4 and 6 (4.25 and 3.35mm,
respectively) did not success. That meansthat fina TPH
concentrations were the same than that those found at
the beginning of the test. Our hypothesisis that these
s0il fractions containsan excessof TPH and alow amount
of sand, so surfactant enhanced washing is not an
adequate method for treating it and more research is
needed to design a suitable cleaning process adeguate
for itsremediation. Itisimportant to remark, that retained
fractions for meshes 4 and 6 were 0.0492 and 0.1720,
respectively. It could be possibleto neglect theinfluence
of mesh 4, but mesh 6ismore considerablefor thewhole
meshes soil behavior. When the soil fraction
correponding to mesh 10 (retained fraction 0.1107) was
washed, it was possibletoremove only 13.5% from the
initial TPH concentration. TPH removal for the soil
corresponding to mesh 20 (retained fraction 0.1409),
dlightly decreased with respect to theresult for mesh 10,
with avalue of 8.8%. For soil corresponding to mesh 40
(whichinturnisthemaost abundant with aretained fraction
of 0.3751), TPHremoval increased up to54.8%, whichisa
very good result if compared with the previousva uesfor
meshes4, 6, 10and 20. Thetrend isthesamefor the next
two soil fractions: the lower the particle size, the higher
the TPH removal vaue. For mesh 60 (retained fraction of
0.1407), TPH remova was the maximum for this set of
assessments, i.e., 68.7%, whilefor themesh 80 (retained
fraction of 0.0053), TPH removal wasas high as64.6%.
Finally, for mesh 100 (retained fraction of only 0.0035),
TPH removal showed avalueof 67.4%, littlehigher than
that found for mesh 80. In general, it can besaid, that the
higher theparticles ze, thelower the TPH removal, though
theinfluenceof the TPH initial concentration isclear: the
higher the TPH initial concentration, thelower the TPH
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removal. Thecomminuted effect of particleszeand TPH
concentration, determinesthe TPH removal efficiencies.
Thesefactsareveryimportant for designing an gppropriate
s0il washing remediation process. It could be better to
takeout fractions corresponding to meshes4 and 6, and
givethem atreatment different than surfactant enhanced
soil washing.

DISCUSSION AND CONCLUSION

Soil from the oil exploration zonein Tabasco, Mexico
ishighly contaminated with TPH. Thecharacterization
carried out after separation of very big particles (even
0.16 m long) and the separation of theremaining soil in
fractions corresponding to American meshes from 4
(4.25 mm) to 100 (0.15 mm) showed that TPHs are
distributed in the soil fractionswith valuesfrom 43,590
mg/kg (mesh 80) to 192,130 mg/kg (mesh 4). Thetrend
for TPH distribution was: the higher the particle size,
the higher the TPH concentration. The average
concentration for the fractions corresponding to mesh
10-100 wasof 150, 671 mg/kg. The 16 PAH considered
as priority by USEPA were also evaluated in every
sample, but none of the poi nts showed presence of the
PAH in values under the detection limit for the
measurement technique. Regarding the metal s content
of the soil fractions, it seemsthat thereis no a clear
path in the distribution tendency for thefive metalsin
the meshes 6-100. Cu showed its maximum
concentration at mesh 40, while Cr was present in the
higher concentration at mesh 100. On the other hand,
the maximum value for Ni, V and Zn were found at

40 -
35
30 -
25

20 -

TPH removal (%)

15

Al lall

meshes 10 and 80, respectively. Lower metal
concentrationswere found at mesh 60, with exception
of Ni, which was present in thelower concentration at
mesh 6. Theelectrical conductivity was 126 mS/cm.

This value corresponds to normal soils with an
electrical conductivity in the range of 0-2 dS/m.
Regarding the pH val ues, soil showed values of around
5.6, which indicatesthat soil ismoderately acid (5.1 to
6.5 unities). Finally, soil density resulted in 2.569 g/
cm?®, which is a very useful parameter for converting
volumes to weights of soil. It was shown that soil
could be washed using surfactants or mixtures, with
efficiencies up to 28.3% if a single surfactant is
employed at aconcentration of 0.5% and upto 35.5% if
1% SDS solution is employed. Mixtures anionic
surfactant + salt, resulted very interesting, since the
presence of NaCl and Na-Si enhanced the soil washing
removal of SDS solutions, particularly in the case of
Na-Si. Employment of anionic surfactants was, in
general, more suitabl ethan using nonionic surfactants,
but the use of zwitterionic surfactants showed big
potential, which should be studied in detail.
Combinations of anionic surfactants SDS and SDBS
with NaCl and Na-S were very interesting, giving
higher TPH removals than those obtained only with
the surfactants alone. The use of seawater as a Na
source resulted quite promissory, always than the
effect of the salts contained in seawater over the soil,
be evaluated. It was shown that the |ower the particle
size, the higher the TPH removal value.

Surfacpol Tween 80 Brij 35 Brij 58 Emulgin

Emulgin
LO 600 1000

Polafix
CAPB

Maranil ~ Surfacpol
Lab G

Texapon SDS SDS 1%

Surfactant at 0.5% (except where indicated)
Fg. 1: Results for the washing assessments using different surfactant alone
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SDS

1% 3% 5%

Maranil Lab SDS+NaCl SDS+NaCl SDS+Na-

Si

SDS+NasSi

SDS+
seawater

SDS+TW80 Maranil
Lab+Na-Si

7%

Maranil
Lab+NaCl
3%

Maranil
Lab+
seawater

7%

Surfactant+salt mixtures
Fig. 2: Results for the washing assessments using SDS and Maranil Lab (SDBS) alone, combined with salt mixtures
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TPH (g/kg) or TPH removal (%)
[62]
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American mesh

O TPH O Remova

Fg. 3: TPH concentrations in the different soil samples and the correspondent TPH removals
(assessments carried out with SDS 0.5%)

Besides, the higher the TPH initial concentration,
the lower the TPH removal. The combined effect of
particesizeand TPH concentration, determinesthe TPH
removal efficiencies. Thesefactsarevery important for
designing an appropriate soil washing remediation
process.
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