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Artificially contaminated soil, with mixture of Co(II) and Sr(II) ions in different propor-
tions, was tested. The main aim was to investigate the possibility of ethylenediamine-
tetraacetic acid (EDTA) utilization in the chemical extraction process as a method for soil
remediation in the case of mixed contamination. The efficiency of this process when EDTA of
5-10-* molL-! was used was low, while the application of the EDTA solution of the initial con-
centration 5-10-3 molL-! or higher showed almost the same efficiency. This suggested that the
application of the solution EDTA (5-10-3 molL-!) is optimal from the aspect of cost and deg-
radation of soil properties. Furthermore, process kinetic was fitted using one parameter
shrinking core models. Kinetic data modeling showed that the process is complex, demanding

multi resistance kinetic model.
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INTRODUCTION

Terrestrial radionuclides are naturally presented
in soils as minerals and rocks constituents. They are
long-lived isotopes where the most important and
most abundant are isotopes formed by 23® U or 2’Th
radioactive decay. As a consequence, natural radioac-
tivity of soil originates mainly from 22°Ra, 232Th,
and “°K, with the world averaged values of 32 Bgkg,
45 Bgkg, and 420 Bqkg, respectively [1]. In addition
to the natural radionuclides, various artificial radioac-
tive isotopes may be transferred to the environment.
Thus, soil contamination with radionuclides can occur
due to the accidental release after nuclear accidents,
nuclear weapon testing, under leakage of radio-
nuclides during waste processing, transport, or perma-
nent disposal. These activities provoke significant
concentrations of other contaminants like Co, Sr, Cs,
Ni, Am, and other isotopes. In USA, 2*’Cs, 2*°Ra,
2381, ©0Co, 20Sr, 232Th, and 233-242 Pu are denoted as the
most important radionuclides in the contaminated
soils [2].

Generally, the remediation of contaminated soils
using different techniques like phytoremediation, soil
washing, soil stabilization and, chemical extraction, is
applied [3]. The only efficient way for remediation of
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radioactive ions contamination is removal of isotopes
from soil matrices. Chemical extraction is applied us-
ing chemical reagents which dissolve, desorb, con-
taminants form chelates and complex compounds.
Likewise, different chemicals like inorganic and or-
ganic acids, complexing agents, inorganic salts, oxi-
dizing agents, etc. [4], even commercial products like
CocaCola can be utilized for this method [5].The com-
parison between efficiencies of inorganic acid and
salt, as well as, complexing agent for pollutant re-
moval [6], showed that inorganic chemicals were less
effective. Furthermore, it has to be noticed that appli-
cation of aggressive inorganic acids provokes soil
components dissolution and leads to decrease of soil
quality and productivity. Among chelating agents, the
most extensive research was done with the utilization
of ethylenediaminetetraacetic acid (EDTA) [7], but
also with nitriloacetic acid (NTA) [8, 9] and,
diethylenetriamine pentaacetic acid (DTPA) [5]. The
efficiency of this process is highly influenced by soil
properties, contaminant properties, and operating con-
ditions. Soil and contaminant types define the total
amount of contaminant content and distribution,
where these parameters are specified and fixed for a
certain scenario. On the other hand, operating condi-
tions like reagent type, concentration, pH value and
volume, treatment duration, efc. are adjustable and
variable, submissive to optimization. The investiga-
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tion of operating variables was given for the soil con-
taminated with heavy metals [7, 10, 11] and
radionuclides [12-14]. The effectiveness of extraction
with differently concentrated solutions like HCI,
CaCl,, EDTA (in the form of Na salt), tartaric and cit-
ric acid, for decontamination of soils containing Co>*
and Sr?' ions in the excessive amounts, showed that
the most effective were EDTA solutions for both cat-
ions. On the contrary, CaCl, solution exhibited highest
efficiency considering solely Sr(Il) contamination
[14]. However, these experiments were performed for
contact time of 1 hour and process kinetics was not in-
vestigated. Consequently, the major goal of this study
was to investigate kinetics of Co and Sr leaching pro-
cess from artificially contaminated soil. The informa-
tion about process kinetics has both scientific and
practical significance and is beneficial for system de-
sign or process intensification.

EXPERIMENTAL PART
Soil contamination

Representative soil sample, from the location of
Vinca Institute of Nuclear Sciences, was used in this
investigation. This location was chosen because of soil
radioactive contamination possibility at this site. The
sampling procedure and characterization of this soil
sample can be found elsewhere [15]. It was shown that
the sample was weakly alkaline with low phosphorus
content and low cation exchange capacity, mainly con-
sisted of quartz, kyanite, muscovite, albite, calcium,
magnesium carbonate, efc.

The selected soil was artificially contaminated us-
ing aqueous solutions of Co(Il) and Sr(Il) nitrate salts.
Due to the fact that chemical behavior of stable and ra-
dioactive isotopes is the same, in this study elements in
stable form were used. Soil contamination was com-
pleted with two different solutions (denoted as S1 and
S2) containing cations in different proportions with total
constant concentration of 0.0045 molL ™"

— solution S1 contained Co(II) and Sr(I) ions in
molar ratio 1:2, and

— solution S2 contained these cations in molar ratio
Co:Sr=2:1.

One hundred grams of uncontaminated soil was
mixed with the prepared solutions, in the solid/liquid
ratio 1:10. After a period of 10 days, the suspensions
were centrifuged in order to separate solid and liquid
phases. Solid phases were dried in the air atmosphere,
atroom temperature, while liquid phases were used for
determination of residual metals' concentrations. The
differences between exact initial concentrations of
Co(IT) and Sr(II) ions in stock solutions and their con-
centration in the filtrates after soil contamination, can
be utilized to determine the sorbed amounts of investi-
gated cations onto soil.

Extraction Kinetics

Dried solid residues were utilized in further ex-
periments for investigation of chemical extraction
procedure. Differently concentrated solutions of
EDTA (5:107%, 5-1073, 5:1072, and 0.1 molL™" ) were
prepared in distilled water. The initial pH values of
EDTA solutions were around pH = 3. Chemical extrac-
tion process i. e. leaching of contaminants from the
polluted soil, was prepared by mixing 0.5 g of con-
taminated soil with 20 mL of leaching solution in PVC
flasks. The batches were shaken on the rotary shaker
(10 rpm agitation), by varying contact times between
15 minutes and 48 hours, in order to obtain kinetic
curves. The suspensions were centrifuged (9000 rpm,
10 minutes) and metals' concentrations in the liquid
phases were measured.

Also, pH values of the filtrates were determined
using WTW InoLab pH-meter.

Measurements of metals' concentrations in lig-
uid phases (stock solutions for contamination, the fil-
trates after soil contamination and filtrates after ex-
traction) were performed by flame atomic absorption
spectrometer Perkin Elmer 3100. Concentration of
Co(Il) was determined at wavelength of 241.2 nm,
while Sr(IT) was determined at 460.7 nm.

Leaching experiments were exhibited in dupli-
cate and the results are presented as mean values be-
tween replicates.

RESULTS AND DISCUSSION
Soil contamination

The interaction between contaminants was es-
tablished through different mechanisms like ion-ex-
change, electrostatic interactions, specific sorption,
surface precipitation and structural incorporation. The
processes occurred are very complex since interac-
tions can be established between metal contaminant
and water, minerals, organics, microorganisms and
gasses as constituents of soil matrix [16].

Results of contamination test showed that the
majority of applied contaminants remained bonded
i. e. sorbed to the soil matrix. Thus, the application of
S1 solution with twice higher molar proportion of
Sr(IT) than Co(IT) showed that 73 % of Sr (II) and 90 %
of Co(I) was sorbed. This contaminated soil was de-
noted as SS1. Otherwise, 73 % of initially contained
Co(II) and 49 % of Sr(Il) in the stock solution S2 was
sorbed after mixing with soil, making the contami-
nated soil SS2. These results indicated relative high af-
finity and sorption capacity of the investigated soil
sample towards the chosen pollutants. Recalculating,
it can be concluded that sorption capacity of 1 g of
dried soil sample was 1.71 mg Co(II) and 3.01 mg
Sr(Il) after contact with solution S1 and 3.07 mg
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Co(II) and 1.38 mg Sr(II) after contact with S2. The
obtained capacities were lower than the maximum
sorption capacity of this soil type, obtained for single
solute sorption, which were found to be 6.62 mg Sr(II)
per gram and 5.43 mg Co(II) per gram [14]. Measured
pH values =+ of the filtrates after contamination were
foundto be 7.2 0.1, regardless of the applied solution.
Since the measured pH values of uncontaminated soil
in water suspension was around 7.9 [15], the lower pH
values after contamination can be attributed to the in-
ner-sphere complexes formation between surface
groups of soils and metal cations. This bonding mech-
anism was already approved and found to be signifi-
cant for Co(II) cations sorption [14, 17].

Leaching kinetics

Testing the leaching kinetics under described
conditions gave different results, dependent on ap-
plied EDTA solution (fig. 1). Generally, leached
amounts of contaminants increased with time. More-
over, increase of EDTA concentration provoked more
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intensive leaching from contaminated soil. The ob-
tained curves represent two-step processes: the first,
rapid stage at the beginning and the second, subse-
quent gradual release of the contaminants from the
solid to the liquid phase.

Process efficiency expressed as percentages of
removed cations is presented in fig. 2.

Desorption of Co(II) from SS1, using the most
diluted solution, achieved equilibrium after 6h of con-
tact time and maximum efficiency of 10 %. On the
contrary, the application of more concentrated solu-
tions provoked more efficient desorption (up to 43 %)
and similar removal percentages, regardless to the ap-
plied solution, with the absence of equilibrium
achievement. Considering the same soil, Sr (II) elimi-
nation was more efficient, up to 20 % in 5-10# molL"!
EDTA with the equilibrium achievement after 3 hours,
while in the more concentrated solutions, desorption
was significantly higher (65 %) with attained equilib-
rium after 24 hours.

Soil SS2 contained higher amounts of bonded
Co(Il) and thus, higher amounts of leached Co(II)
were measured, from 20 % to 75 %, for the contact
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Figure 1. Amounts of Co(II) in (a) SS1 and (b) SS2 and amounts of Sr(II) in (¢) SS1 and (d) SS2 during leaching process;
symbols denote applied EDTA concentration: (@) 5.10*molL™", (®)5-10> moIL ™, (4)5-10> molL " and (¥) 0.1 molL™"
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Figure 2. Process efficiency for Co(II) leaching from (a) SS1 and (b) SS2 and Sr(II) leaching from (c¢) SS1 and (d) SS2;
symbols denote applied EDTA concentration: (%) 5-10~* moIL™, (¢) 510~ molL ™, (4) 510> molL ™, and (¥) 0.1 molL
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Figure 3. Measured pH values during chemical extraction process with soils (a) SS1 and (b) SS2. Symbols denote applied
EDTA concentration: (=) 5-10™ molL™, (®) 5-10~ molL™, (4) 5:10 molL™", and (¥) 0.1 moIL™"

time of 48 hours. Equilibrium was achieved only in the
system containing the most diluted leaching solution.
Furthermore, Sr(Il) leaching attained equilibrium af-
ter 6 hours, regardless to the applied extraction solu-
tion, with the highest efficiency of 32 %.

Treatment of differently contaminated soils us-
ing EDTA solution showed that pH values of the leach-

ate varied as a function of applied leaching solution
(fig. 3). Generally, measured pH values increased at
the beginning of the process and then remained con-
stant, which is caused by the soil components buffer-
ing properties [18, 19]. The highest values were mea-
sured in the solutions with the initial EDTA
concentration of 5-10°* mol/L (around 7.7). On the
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contrary, the application of EDTA solutions with
higher concentrations induced lower pH values, mea-
sured in the filtrates, after leaching process, which is in
accordance with lower initial pH values of these solu-
tions, but also with higher leached amounts.

According to the obtained results, EDTA solu-
tions in the acidic form are highly efficient for the
cleaning of soils with mixed contamination in high
amounts, which presented the proof for wide applica-
tion in the soil remediation processes. EDTA has the
ability for pollutant bonding since it is a polyhydroxy
compound with the strong chelating potential. Pre-
cisely, the mechanism of soil washing using EDTA is
quite complex and involves exchange reactions, soil
components dissolution and metal remobilization
[20]. Consequently, the removal of contaminants from
soil is not restricted only to mobile, easy bioavailable
fraction, but also onto strongly bonded, which sup-
ports high process efficiency.

Process modeling

Since leaching mechanism is complex involving
various chemical reactions [20] in the heterogeneous
system, it probably can be described using non cata-
lytic reaction models [21]. In that sense, shrinking
core model, which assumes that the reactions between
liquid and solid matrices occurred at the outer surface
of solid, can be used for these processes description.
The overall leaching process can be governed by dif-
fusion through the film, diffusion through the product
layer and surface chemical reaction [22].

When the controlling step is the diffusion
through the film, the process can be expressed by

X =kgst (D

Otherwise, when the rate limiting step is diffu-
sion through the product layer, it can be described with

1-3-(1- )" +2- (1= y ) =kgyt )

while, when chemical reaction governs the process,
the following equation can be applied

1-(1-x)"? =k, 3)

Inegs. 1-3, the conversion fraction of solid parti-
cleis denoted with y, ¢is the reaction time, while with &
are denoted apparent rate constants for diffusion
through the fluid film (subscript df), for diffusion
through the product layer (subscript d) and for chemi-
cal reaction (subscript 1).

In general, the eqs. 1-3 represents the straight
lines which passes through the origin, with the slope
equal to apparent rate constant , in the graphs repre-
senting reaction time 7 on the abscise and the function
given on the expression left side on the ordinate.

The abovementioned expressions are applied
onto experimental results of Co(II) and Sr(II) leaching

from contaminated soils. The results of calculated ap-
parent constants, as well as model validation
parameters like R? (coefficient of determination), F
(obtained from Fisher test) and p-values (probability
test), are obtained. The application of film diffusion
model (eq. 1) gave the results presented in tab. 1. Gen-
erally, diffusion of investigated metals through the lig-
uid film increased with the applied solution concentra-
tion increase. This is a result of higher amounts of
released contaminants from solid surface, which in-
duce more intensive driving force. Relative high R?
and F'values and p <0.05, pointed out good agreement
between model and experimental results obtained for
leaching of Co(II) ions. Otherwise, this model is not
applicable for description of Sr(II) leaching.

Mathematical model, assuming significant resis-
tance only for diffusion through the product layer (tab.
2), showed relative good description of experimental
data, except for Sr(II) leaching from SS2 using the
most diluted EDTA solution (p > 0.05).

Furthermore, leaching of Co(II) and Sr(II) ions
from SS1 in 5-10# molL~! EDTA cannot be explained
by reaction model (eq. 3). On the contrary, this model
can be applied satisfactorily onto other datasets. Since
the tested one-resistance models can describe experi-
mental results with satisfactorily accuracy, it can be
concluded that these resistances plays important role
in the investigated processes. Thus, higher accuracy in
process description can be achieved using multiple re-
sistance model.

CONCLUSIONS

Artificially contaminated soil was treated by
EDTA reagents in different concentrations in order to
define the efficiency of this treatment. Primarily, the
main aim was to test the possibility of EDTA utiliza-
tion in the chemical extraction process as a method for
soil remediation for mixed contamination. Process ef-
ficiency with EDTA lowest concentration (5-107*
molL ") used was also low. Otherwise, the application
of the EDTA solution with the initial concentration of
5-107 molL™" or higher showed almost the same effi-
ciency. This suggested that the application of the solu-
tion EDTA (5-10° molL™" ) is optimal from the aspect
of cost and soil degradation properties. Furthermore,
process kinetic was fitted using one parameter shrink-
ing core models. As the rate limiting steps of the inves-
tigated process, film diffusion, chemical reaction and
the diffusion through product layer, were tested. The
results revealed that each of the tested steps are in-
volved in the overall mechanism influencing process
rate. Consequently, the investigated leaching kinetic
curves can be satisfactorily described with the pro-
posed mathematical models. Nevertheless, for highly
accurate data description, it is necessary to define the
model which involvesd all rate resistances.
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Table 1. Parameters obtained for kinetics'data fitting using film difusion model

kae 10° [min™] R’ F p
Co-SS1
5107 1.52 0.880 21.98 0.018
5107 2.11 0.912 30.92 0.011
5107 3.90 0.813 13.01 0.036
0.1 4.30 0.855 17.755 0.024
Co-SS2
5107 3.38 0.866 19.31 0.022
5.107° 4.17 0.863 18.83 0.022
51072 7.89 0.855 17.73 0.024
0.1 7.70 0.832 14.88 0.031
Sr-SS1
5107 0.818 0.479 3.68 0.128%*
5107 1.94 0.814 17.50 0.014
5107 1.67 0.450 3.27 0.145%
0.1 1.75 0.455 3.34 0.141%
Sr-SS2
5107 0.382 0.568 5.28 0.083*
5.107° 0.382 0.568 5.28 0.083*
5.1072 1.00 0.473 3.60 0.131%
0.1 1.05 0.500 4.01 0.116*

(*) — without statistical significance

Table 2. Parameters obtained for kinetics'data fitting using model involving diffusion through the product layer

RZ

kg -10* [min"] F p
Co-SS1
5107 0.105 0.7960 15.57 0.017
5107 0.195 0.882 44.74 0.0005
5107 0.255 0.943 99.78 5.82:107°
0.1 0.249 0.872 80.32 1.08-107*
Co-SS2
5107 1.86 0.931 40.60 0.008
5107 0.955 0.944 101.6 5.53-107
5107 0.917 0.919 68.25 1.70-107°
0.1 1.12 0.914 63.57 2.07-107
Sr-SS1
5107 6.30 0.999 1561 6.40-107
5107 7.74 0.900 18 0.051%
51077 34.9 0.972 68.51 0.014
0.1 35.9 0.959 46.89 0.021
Sr-SS2
5107 0.444 0.538 3.50 0.16%
5107 1.24 0.780 10.60 0.047
51072 5.64 0.816 13.32 0.035
0.1 5.45 0.786 11.00 0.045

(*) — without statistical significance
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Table 3. Parameters obtained for kinetics' data fitting using model involving chemical reaction

k. -10* [min™"] R’ F P
Co-SS1
510 1.10 0.622 6.571 0.062%*
5.10° 0.563 0.762 19.24 0.005
5107 0.636 0.761 19.08 0.005
0.1 0.634 0.730 16.23 0.007
Co-SS2
5107 11.90 0.870 20.00 0.021
5.10° 1.30 0.858 36.26 0.001
5102 1.30 0.730 16.25 0.007
0.1 1.45 0.742 17.30 0.006
Sr-SS1
5107 29.5 0.971 68.75 0.014
5.10° 33.1 0.972 18.3 0.051%
51072 72.6 0.972 33.65 0.028
0.1 73.8 0.972 28.73 0.033
Sr-SS2
5.107 5.69 0.651 5.612 0.099%
5107 9.72 0.780 10.63 0.047
5102 21.1 0.798 11.87 0.041
0.1 20.8 0.782 10.76 0.046

(*) — without statistical significance
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KNHETUKA U3TYXKNUBAIbBA JOHA Co(Il) 1 Sr(Il) I3 KOHTAMUHUPAHOT
SEM/BMIITA METOAOM XEMUJCKE EKCTPAKIINJE

Y 0BOM pajly TECTHPaHO j€ 3eMJBUINTE BeIITa4YK KOHTaMrHIpaHo cmetoM jora Co(11) u Sr(II).
Lnmb je 6mo fa ce mcTpaxkum MOTYhHOCT NpHMeHe eTHIIeHAnaMuHTeTpa cupheTHe KucenmHe (EDTA) y
MpOLIeCy XEMUjCKe eKCTpakifje Kao METOfe 3a peMelrjallujy 3eMIbHINTA Y Cly4ajy KOHTaMHHaluje.
Edukacuoct npoueca kaa ce kopuctu EDTA kouuentpanuje 5-107* molL™ je mana, fox npumena EDTA
noueTtHe KoHuenTpanmje je 5-1073 molL !, unnm Behe, mpubnukHO jeHako nodosbmasa epukacuoct. Crora,
kopuitheme pactBopa EDTA konnenTpanuje 5-10> molL~! ontumarnHo je ca acnekra nieHe U HOTEHIH]aTHe
ferpajanyje cBojcraBa 3emibHiITa. Knnernka npomueca (puToBaHa je MOjieMa HelpopearoBalor je3rpa
KOjU YKIBYUYjy jefaH OTIOp ImpeHocy Mace. PesynraTu MofenoBama ykasyjy Ha TO fAa je Ipollec BeoMa
KOMIIJIEKCaH LITO yiyhyje Ha HEONXOAHY IPUMEHY MOJieJla ca BUIIIEe OTIopa.
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