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EXTRACTION OF HEAVY METALS FROM A CONTAMINATED
SOIL BY USING CHELATING AGENTS

Abstract: For the experimental study, solutions of EDTMP,A\Bnd TA were selected for HM extraction.
The influence of extraction time and the ratio xifractant concentrations on extraction efficien@svevaluated.
The analysed soil was atrtificially contaminatedwselected HM (Cu, Zn, Pb). Chemical extractiofd®df using
chelating agents resulted in a reduction of HM eoi@tions in the soil to the permissible limitwed set by the
Council Directive 86/278/EEC. The most suitablelatieg agents under the conditions of this expeninveere
the combined chelating agents NTA and TA with aimaetion time of 60 minutes. Cu and Zn concentretiovere
reduced to permissible limits even when using theebkt concentration of NTA and TA (0.1 M), whileeth
0.5 M concentration and 60-minute extraction tirsuited in the lowest concentrations of Cu, Zn, Bhdn the
soil - 48 mg/kg, 74 mg/kg, and 78 mg/kg, respetfiveand the highest extraction efficiencies of®%, 91.1 %,
and 95.2 %, respectively. The combined chelatirentsgNTA and TA showed higher extraction efficiescihan
the synthetic organic chelating agent NTA aloned#ferent extraction times. The variation in extian
efficiency for the different combined chelating ageis presented as follows: for NTA and TA (0.500M8: M),
Pb > Cu > Zn, and for EDTMP and TA (0.5 M:0.5 My € Pb > Zn. For chelating agents of syntheticiorig
only, the series were: NTA - Cu > Zn > Pb, and EDFTMCu > Pb > Zn.

Keywords: soil, extraction, heavy metals, chelating agents

Introduction

Heavy metal (HM) concentrations in soil are incinegsas a result of natural and
anthropogenic factors. Soil pollution with heavy tale is an environmental problem
investigated by many scientists [1-8]. The toxiagfyHM depends on their chemical state
and oxidation number [9]. Due to their high toxjciHHM, even at low concentrations, can
pose a threat to human and animal health, anddhsport of metal ions through the food
chain is becoming a growing public concern [10]. HiMe not biodegradable and
accumulate in soil in various chemical forms. Tleay be mobile in the soil solution and
bioavailable to plants, depending on soil chemigditgst HM persist in the environment for
long periods [11]. Soils can be contaminated withious heavy metals. Zinc, lead, and
copper were chosen for the experimental studieausecsoils are often contaminated with
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these heavy metals. Based on the Council Dire@8/278/EEC of 12 June 1986 [12], the
following pollution sources can be distinguishedewlincreased amounts of selected heavy
metals are found in soil in areas affected by itdelsand other pollution sources:
secondary processing of non-ferrous metals, pramtucif electrical, radio, and electronic
devices, production and processing of cast iron @layed special steels, production of
machine tools, heat treatment of metals, car repraimsport companies, production of lead
batteries, printing houses, thermal boiler houshemical industry, production of plastics,
production of phosphate and other fertilisers,Heafprocessing and footwear production,
light industry, production of construction and timat insulation materials, cement, concrete
structures, glass, urban solid household waste usedfertilisers, sewage sludge,
contaminated irrigation water, etc. Many studiesehaummarised the adverse effects of
excess Cu on germination, growth, photosynthesis$ aatioxidant responses in agricultural
crops [13]. Exposure to high levels of Zn may pi@doxic effects in plants, such as
reduced growth, damage to pigment contents, atdrdances in enzymatic activities [14].
Lead is a nonessential element, and when takery ygalots, it can negatively affect plant
metabolic processes [15]. Contaminated with HM &soilsually excavated and disposed of
as hazardous waste. The applicable soil remediatghnology should address three
aspects of sustainability: economic, environmergat] social [16]. For this reason, it was
relevant to investigate the use of chelating agémtshe extraction of heavy metals from
contaminated soil. Chelating agents exhibit str@ognplexation with HM and do not
adversely affect on soil chemical and physical prips compared to inorganic acids
[17, 18]. Although many studies focusing on soilragtion have been conducted in recent
years, their mechanisms and practical applicatioasstill limited. In addition, few studies
have investigated the innovation of extrahents #red migration and transformation of
contaminants in soil using chemical extraction. Whitle research has also been carried
out on the use of complex chelating agents forcéffely reducing HM levels in soil.
Therefore, the assessment of soil physicochemicgigoties and changes in leached HM is
an important ecological challenge. At present, aggeers have gradually introduced the
use of synthetic and natural chelating agents esdmental extraction studies for the
removal of HM from soil. The frequent use of thedeelating agents is due to their
biodegradability, which is likely to leave the seiructure (grain size) unchanged and to
have minimal impact on the chemical properties g soil, which are essential for
maintaining soil vitality and returning it to itatural state. The biodegradability of chelates
in soil is an important factor in their environmainimpact, particularly when used in soil
remediation or as fertilisers. While some chelases known to be persistent, others
are readily biodegradable, offering a more envirentally friendly alternative.
The biodegradability of a chelate affects its &pilo mobilise heavy metals in soil and its
potential to leach into groundwater. Chemical commus such as EDTA and NTA are
widely used in industrial applications due to thalility to form stable complexes with
metal ions. However, they are highly polar and ipyt nondegradable, leading to
significant environmental release, particularlyoirdquatic environments [19, 20]. This
persistence raises concerns about their potentiatoric effects on various aquatic
organisms [20]. Tartaric acid derivatives, sucliasamide ligands, maintain the chelating
properties of tartaric acid while being water-stdub[21]. Although specific
biodegradability data for tartaric acid complexes mot provided, their water solubility
suggests potential for environmental mobility. N&Ad EDTA ligands form highly stable
complexes with various metal ions. For instance TEDbinds through four carboxylates



Extraction of heavy metals from a contaminated Ispilising chelating agents 99

and two nitrogens, while NTA can bind via three boatylates or a combination of
carboxylates and nitrogen, depending on the pHnagigl-to-ligand ratio [22]. The stability
constants of these complexes increase with temperandicating strong binding affinity
[23]. Tartaric acid-derived ligands form complexegh metals such as nickel(ll) and
copper(ll), exhibiting different electronic and geetric properties depending
on stoichiometry [21, 24]. These complexes are adtarised by techniques such
as potentiometry and X-ray diffraction, confirmintheir structural stability [21].
The biodegradation of NTA, EDTMP, and tartaric atidsoil is governed by a complex
interplay of environmental, chemical, and biologifactors. While NTA is relatively
biodegradable, EDTMP is persistent, and the fattadéric acid is less well quantified.
The use of natural chemical compounds is beingoezgl by researchers, including citric
acid [22], tartaric acid (TA) [25, 26], acetic adi@d7], and oxalic acid [28]. The use of
synthetic chemical compounds in extraction is dstng investigated, including EDTA
[29], GLDA, ISA, PASP, GCA [28], PAA, EDTMP [30],nal NTA [31].

Organic chelating agents of natural origin are atife ligands for many metal ions.
Organic chelating agents such as glutamic, citadaric, and acetic acids are commonly
used for HM extraction [31]. Synthetic chelatingeats are also highly effective for
reducing soil pollution, as they are capable ofnfimig stable complexes with HM at
different pH levels. Recently, research has focusedthe combined use of various
chemical reagents. Some studies have shown thhaehigmoval efficiencies of HM in
contaminated soils can be achieved when sequestiahctions are carried out using
different extractants. Combined studies on chedatigents of organic acids and inorganic
acids have demonstrated that sequential and cothhisage can increase the removal
efficiency of HM from soil. The combined use of &teng agents reduces the required
dose of chemical reagents and results in fewer tivegareatment consequences,
particularly in cases where synthetic organic conmais are not biodegradable and remain
in the soil after treatment [32]. Degradation dficiacid in soil is relatively rapid, whereas
synthetic chelating agents such as EDTA and NTAatestrate low rates of biodegradation
[33].

The use of organic acids to mobilise and extraatfenetals from soils is increasingly
associated with broader developments in land rator and contaminant transport control,
as highlighted in recent research on surface chgmiporous media behaviour, and
pollutant migration [34-36]. A growing number ofudtes also examine how organic
compounds interact with mineral matrices and alegtal speciation and leaching
dynamics, offering valuable insights for improvingxtraction efficiency [37-39].
Furthermore, advances in biotechnology and matesaience demonstrate that organic
molecule-driven processes can be incorporated ististainable soil remediation
approaches, including plant-based systems andsiefufunctionalised materials [40, 41].
Although the application of chelating agents antieotchemical compounds for the
extraction of heavy metals from soil has been wid#lidied, most published research to
date has been conducted on naturally contaminatethaalerately contaminated soils,
where heavy metal concentrations are substantiaigr. There is a lack of data on the
effectiveness of chelating agents under very hightamination levels, typically created
artificially, which allow for a precise assessmenit extraction limits and chelate
interactions under extreme conditions. In this gtude systematically evaluated for the
first time the ability of NTA, TA, and EDTMP - botimdividually and in mixtures - to
mobilise Cu, Pb, and Zn from heavily contaminateddy loam. This experimental design
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makes it possible to identify synergistic or antagtic effects that do not emerge in soils
with lower contamination levels and fills an essdnknowledge gap regarding the
performance of chelating agents under high heavialnoencentrations. The aim of this
study was to evaluate the efficiency of selecteelating agents for the removal of HMs
(Zn, Pb, Cu) from contaminated soil to the perrbigsiimit values set by Council Directive

86/278/EEC [12].

Research methodology

Research object and location

Soil samples were taken in accordance with 1ISO 1688001 standard [42] from
an agricultural site (coordinates 55.74477, 22.933Bor soil analysis, a composite sample
consisting of 5 subsamples of the original soil walected in the field.

Main instruments and tools used sieves (mesh size 2.0 mm, 0.9 mm, 0.63 mm,
0.2 mm); X-ray fluorescence analyser (SciAps X-2Q@ratory shaker (Retsch AS 200);
magnetic stirrer (Heidolph MR 1000); pH-meter (N&ttToledo Seven Multi); analytical
balance (Radwag AS 60/220.R2); vacuum system; memebfilters with a pore size of
0.45um.

Chemical reagents and solutions used in the studyA (tartaric acid, GHgOg; 0.1,
0.2, 0.5 M); EDTMP (methylene phosphonic acigH&ON,O,P,; 0.1, 0.2, 0.5 M); NTA
(nitrilotriacetic acid, GHsNOs;, 0.1, 0.2, 0.5 M); Pb(N@, Cu(NG;); Zn(NGy)y;
0.1 N HNG; 0.1 N NaOH; 1 M KCI; deionised water.

Determination of soil parameters

The following soil parameters were measured: pHk liensity, organic carbon
content, granulometric composition and soil typel background content of HM.

Soil pH

Soil pH was measured in accordance with the ISOQ@2®21 standard [43] using
a Mettler Toledo Seven Multi pH meter.

Soil bulk density

The 1SO 14688-1:2017 standard [44] was used fordéermination of soil bulk
density.

Organic carbon content

Organic carbon content was determined using a StEMaTOC-LCSH/CSN
Standalone Model and a Shimadzu SSM-5000A SolidpBamlodule. Before analysis,
soil samples were chopped, sieved, and dried imabaratory oven at (1G8)°C to
a constant weight. Well-dried soil samples wereghed using an analytical balance.
The sample was weighed after being placed in ahpated sample container [45].
The operation of the device is based on incinematdd a dry soil sample at high
temperature and quantification of the releasedaradioxide using an infrared detector.

Soil type and granulometric composition were deteesh according to the
ISO 14688-1:2017 [44] and ISO 17892-4:2016 [46hdtads.
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Background HM concentration

HM concentrations in the soil were measured usirgci®\ps X-200 XRF analyser.
The soil to be tested was sieved through a 1 mee sa@d dried to a constant mass, then
mixed with 5 L of deionised water. The soil was adxn a bucket for 30 minutes using an
electric mortar mixer to obtain a homogeneous sampl which the background
concentrations of heavy metals were evenly disteithuhroughout the entire soil volume.
The mixed soil was filtered through a 0.4 filter to separate the solid fraction from the
resulting solution and to remove the mobile formidiveavy metals. The filtered soil was
dried at 105 °C to a constant mass. Five 30 g saihples containing background HM
concentrations were taken from different locatiavithin the prepared soil. The tested soil
was placed in special capsules to determine baakgrblM concentrations.

Pollution of soil samples with HM

Soil samples (300 g each) were placed in glasteband contaminated with aqueous
solutions of the heavy metals to be tested: PRINCuU(NG;),, and Zn(NQ),, to achieve
heavy metal concentrations at least twice highan tthe permissible limit values set by
Council Directive 86/278/EEC [12], taking into aced background HM concentrations.
The prepared solution was mixed and poured inttassdoottle containing 300 g of dried
soil. An additional 100 mL of deionised water wakled. After contamination with HMs,
the soil solution in the glass bottle was stirréthva “Rotoshake RS12” sample mixer for
2 hours. After mixing, the soil was filtered thrdug 0.45um filter. The solid fraction was
placed in an open plastic container and mixed. M@astal concentrations in the soil were
determined using the XRF method. After contamimgtieoil samples were mixed in
a common container. Five soil samples of 30 g eeste taken from different parts of the
contaminated soil, placed into Petri dishes, andddiThe dried samples were transferred
into special capsules, and heavy metal concentiativere determined using an X-ray
fluorescence spectrometer.

Extraction was used to remove HM from contaminateit, and the main parameters
of the experiment are presented in Tdble

Table 1
The main parameters of the experiment
Chelating agent Concentration [mol/L] pH [] Tem[ri%r]ature E;\tga[?nt'ﬁ]r]]
EB?QP 0.1,0.2,05
NTA and TA 3.0 20.5 %2 10, 30, 60
EDTMP and TA 0.1:0.1, 0.1:0.2; 0.2:0.2, 0.2:0.5, 0.5:05

A constant pH value of 3.0 was chosen, at whiclawigacids with functional groups
(—-COOH, —OH, etc.) can easily bind with HM and aefei high extraction efficiency [28].

A pH of approximately 3 may be selected as a com@® value because the
efficiency of heavy metal extraction with organicids increases as pH decreases.
In an acidic environment, Hons compete with metal cations for sorption sitethe soil,
facilitating metal desorption and their transfepithe solution.

However, when pH decreases below 3, undesirableepses begin to occur: the
leaching of base cations essential for soil féytiiCa*, Mg?*, K*) intensifies, and base



102 Dainius Paliulis, Andrej Bugajev and Olga Stibo

saturation declines. In addition, the mobility ¢tdraents such as Fe, Mn, and Al increases,
and their elevated concentrations may become piwiotand negatively affect plants.
Although extraction efficiency at pH = 3 is relatly high, the most favourable conditions
for soil microorganisms are typically at pH 5-7. eféfore, after extraction, it is
recommended to neutralise the soil by liming tdaesoptimal pH, microbial activity, and
suitable conditions for plant growth.

The extraction times (10, 30, and 60) min were ehoaccording to the results of
experimental studies by Yan [47]. It was found tHAf content in soil remains constant
when chelating agents are used for extraction tioweger than 60 minutes.

Data quality assurance

High purity chemical reagents (p.a), prepared gwigtand deionised water were used
in the experiment. The pH-meter was calibrated gifinffer solutions, to ensure accurate
pH measurements. The Sigma-Aldrich certified rafeeematerial (soil matrix CRM) was
used as a quality control tool to ensure the acyuaad traceability of heavy metal (HM)
concentration measurements obtained with the ScH¥\@80 portable X-ray fluorescence
analyser. This CRM, which has an internationallytiied elemental composition and
a matrix closely matching real soil, enables asses$ of measurement accuracy,
verification of calibration stability, confirmationf result traceability, and evaluation of
matrix effects. In this way, the use of CRM increesmshe reliability of analytical data and
allows a well-founded assessment of the qualitiildf concentration determinations using
the SciAps X-200. The data, means, and standariattens of the results were calculated
using Excel 2016. SigmaPlot 15.0 and the Pythonpldib library were used for
graphing. Each experimental condition was analyssdg three independent replicates to
ensure reproducibility. Differences between measerds were evaluated using
a two-tailed Student’s t-test, with statistical réfgcance accepted at < 0.05. Thet-test
allows a statistical assessment of whether the smehthree replicates differ by more than
would be expected due to random variation in measant, using a significance level of
p < 0.05. When the calculated p-value is less tlngs threshold, the null hypothesis is
rejected and the observed difference is considstatistically significant, meaning it is
likely to reflect a real effect rather than chance.

Research results and discussion

The influence of the concentration ratio of chemicareagents on the efficiency
of the process

Determination of soil parameters

Determined soil parameters were as follows: bulksitg - 1.207 g/cm3; the soll
consisted of approximately 87 % sand, 12.4 % ailt 0.6 % clay. Based on the results of
experimental studies, the analysed soil was cladsids sandy loam. The organic carbon
content in the soil was 0.73 %. Organic carboneuatnis an important soil parameter, as it
increases the adsorption capacity for HM.

Soil pH decreased steadily with increasing conegioins of chelating agents,
irrespective of the extraction time. A comparisdrtd concentrations in the soil before
and after pollution is presented in Table 2.
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Table 2
Comparison of HM concentrations in the soil befane after pollution
Concentrations of HM in the soil Cu Zn Pb
Background concentration [mg/kg] 27.9 12.3 13.1
Council Directive 86/278/EEC [12] [mg/kg] 75 300 80
HM concentratlor_1 in the artificially polluted 712 +16 840 +22 1,624 31
soil [mg/kg]

The revised HM limit values (RVp) are presented dach heavy metal, taking into
account the organic carbon content in the soil. B, Zn, Pb) concentrations in the
contaminated soil exceeded the limit values spatifin the Council Directive 86/278/EEC
[12] by more than twofold: Cu - 9.5 times, Zn - #f@es, and Pb - 20.3 times.

Soil homogeneity can be inferred from the low dispm of HM concentrations across
different sampling sites, which was 2.3 % for Cu % for Zn, and 1.9 % for Pb.
The highest recorded concentrations of heavy matalsban soils worldwide are: Cu up to
12,986 mg/kg, Pb up to 5,780 mg/kg, and Zn up #2@,mg/kg. The heavy-metal levels
selected for this experimental study did not excieternationally reported contamination
thresholds for urban soils [48].

Extraction dependence on acid type, concentration ral extraction time using
combined chelating agents

Remaining concentrations of HM in soil after extiaec with the combined chelating
agents - EDTMP and TA; NTA and TA are presentedrigures 1 and 2. With different
concentrations of (NTA and TA) and different extra times (10, 30 and 60) min, the
concentrations of Cu varied from 105 mg/kg to 48kggthe concentrations of Zn varied
from 253 mg/kg to 74 mg/kg and concentrations of/&ted from 575 mg/kg to 78 mg/kg.

The highest removal efficiency was for Pb up tom¥@kg (95.2 % efficiency) and for
Cu up to 48 mg/kg (93.3 % efficiency) at conceibra of NTA and TA of 0.5 M and an
extraction time of 60 min (Fig. 1e). Comparing thdraction efficiencies of NTA and TA
at 0.2 M : 0.5 M with NTA and TA at 0.5 M with axteaction time of 60 minutes, the
difference in efficiency was negligible. The eféocy of HM removal was similar when
using lower concentrations of synthetic chelatigerds, i.e., 92.4 %, 86.8 % and 93.3 %
for NTA 0.2 M and TA 0.5 M for HM (Cu, Zn, Pb), mectively, and 93.3 %, 91.1 %,
95.2 %, respectively, when increasing the concdatraf NTA to 0.5 M.

The use of lower concentrations of the combinedating agents shows a similar
extraction efficiency to that achieved with highaeid concentrations, as no significant
change in efficiency is observed between the higiret lower concentrations of NTA.
With increasing concentrations of NTA and TA andder extraction times, the most
effective reduction of Pb was observed in the &#sing different amounts of NTA and TA
and an extraction time of @0in, Pb removal efficiency ranged from 64.7 % to29%.
When using NTA 0.2 and TA 0.5M, the removal efficiency exceeded 91 %, indicating
that effective HM removal can be achieved even Withier concentrations of chelating
agents.

The extraction efficiency for the removal of HM inosoil was lower when using
different concentrations of EDTMP and TA compardthuwhe use of NTA combined with
TA. Extraction efficiencies obtained with variou®EMP concentrations and extraction
times ranged from 46.0 % to 87.9 %. The highestaekibn efficiencies achieved were
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87.9 % for Cu, 75.9 % for Zn, and 84.5 % for Phingsthe highest concentrations of
EDTMP and TA and an extraction time of 8h, Cu removal ranged from 712.5 mg/kg to
86.4mg/kg, Zn from 840 Bng/kg to 200.5ng/kg, and Pb from 1,624 mg/kg to 2&@/kg
(Fig. 2e).
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Fig. 1. Remaining concentrations of HM (Zn, Cu, Rb)he soil depending on extraction time using
different concentrations of the combined chelatggnts NTA : TA. The tested concentration
ratios were: a) 0.M : 0.2M; b) 0.1M : 0.1M; c) 0.2M : 0.2M; d) 0.2M : 0.5M;

e) 0.5M : 0.5M (pH=3,t=(20.5£2)°C,n=3,p<0.05)

The removal of HM from soil using EDTMP and TA wéae least effective for Zn and
the most effective for Cu. The concentrations of Hkid the corresponding extraction
efficiencies differed only slightly between the Iy concentrations of the combined
chelating agents (NTA : TA 0K : 0.5M and 0.5M : 0.5M). However, the lowest
concentration of chelating agents resulted in aiagntly lower extraction efficiency
compared with the higher concentrations of NTA @Ad

The extraction efficiency for the removal of Znircsoil ranged from 46 % to 75.9 %,
which may be related to differences in the abilifythe chelating agents to bind and
mobilise this metal. When EDTMP combined with TAsvased for Cu removal, the
extraction efficiency at the lowest chelating-ageahcentration already exceeded 80 %,
with only a slight increase in efficiency as thencentrations of the chelating agents
increased (FigRa, €). No data are currently available on thectffeness of combined
chelating agents such as EDTMP with TA and NTA with for removing specific HM
from soils. Comparative results of these extracfiwacesses using combined acids are
presented in Figureésand 3. The use of different combined chelatingnég reduced HM
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concentrations in the soil to the permissible lgrget by Council Directive 86/278/EEC
[12]. These permissible concentrations were ackiewen various NTA and TA
concentrations were applied in the experimentsanen different extraction times were

used.
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Fig. 2. Remained concentrations of HM (Zn, Cu, Pbdhe soil dependence on extraction times using
different concentrations of the combined chelataggnts EDTMP: TA: a) 0.1 M : 0.2 M;
b) 0.1 M:0.1 M;c)0.2M:0.2M;d)0.2M:0M; e)0.5M:0.5M (pH = 3= (20.5 + 2) °C,

n=3,p<0.05)

Applying a 10-minute extraction, the most effectiemoval of Cu to permissible
concentration limits was achieved with G4SNTA and TA, reducing Cu from 712rAg/kg
to 75mg/kg. Zn was also effectively removed using M.2NTA and TA, with Zn
concentrations reduced from 8d1@/kg to 127Mng/kg (Fig.2).

The Zn concentration in the soil was reduced tangssible limits even at the lowest
NTA and TA concentration (0M), and this was achieved with the shortest exwact
time. When EDTMP combined with TA was used, Zn @mirations reached permissible
limits only at higher chelating-agent concentragiaf 0.2M and 0.5M, with Zn decreasing
from 840mg/kg to 286mg/kg. Pb concentrations in the soil decreaseddiyeas the
concentrations of the chelating agents increased.
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Fig. 3. Changes in HM (Cu, Zn, Pb) concentrationsdil using different concentrations of the coneldin
chelating agents during a 10-minute extraction fp8Jt = (20.5 + 2) °Cn = 3,p < 0.05)

Cu and Zn were efficiently removed from the poltutsoil at NTA and TA
concentrations of 0.M and 0.2M when the extraction time was &finutes (Fig4), with
HM concentrations decreasing steadily as the cdrans of the chelating agents
increased. Pb was also effectively removed frompibltuted soil, reaching concentrations
as low as 10@ng/kg, compared with an initial Pb concentration b$24mg/kg.
The combined chelating agents EDTMP and TA at cainagons of 0.IM and 0.2\ were
effective in removing Zn; however, increasing tfenaentration of one of the chelating
agents (EDTMP or TA at 0M) did not result in a uniform reduction of HM
concentrations.
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Fig. 4. Changes in HM (Cu, Zn, Pb) concentrationsdil using different concentrations of the conelin
chelating agents during a 30-minute extraction §p8t = (20.5 + 2)°C,n = 3,p < 0.05)

The highest removal efficiency of HM from the saids achieved with an extraction
time of 60min. Cu was efficiently reduced to 6&/kg and Zn to 159.mg/kg even at the
lowest NTA and TA concentration (OM) (Fig.4). These results indicate that extending
the extraction time substantially enhances HM reathgvarticularly when lower chelating-
agent concentrations are used.
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Fig. 5. Changes in HM (Cu, Zn, Pb) concentratiosail using different concentrations of the combdine
chelating agents, 60 min extraction time (pH £3,(20.5 +2) °Cn= 3,p< 0.05)

Zn was efficiently reduced to permissible limitglewn to 273.3ng/kg - when the
lowest EDTMP and TA concentration was used. Thédwsg concentration of NTA and TA
(0.5M) effectively removed Pb to #8g/kg, but this level of Pb reduction was not acaie
when EDTMP and TA were applied. This difference barexplained by the fact that Pb is
one of the most strongly immobilised heavy metal¢ight, sandy soils with low organic
matter content [49].

Experimental studies on HM extraction from contaatid soil using combined
chelating agents showed that, in order to redueetimcentrations of all HM (Cu, Zn, and
Pb) to the limits set by the Council Directive 8B2EEC [12], the most effective option
was the combination of NTA and TA with a 60-minwgtraction time. Under these
conditions, Cu and Zn concentrations were reduset evhen the lowest chelating-agent
concentration (0.M) was used, while Pb required a higher conceiatnatif NTA and TA
(0.5M) to reach permissible levels.

Comparative analysis of the extraction efficiency sing combined chelating agents
(EDTMP and TA, NTA and TA) and organic chelating agnts of synthetic origin
(NTA and EDTMP)

Comparison of HM removal efficiencies using combinand synthetic organic
chelating agents. For the 10-minute extraction tiomdy slight differences in HM removal
efficiency were observed between the combined thglaagents and the synthetic-only
organic chelating agents. When using the combin&d ldnd TA chelating agents, Cu
removal efficiencies ranged from 70.3 % to 91.1F4.(3).

As mentioned above, EDTMP is a chelating agent litited solubility in water, and
its chelating properties are sensitive to pH valaesl surface-binding mechanisms.
The addition of TA further lowers the pH of the wodn, which leads to a steady decrease
in the efficiency of EDTMP. This effect may also ipuenced by the chemical properties
of the soil. Under these conditions, the removdiciehcy for HM (Cu, Zn, and Pb)
increased proportionally, reaching 90.9 %, 87.a#6 93 %, respectively (Fid).

Nevertheless, the extraction efficiency remainggificantly lower when EDTMP and
TA were used together. The removal efficiency of l€ached 87.9 % with EDTMP and
TA, and similar Cu removal efficiencies were ob&lracross different EDTMP and TA
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concentrations and extraction times. In comparistunremoval was slightly higher when
using NTA 0.5M and TA 0.5M (93.3 %) than when using NTA alone (92.2 %) at
an extraction time of 6fin (Fig.5).

Pb was also efficiently removed from the soil untler same conditions. Using NTA
0.5M and TA 0.5M with a 60-minute extraction time resulted in afeimoval efficiency
of 95.2 %, whereas applying NTA (Vb alone for the same duration yielded a lower
efficiency of 87.1 % (Figh). It was also observed that when EDTMP and coetin
EDTMP-based chelating agents were used, the effigieof this chelating system
decreased as the extraction time increased. Atxaraction time of 10ninutes, EDTMP
showed higher effectiveness in binding HM compaséti longer extraction times, a trend
that has also been reported in previous reseaundiest

The variation in extraction efficiency for the difent chelating agents is expressed as
the following series: for the combined chelatingeiatg NTA and TA (0.51 : 0.5M),
Pb>Cu>Zn, and for EDTMP and TA (08: 0.5M), Cu>Pb>Zn. For the synthetic-
origin chelating agents used individually, the @fncy series was NTA: CuZn> Pb, and
EDTMP: Cu>Pb>Zn. These patterns reflect the differing completistrengths,
solubility characteristics, and metal-binding prefeces of each chelating system.

Comparable efficiencies in removing selected heaeyals (Cu, Pb, and Zn) from soil
have been observed in other studies. Using ammonannate, researchers achieved
extraction efficiencies of 88 % for Pb, 97 % for,@uad 98 % for Zn [50].

All three chelating systems can influence soil duaparticularly through heavy-metal
mobilisation and their effects on microbial pro@sssAddressing the remaining knowledge
gaps will require innovative research approaches anstronger focus on sustainable
alternatives [51-53].

In sandy loam soils, the in-situ extraction of heawetals can be limited by several
interacting physical, geochemical, technical, andvirenmental factors. The high
permeability and low sorption capacity of theselssallow both metals and acidic
extraction solutions to migrate rapidly to deepgrers, making it difficult to control the
treatment zone and increasing the risk of grounemeadntamination. A key geochemical
limitation is the low buffering capacity: pH shift&cur quickly, mobilising not only heavy
metals but also essential nutrients, which can thedlg affect soil fertility. From
a technical and economic perspective, effectiveutemi-collection systems must be
installed and multiple washing cycles applied, whiccreases operational complexity and
costs, especially at larger scales. Environmentéty main concerns are the potential for
secondary pollution and the risk of damaging swilture and ecological functions.

Organic acids - tartaric acid (TA), methylene digploonic acid (EDTMP), and
nitrilotriacetic acid (NTA) - mobilise Pb, Cu, aeh in sandy loam soils primarily through
surface complexation and the disruption of metdlb@b bonds under acidic conditions
(pH = 3). In this soil type, the low clay and organictteacontent results in weaker metal
sorption, making complex formation with carboxylaged phosphonate groups the
dominant extraction mechanism. EDTMP, with its riplét phosphonate groups, forms
particularly stable complexes and therefore madsliBb and Cu more efficiently than TA
or NTA, especially at higher concentrations (0.2 M5M).

The high permeability of sandy loam promotes thevrdeard migration of acidic
solutions and mobilised metals, which under fielonditions could pose a risk to
groundwater quality. Acidification to pH 3 reduces the soil's buffering capacity and
enhances the leaching of base cations (Ca, Mgpdtgntially weakening soil structure and
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long-term fertility. Although these processes arentwlled in laboratory settings,
transferring them to natural environments woulduiegj additional hydraulic control and
protective measures.

The efficiency of extraction is also influenced imgtal speciation: Pb is commonly
associated with oxides and carbonates, Cu with nicgenatter, and Zn with weaker
sorption sites, resulting in distinct mobilisatiobehaviours both kinetically and
thermodynamically. In acidic media, strong protonmgpetition for sorption sites
accelerates metal desorption and promotes complaxation with organic acids. In sandy
loam soils, diffusional limitations are minimal, améng that extraction is governed mainly
by chemical interactions rather than mass-trarfastraints.

The results after 10 and &tinutes help clarify the dynamics of the extractfwacess,
but the most practically relevant outcome is regmésd by the concentrations measured
after 60minutes. To illustrate this more clearly, all extian efficiencies for the 60-minute
treatments are shown in Fig@eEach point represents a tested pair of chelatiemt
doses (i molarity on thex-axis, b molarity on they-axis), and the labels indicate the mean
removal efficiency for Cu, Pb, and Zn at each das@bination.

a) b)
Cu: 86.5 Cu: 87.5 Cu: 92.4 Cu: 93.3
Pb: 74.4 Pb: B4.8 Pb: 93.3 Pb: 95.2
Zn: 69.8 Zn: 77.2 Zn: 86.8 Zn: 91.2
0.5 ° L4 0.51 ® °
= |
ol =
- £
E E
= o
- Cu:856  Cu:86.5 - Cu:89.8 Cu:91.6
Pb: 66.4 Pb: 69.2 Pb: 84.5 Pb: 86.5
Zn: 66.3 Zn: 73.0 Zn: 80.0 Zn: 80.9
0.2 e ° 021 ®
Cu: 82.6 Cu: 89.8
Pb: 70.0 Pb: 77.7
Zn: 66.0 Zn: 79.7
0.14 e 011 e
0.1 0.2 . . 0.5 0.1 0.2 0.5
il molanity [M] 11 molanty [M]

Fig. 6. Combined dose maps of extraction efficiefiy] at 60min: a) EDTMP (i) + TA (i) and
b) NTA (i) + TA (i) (pH =3,t = (20.5+ 2) °Cn = 3,p < 0.05)

The analysis of the results from the perspectivenathematical modelling shows
several noteworthy patterns, even though the custeidy focuses on general tendencies in
the effects of chelating-agent use and therefoctudies only a limited number of time-
point measurements. Despite this limitation, theésteng data already reveal distinct
behaviours. In Figureka-c, different extraction patterns can be obserie#figurelc, the
concentration decreases more or less steadily,eakein Figureéa and 1b the process
appears to be inhibited at the beginning. Modeléttgmpts for related processes have been
reported in the literature [54-56], but the presease may differ due to soil-specific
properties such as porosity or chemical compositwhich may introduce additional
chemical reactions.

From the current results, the most interesting Wiela is seen in Figurgc (zinc).
This is the only case in which the concentratiadara30minutes is noticeably higher than at
the beginning of the experiment. Such a temporarseiase suggests a potentially important
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research gap and indicates that more detailed tmgledould provide valuable insights
into the mechanisms governing this behaviour.

NTA and EDTA are not readily biodegradable, whiotads to environmental
persistence and increases the risk of ecotoxi€iytaric-acid-based compounds may offer
better biodegradability, although available dataai limited. Both NTA and EDTA form
highly stable metal complexes - an advantage instréhl applications but a concern when
released into the environment. Tartaric acid alean$ stable complexes, yet their
environmental impact is likely less severe duéhtofotential for biodegradation.

NTA + TA mixture performs more effectively than ti¢her tested chelating agents
because TA acts as a mildly dissociating organid #tat forms weak complexes with
metal ions and disrupts their attachment to safases, thereby increasing the mobility of
Zn, Cu, and Pb into the soil solution. At the saim@e, NTA forms thermodynamically
more stable and highly soluble complexes with theebilised metal ions, preventing them
from re-adsorbing onto mineral or organic soil fraws. Through this sequential
“mobilisation + stabilisation” mechanism, NTA andAToperate synergistically, which
explains why their combination outperforms both iwidbal chelators and mixtures
containing EDTMP, the latter often binding too sijty to soil surfaces and reducing
overall extraction efficiency.

Limitation of application

The studies were carried out under controlled latooy conditions (fixed temperature,
a single soil type, constant acidic pH, artifictantamination), and these factors should be
considered limitations of the experiment. Such wilgd settings allow for a precise
assessment of the effects of organic acids on hewtgl extraction, but they do not reflect
the natural heterogeneity of soils or the variiif environmental conditions.

In real field (in situ) conditions, temperature, igtore, soil composition, buffering
capacity, and pH fluctuate in both space and tintéch may lead to extraction efficiencies
that differ from laboratory results. Moreover, difént soil types vary in cation-exchange
capacity, organic-matter content, and mineralogicamposition, all of which can
significantly influence metal mobility and the effveness of organic acids. As a result,
extraction efficiencies determined in the laboratonay be either overestimated or
underestimated when the method is applied in gracti

Conclusion

1. The most suitable chelating agents under the donditof this experiment were the
combined chelating agents NTA and TA with an exteactime of 60 minutes. Cu and
Zn concentrations were reduced to permissible éimiten when using the lowest NTA
and TA concentration (0M), while the 0.9M dose and 60-minute extraction time
resulted in the lowest concentrations of Cu, Znd &b in the soil - 4&g/kg,
74mg/kg, and 78ng/kg, respectively - and the highest extractioficiehcies of
93.3%, 91.1%, and 95.2%6, respectively.

2. The combined chelating agents NTA and TA demoredrahigher extraction
efficiencies than the synthetic organic chelatimgrda NTA alone across different
extraction times. The variation in extraction eafficcy for the combined chelating
agents follows the series: NTA and TA (045: 0.5M): Pb>Cu>Zn; EDTMP and
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TA (0.5M : 0.5M): Cu>Pb>Zn. For synthetic chelating agents used indivigyahe
efficiency series was: NTA: CaZn>Pb; EDTMP: Cu> Pb>Zn.
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