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Abstract

The use of chelators with high biodegradability is a promising strategy to remove potentially toxic elements (PTEs) from soils
by washing. The current study investigated the potential of nitrilotriacetic acid (NTA) to remove Cd from Cd-contaminated
soil from Iran (calcareous soil, I;) and Belgium (acidic soil, B,). Washing tests were carried out with soils artificially
contaminated with 2 levels of Cd (20 and 40 mg kg_l), 4 levels of NTA (0, 2, 5, and 15 mmol L), different pHs (4,7, and
10), and different contact times (20, 40, and 60 min). The results showed that the optimal concentrations of NTA were 5 and
2 mmol L™! for Iy and B, respectively. After using NTAs compared to NTA,, Cd removal at pH 4, 7, and 10 increased
by 1, 76, and 80% in Iy, and 1, 77, and 81% in Iy, respectively. These values were 46, 53, and 52% in By, and 32, 64,
and 62% in B4, respectively, after using NTA,. Also, in the first 20 min of the experiment, 95-100% and 75-80% of the
maximum extractable Cd were removed from I4 and B, respectively. Moreover, NTA extracted a higher percentage of
Ca, Fe, Al, Zn, and Cu from B, compared to I, (as an exception, the percentage of Ca extracted at pH 4 was higher in I
compared to B¢). The results showed that the physical/chemical properties of soils affect the washing efficiency and should
be taken into account before selecting the type and dose of chelate to remove metals in a given soil.
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Introduction

The rapid growth of the human population in recent years
has led to an increase in environmental pollution (Xiao et al.
2019). One of the most important global issues is the remedi-
ation of metal-contaminated agricultural soils and the protec-
tion of safe agricultural productions (Rizwan et al. 2016; Cao
and Huang 2017). The study of cadmium (Cd) is of particular
importance due to its high chemical activity in the soil and its
persistent toxicity (Chen et al. 2018; Rassaei et al. 2020), as
this metal can completely disrupt the physiological functions
of the plant (Chtouki et al. 2021). Cd accumulates in high

Responsible Editor: Amjad Kallel

< Narges Mehrab
narges_mehrab @yahoo.com; narges.mehrab86 @gmail.com

Department of Soil Science, Faculty of Agriculture, Shahid
Chamran University of Ahvaz, Ahvaz, Iran

Department of Green Chemistry and Technology, Faculty
of Bioscience Engineering, Ghent University, Ghent,
Belgium

quantities in plant tissue (Mehrab et al. 2021; Mehrab et al.
2023) and can easily enter the human food chain.

Soil contamination with Cd can be found in different
areas throughout the world and, therefore, in soils with dif-
ferent properties. Certain physicochemical soil properties,
such as pH, calcium carbonate content (CC), and organic
matter content (OM), have a significant effect on Cd mobil-
ity and bioavailability (Meers et al. 2005b; Cheng et al.
2017; Khodaverdiloo et al. 2020; Elhaddad 2020). The solu-
bility of PTEs can create problems in acidic soil with low
content of calcium and magnesium (Rézyto et al. 2017).
Generally, the bioavailability of potentially toxic elements
(PTESs) in calcareous soils is lower than in acidic soils at
similar contamination levels (Cornu et al. 2014) due to
PTE precipitation (Khodaverdiloo et al. 2020; Mehrab et al.
2021). In this condition, metals can also form hydroxide
precipitates and enter the solid phase (Curtin and Trolove
2013; Ketrot et al. 2013). Wang et al. (2020b) and Meng
et al. (2018), for instance, used Si-Ca-K-Mg and lime in the
soil, respectively, and reported reduced mobility of Cd when
these amendments were applied. Moreover, the alteration of
soil pH can change the stability and charge of the surface
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sites of soil particles (Wang et al. 2013; Wang et al. 2020b).
The adsorption reaction of Cd on positively charged soil
particles decreases at acidic pH (Wang et al. 2013); in con-
trast, the Cd adsorption on the soil particles enhances with
an increase in pH due to the electronegativity effect on soil
particles (Xie et al. 2020). OM can also reduce the dissolu-
tion of Cd in the soil by shifting exchangeable Cd and Fe/
Mn oxide-bounded Cd to Cd complexed to OM (Van Poucke
et al. 2018; Xie et al. 2020).

Soil chemical leaching can clean contaminated soil with
high concentrations of PTEs in a short period at a low cost
while maintaining soil characteristics for reusability (Dermont
et al. 2008). However, the choice of leaching agent is important
for reaching high leaching efficiency and good soil quality after
remediation. Strong acids and chelating agents are commonly
used to remediate PTEs in contaminated soils (Dermont et al.
2008; Luo et al. 2018). The application of strong acids (e.g.,
HCI, H,SO,, H;PO,, and HNO;) can clean the contaminated
soil in the shortest possible time but may cause damage to
soil structure, organic matter, and surrounding environment
(Dermont et al. 2008; Luo et al. 2018). Chelators have a lower
impact on soil properties and can be used efficiently on a
very wide range of pH (Zupanc et al. 2014). However, eth-
ylenediaminetetraacetic acid (EDTA), one of the most com-
monly used chelators, has a half-life of 36 days (Meers et al.
2005a), remaining in the soil for a long time and increasing
the risks of environmental pollution. In contrast, soil wash-
ing using environmentally friendly chelators is recommended
(Naghipour et al. 2017; Bai 2018; Xie et al. 2020; Zhong et al.
2021). Biodegradable chelators such as nitrilotriacetic acid
(NTA) (Naghipour et al. 2017; Xie et al. 2020) can be a better
choice to leach PTEs due to their shorter half-life (07 days)
and environmental safety (Meers et al. 2004; Bai 2018; Wang
et al. 2022). NTA decomposes into CO, and NH; after a maxi-
mum period of 2 weeks and therefore has short-term stability
in the soil environment (Bai 2018). Although NTA may be
less effective than other reagents such as DTPA, EDTA, and
HCI (Mosekiemang and Dikinya 2012; Xiao et al. 2019), it
generally has less destructive effects on soil and plants (Jiang
et al. 2017). NTA reduces the amount of Cd absorbed by soil
particles (Xie et al. 2020).

The present study was performed on soils of Iran (calcar-
eous soil) and Belgium (acidic soil), which have significant
differences in their main parameters, to assess Cd removal
efficiency in widely differing soil conditions. Therefore, this
experiment was performed to study the chemical behavior of
NTA on Cd removal as affected by the characteristics of soil
and washing parameters, i.e., the concentration of NTA, pH
of washing solution (4, 7, and 10), and duration of the wash-
ing process (20, 40, 60 min). At the end of the experiment,
the concentration of Ca, Fe, Al, Zn, and Cu in the soils was
also determined to understand the influence of soil composi-
tion and competitive ions in Cd removal. So, this research
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was carried out to address the following questions: (i) in
the soils with similar Cd concentration, how do different
characteristics of soils affect toxicity, (ii) which fractions
of Cd were removed by NTA (does NTA have the ability to
remove the residual form of Cd in soils), (iii) which ions in
the soils create the most competition for Cd removal? The
answers to these questions will help to achieve the maximum
performance of soil Cd removal by sensible choosing NTA
in the soil.

Previous studies (including research previously published
by the authors (Mehrab et al. 2021)) have shown that NTA
chelate can help remove soil Cd by increasing Cd dissolu-
tion during the phytoremediation method in calcareous soil.
The present study is basic research to understand the details
of NTA performance, in order to recommend the applica-
tion of this chelator in soils with different characteristics of
soil texture, pH, OM, etc., to increase the dissolution of Cd
along with other methods (such as phytoremediation). The
results of this study clarify how differences in soils and,
subsequently, the distribution of Cd fractions affect NTA
performance on Cd dissolution.

Materials and methods

The methodology of the current research includes the fol-
lowing six steps: (i) collecting Iranian and Belgian soils
and analyzing their physical and chemical characteristics,
(i) contaminating the soils with Cd and determining the
pseudo-total concentration of Cd, (iii) soil incubation for 3
months and measuring Cd fractions in the soils at the end
of incubation pried, (iv) soil washing tests in pH 4, 7, and
10 by pH-stat during times, (v) laboratory analysis of soil to
determine element concentration (Ca, Fe, Al, Zn, and Cu)
and Cd fractions, as well as analysis of filtrated suspension
to measure Cd concentration at the end of experiments, and
(vi) statistical analysis of data by SPSS software (Fig. 1).

Soil sampling and contaminated soil preparation

The present study was conducted jointly between Shahid
Chamran University of Ahvaz, Iran, and Ghent University,
Belgium. To perform the experiments, the non-contaminated
soil sample of Iran was transferred to Belgium. A soil sam-
ple of the Shahid Chamran University of Ahvaz located in
southwestern Iran (48° 65'91.12" E 31° 30’ 53.82" N) and a
soil sample of the area of Flanders in Belgium (3° 10" 46.44"
E 51° 02" 15.64" N) were chosen. Both soils were sampled
within a 30-cm depth and passed through a 2-mm sieve
before being characterized for their physical and chemical
properties. Soil texture was determined by the hydrometric
method (Day 1965). The soil pH and electrical conductivity
(EC) were determined in 1:5 soil suspension (soil to water)
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Fig. 1 Flowchart of research

methodology structure Collecting Iranian and

Belgian soils &
laboratory analysis

Statistical analysis by
SPSS software

Table 1 Physical and chemical properties of the soils used in this
study

Parameter Unit Value

Iran Belgium
Texture - Loamy Sandy
Clay (%) 214 5.1
Silt (%) 38.0 1.4
Sand (%) 40.6 93.5
oM (%) 0.71 1.98
CCE (%) 413 8.5
CEC (cmol, kg™ 12.6 6.06
pH - 7.7 6.3
EC (dSm™) 2.45 0.81
Cayga (gkg™ 64.02 1.55
Mg, (gkg™ 9.39 0.63
Al (gkg™ 8.36 1.41
Fe o (gkg™) 10.66 1.81
Cuyga (mgkg™) 13.25 14.07
Znygy (mgkg™) 28.89 91.50
Cdgpa (mgkg™) 0.55 0.51

OM organic matter, CCE calcium carbonate equivalent, CEC cation
exchange capacity, EC electrical conductivity

after 2 h of incubation in a shaker at room temperature (Ray-
ment and Higginson 1992). The percentage of calcium car-
bonate equivalent (CCE) was determined by titration with
NaOH after incubation of the soil with acid (Rengasamy and
Churchman 1999), and the cation exchange capacity (CEC)
was measured by the method of replacement cations with
ammonium acetate (Rengasamy and Churchman 1999). The
percentage of organic matter (OM) was determined by the
Walkley and Black method (Walkley and Black 1934). To
measure the pseudo-total concentration of Cd, Zn, Cu, Fe,
Al, Ca, and Mg, the digestion method was used with HNO,
and HCI solutions (Vlarebo 1996), and then, the concen-
tration of these elements was determined using ICP-OES
(Vista-MPX). The physical and chemical properties of the
soils (Iran and Belgium) are presented in Table 1.

To artificially contaminate the Belgian and Iranian soils,
CdCl,-2.5H,0 solutions (20 and 40 ppm) were sprayed on

Soil incubation for three
months & measuring Cd
fractions

}

Soil washing tests in pH
4,7, and 10 by pH-stat

Contaminating the soils
with Cd & determining
Cdotal

Analysis of soil to determine element
concentration

Analysis of filtrated suspension to
measurement Cd concentration

the soils to reach final Cd contamination levels of 20 and
40 mg kg~!. To obtain homogeneous contamination, the
contaminated soils were kept in pots at room temperature
(25 = 5 °C) for three months and weighed twice a week to
maintain their moisture content at 70% field capacity with
the addition of water; soils were also well-mixed after water
addition. At the end of the incubation period, contaminated
soils of Iran with 20.2 and 40.1 mg kg~! of Cd and contami-
nated soils of Belgium with 20.6 and 40.3 mg kg™! of Cd
were prepared. Therefore, the soils studied included the fol-
lowing: Iy, (Iranian soil with 20 mg kg™! of Cd), Iy, (Ira-
nian soil with 40 mg kg~! of Cd), By, (Belgian soil with
20 mg kg™! of Cd), and By, (Belgian soil with 40 mg kg™!
of Cd). After the preparation of the contaminated soils, the
chemical fractions of Cd in the soil samples were measured
by the sequential extraction method of Krishnamurti and
Naidu (2000). According to this method, the concentration
of Cd is determined in seven fractions: F;—exchangeable;
F,—carbonate bound; F;—metal-organic complex bound;
F,—organic bound; Fs—amorphous Fe-Mn oxide bound;
Fs—crystalline Fe-Mn oxide bound; F,—residual (Table 2).
The pseudo-total concentration of Cd and Cd fractions was
determined by ICP-OES.

Soil washing experiments

To determine the efficiency of NTA on Cd removal from the
soils, different concentrations of NTA (0, 2, 5, and 15 mmol
L") with a solid to liquid ratio of 1:20 (w/v) (Xiao et al.
2019) were added to the soils (Icgp0s Icgaos Beano Beaao) 10
100-mL beakers. The slurries were stirred at 600 rpm (Nii-
nae et al. 2008), and their pH was adjusted and maintained at
4,7, and 10 with a pH-stat (Stat Titrino 718) by using NaOH
and HCI solutions at room temperature (25 °C + 1 °C). The
experiment slurry was sampled at different times, i.e., 20,
40, and 60 min, and the samples obtained were centrifuged
at 6000 rpm for 5 min. Suspensions were thereafter filtered
through a 0.45-pm filter, and the Cd content in the filtrate
was determined by ICP-OES. Metal removal efficiencies
were calculated with Eq. (1):

Removal efficiencies (%) = (C, x V;)/(C, x M,) x 100,
)]
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Table 2 Sequential extraction procedure of Cd in the soils (Krishnamurti and Naidu 2000)

Fraction Reagent

Extraction conditions

F,—exchangeable
F,—carbonate bound
F;—metal-organic complex bound

F,—organic bound

Fs—amorphous Fe-Mn oxide bound
F¢—crystalline Fe-Mn oxide bound

F,—residual

10 mL 1 M NH,NO; (pH 7)

25 mL 1 M CH;COONa

20 mL 0.1 M NH,OH.HCl in 0.1 M HNO,

5 mL 30% H,0, (pH 2) 3 mL 0.02 M HNO,

3 mL 30% H,0, (pH 2) 1 mL 0.02 M HNO,

Cool, 10 mL 2 M NH,NO; in 20% HNO,

20 mL 0.2 M (NH,),C,0,/2 M H,C,0, (pH 3)

25 mL 0.2 M (NH,),C,0, (pH 3) in 0.1 M ascorbic acid
Digestion with HNO5:HCIO,, (2:1) -

4 h shaking at 25 °C

6 h shaking at 25 °C

30 min shaking at 25 °C

2 h shaking at 25 °C

2 h shaking at 25 °C

30 min shaking at 25 °C

4 h shaking at 25 °C (dark)
30 min shaking at 95°C

where C, and C, are the Cd concentrations in the filtrate (mg
L") and soil (mg kg_l), respectively; V; is the volume of
washing solution (L) and M| is the dry mass of the soil (kg).

At the end of the experiments, chemical fractions of Cd in
soil samples were measured by ICP-OES to study the effect
of NTA on soil Cd fractions changes. Moreover, the pseudo-
total concentration of some elements in the soil including
Ca, Fe, Al, Zn, and Cu was measured to determine the effect
of NTA on their washing. So, after the maximum test time
(60 min), the soils were digested by the method of Vlarebo
(1996) followed by measurement with an ICP-OES to deter-
mine the concentration of Ca, Fe, Al, Zn, and Cu.

Statistical analysis

Statistical analysis of treatments was carried out by one-
way ANOVA, and the comparison of means was performed
using Duncan’s multiple range test at a probability level of
5% in SPSS software. Excel software was also used to draw
the graphs.

Results and discussion
Characteristics of the studied soils

The Iranian soil has a loamy texture with the property of
calcareous soil (CCE 41.3%), pH 7.7, and low OM (0.71%),
whereas the soil of Belgium was sandy soil with a slightly
acidic pH of 6.3, a higher OM content (1.98%), and a lower
CCE (8.5%) (cfr. Table 1). Both soils had a similar Cd con-
centration, of around 0.5 mg kg™, previous to the artificial
contamination.

To study the washing of Cd, it is necessary to know the
distribution of the different Cd fractions in the soils (Fig. 2).
The different characteristics of soil samples of Iran and Bel-
gium caused a significantly different distribution of Cd frac-
tions even though they had a similar Cd content. In the soil
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Fractions of Cd

Fig.2 The distribution of Cd fractions in the contaminated soils of
Iran and Belgium (F,—exchangeable, F,—carbonate bound, F;—
metal-organic complex bound, F,—organic bound, Fs—amorphous
Fe-Mn oxide bound, Fs—crystalline Fe-Mn oxide bound, F,—resid-
ual)

of Iran, the highest fraction of Cd was bounded to carbonate
(> 60 %), which can be attributed to the high percentage of
CaCO; in this soil (Khodaverdiloo et al. 2020). Due to the
low organic matter in this soil, only a small part of Cd was
bound to this faction. In contrast, the soil of Belgium had
a higher amount of Cd bound to organic matter (> 50%),
especially F;, which is a weak bound (Adelana et al. 2016).
Also, the low amount of carbonates in this soil resulted in
a reduced Cd fraction bound to carbonates. In addition, due
to its different soil texture and higher clay percentage, the
residual fraction of Cd in the soil of Iran was higher than that
in the soil of Belgium.

Effect of pH and NTA on Cd removal from the soils

The efficiency of Cd removal by different NTA concentra-
tions at different pH values in the soils of Iran and Belgium
is shown in Fig. 3. According to the results, the removal of
Cd in the absence of NTA was only effective at pH 4, with
higher efficiency, of around 60%, obtained with the Iranian
soil. These results are in line with previous observations that
the pH conditions can significantly affect the extraction of
Cd (Wang et al. 2019). Interestingly, the addition of NTA
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to the washing solution at pH 4 had a negligible effect on
Cd removal in the Iranian soil, with only a slight increase in
efficiency when using the highest concentration of NTA in
the most contaminated soil. These results can be attributed
to the increased solubility of CaCO; in the soil under this
acidic pH. In the presence of high Ca concentrations, NTA
tends to form chelates with this ion and shows a reduced
tendency to form chelates with Cd (Wang et al. 2016). Under
acidic conditions, soil PTEs are converted mainly from Fe/
Mn oxide bound and carbonate bound fractions to exchange-
able and soluble fractions, but organic and residual frac-
tions of PTEs are not released in these conditions (Wang
et al. 2020a). As seen in the soil of Belgium, due to the high
percentage of Cd bound to the organic matter in F; and F,
(Fig. 2), the percentage of Cd removal at pH 4 was lower
than that in the soil of Iran (Fig. 3).

At pH 7 and 10 in the soil of Iran, the efficiency of Cd
removal increased from 1-2% to 83—84% with increasing
NTA concentrations, regardless of the initial Cd concen-
tration in the soil (Fig. 3). These results can be attributed
to the lack of competition between Ca and Cd due to the
precipitation of Ca as CaCO; at high pH values. Also, the
limited extraction efficiency of NTA, can be attributed to
the adsorption of NTA onto soil particles or complexa-
tion with other ions in the soil such as Ca, Mg, Fe, and Al
(Wang et al. 2016). Increasing the concentration of NTA
provides more binding sites that facilitate the formation of
Cd-NTA complexes and ultimately increase the extraction
of Cd in the soil (Wang et al. 2016; Jiang et al. 2017).

NTA (mmol L)

The results of the study showed that NTA efficiency was
lower for Cd removal in the Belgian soil, with a maximum
efficiency of 60% and 70% for By,q and By4, respec-
tively. Nevertheless, similar behavior of Cd removal effi-
ciency increase with increasing NTA applications up to
NTA; compared to NTA,, was observed for both soils, while
a further increase of NTA concentration to 15 mmol L™!
did not increase the washing efficiency (Fig. 3). However,
NTA, seemed to be sufficient to reach the highest washing
efficiencies in the Belgian soil, which can be related to its
lower CaCO; content, as explained above. These results are
similar to the studies of Xiao et al. (2019) and Xie et al.
(2020). They reported that, after washing off most of the Cd
extractable in the soil by NTA, adding more NTA did not
have a positive effect. Studies by Xiao et al. (2019) on the
effects of EDTA, NTA, HCI, and other washing solutions
at a ratio of 1:20 (soil to chelator) on Cd and Zn removal
showed that, after the application of 10 mmol L~! of NTA,
more than 60% of Cd was removed from the soil, while this
amount reached only about 70% by adding 30 mmol L~ of
NTA. However, the effect of chelating agent application in
the soil can be different due to the presence of various factors
influencing the removal of metals as well as the interaction
of chelating agents with other elements in the soil.

Effect of washing time on Cd removal from the soils

The effect of time on Cd removal in the soils of Iran and
Belgium was assessed for the best conditions for each soil,
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Fig.4 Variation of the efficiency of NTA on Cd removal with time
from the soils of Iran and Belgium. Different letters show a signifi-
cant difference according to Duncan’s test at 5% probability level
(mean + standard deviation, n = 3)

i.e., NTA5/pH 7 for the Iranian soil and NTA,/pH; for the
Belgian soil (Fig. 4). Even though pH 10 and pH 4 gave
slightly better results than pH 7 for I4,, and By, respec-
tively (Fig. 3), the difference was not deemed important
enough to justify such a drastic change in pH during treat-
ment, especially as the Iranian and Belgian soil’s natural pH
is already close to 7 (Table 1)—one being 0.7 points above
and the other 0.7 points below neutral pH.

The shortest studied duration, of 20 min, was already
enough for reaching high washing efficiencies in both soils,
with a slight improvement in the results of By, when
increasing this to 40 min. Most of the Cd concentration in
the soil of Iran is in the form of F, (Fig. 2), and less time is
required to remove it from the soil due to the low stability of
this fraction as studies have shown that F; and F, are among
the most available fractions (Xiao et al. 2019). In contrast,
a slight increase in Cd removal in the soil of Belgium was
observed with increasing time because most of its Cd is
bound to organic matter (Fig. 2), which involves various
reactions including ion exchange, chelation, and adsorption
(Van Poucke et al. 2018; Xie et al. 2020), yielding a more
stable fraction. Part of the results can be attributed to the
mechanism of interaction between chelator and PTEs (Li
et al. 2018; Zhang et al. 2013). The process of extracting
PTEs consists of a fast thermodynamic reaction between
PTEs and chelator, which can eliminate the weak bond of
PTEs with the soil (F; and F,) and convert them into solu-
ble forms or dissolution of metals in complex compounds
consisting of PTEs bonded to Fe/Mg oxides and organic
matters (F; and Fs).

These results are confirmed by the ones presented in
Fig. 5, which shows the proportion of Cd fractions at the
end of the experiment in the soils of Iran and Belgium using
NTA; and NTA,, respectively. According to the results, the
proportion of F; in the soils, especially in the soil of Iran,
was the highest while F, and F, were almost eliminated.
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Fig.5 The proportion of Cd fractions in the soils of Iran and Bel-
gium. F,—exchangeable, F,—carbonate bound, F;—metal-organic
complex bound, F,—organic bound, Fs—amorphous Fe-Mn oxide
bound, Fs—crystalline Fe-Mn oxide bound, F;—residual. Different
letters show the significant difference according to Duncan’s test at
5% probability level (mean =+ standard deviation, n = 3)

After the residual fraction (F,), the fraction bonded to OM
(F5) in the soil of Belgium and the fraction bound to crys-
talline Fe-Mn oxide (F¢) in the soil of Iran had the highest
relative percentage in these soils.

Effect of soil washing with NTA on the removal
of other metals

In general, for the chelate formation with NTA, some metals
such as Ca, Mg, and Mn have lower equilibrium constants
than other metals such as Cd, Fe, Al, Zn, and Cu (Gong et al.
2009). Meers et al. (2008) and Begum et al. (2013) reported
that Ca, Fe, and Al can reduce the efficiency of heavy metal
mobility by competition for creating complexation with the
chelator. Ca especially interferes in the chelate formation
of NTA with Cd when present in high concentrations, as is
the case for the Iranian soil used in this study. Therefore, in
the present study, due to higher concentrations and possible
competition of Fe, Al, Cu, and Zn with Cd for the formation
of complexes with NTA, the concentrations of these metals
in the soil were also investigated.

After soil washing with NTA, the concentration of Ca in
the soil of Iran decreased at different pHs, being more sig-
nificant at pH 4 due to the acidic conditions and consequent
dissolution of soil CaCOj;. In the present study, the applica-
tion of NTA 5 caused a significant decrease in Ca concen-
tration in the soil of Iran at all pH levels, as the percentage
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of Ca at pH 4, 7, and 10 was 43, 73, and 74% in Iy, and
26, 80, and 85% in I 44, respectively, relative to the con-
centration before washing (100%) (Fig. 6). In the soil of
Belgium, the application of NTA 5 in all pHs also success-
fully removed a large part of Ca and was more effective than
in the Iranian soil because the amount of Ca was already
low, enabling NTA 5 to remove most of the exchangeable
Ca from the soil. As a result, the percentage of Ca at pH 4,
7, and 10 was 62, 63, and 64% in By, and 57, 57, and 60%
in Beggo, respectively (Fig. 6). Therefore, NTA can remove
Ca from the soil. According to Wang et al. (2016) report,
the exchangeable Ca, Mg, K, and Na in the soil decreased
significantly after soil washing by chelators. Besides, in the
absence of NTA, the difference between the amount of Ca at
pH 4 and that at pH 7 and 10 is more noticeable in the soil
of Iran compared to the soil of Belgium. Similarly, Wang
et al. (2020a) found that, by reducing soil pH from 7.5 to
5, the concentration of Ca released from calcareous soils
increased by more than 10-fold compared to non-calcareous
soils. They reported that, in calcareous soils, since most of
Ca is bound to the soil carbonate, reducing the pH dissolves
CaCOs in the soil and releases large amounts of Ca.

The results showed that NTA worked well in extracting
Fe and Al from the soils, especially in the soil of Belgium.
The application of NTA s at pH 4, 7, and 10 removed 30, 25,
and 24% of Fe and 10, 8, and 7% of Al from I~y,,, as well as
34,29, and 27% of Fe and 20, 14, and 12% of Al from Iy,
(Fig. 7). These values were 62, 59, and 36% of Fe and 66,
64, and 42% of Al in B¢y, and 59, 55, and 46% of Fe and
71, 65, and 60% of Al in By, (Fig. 7). The effectiveness of
NTA in removing these metals was minimized by increas-
ing pH. Although NTA was more successful in remov-
ing Fe compared to Al in the soils, both metals showed a
similar tendency after using NTA. These results are simi-
lar to the experimental results of Gong et al. (2009). They
reported that NTA caused a significant increase in Fe and

Fig.6 The efficiency of NTA
on Ca removal from the soils of
Iran and Belgium at the end of
the experiment. Different letters
show a significant difference

1 After washing (Iran)
mmm After washing (Belgium)
= Before washing

aa od ab

Al removal in acidic pH in the soil, as well as a decrease in
their removal with increasing pH to 7, but the amount of Fe
and Al removed from the soil was still significantly higher
than in the condition without NTA. In addition, according
to the results, despite the higher concentration of Fe and Al
in the soil of Iran (Table 1), a higher percentage of these
metals was removed from the soil of Belgium. This is due
to the crystalline (insoluble) forms of these metals in the
soil of Iran. As can be seen in Fig. 2, the percentage of Fe/
Mn oxides in amorphous form (F;) in the soil of Belgium is
higher than in the soil of Iran; in contrast, the percentage of
Fe/Mn oxides in crystalline form (F¢) in the soil of Iran is
higher than in the soil of Belgium. de Santiago et al. (2008)
also reported that poorly crystallized iron oxides are part
of plant absorbable Fe. Therefore, Fe in amorphous Fe/Mn
oxide form (Fjs) is easier to wash compared to Fe in crystal-
line Fe/Mn oxides form (F).

According to the results of Fig. 7, the lowest percentages
of Zn and Cu were observed after the application of NTA 5.
The use of NTA 5 at pH 4, 7, and 10 removed 45, 41, and
33% of Zn and 63, 55, and 58% of Cu from I, as well as
41,37, and 26% of Zn and 59, 50, and 45% of Cu from Iy
(Fig. 7). In the soil of Iran, the percentage of Cu washed
was higher than Zn because research has shown that most
of Zn is in the residual fraction in this soil (Karimi et al.
2019; Rassaei et al. 2020) and other alkaline soils (Xiao
et al. 2019), which reduces its leaching (Adamo et al. 2018).
In contrast, in the soil of Belgium, a higher percentage of
Zn compared to Cu was removed from the soil, which is
probably due to the acidic pH of this soil, the presence of
more organic matter, and higher biological availability of
Zn in this soil (Polettini et al. 2009; Lian Svendsen et al.
2011), so probably a lower percentage of Zn was present
in the residual fraction. However, the difference between
the percentages removed of Zn and Cu decreased due to the
use of NTA in the soil. The values of metals washed after

3 After washing (Iran)
mmm After washing (Belgium)
== Before washing

Cd,, Cd,

100 4 —<b
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g

according to Duncan’s test at
5% probability level (mean +
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C— After washing (Belgium)

E After washing (Iran)
e Before washing

Cd40

C— After washing (Belgium)

mmm After washing (Iran)
e Before washing

Cd20

Fig.7 The efficiency of NTA
on Fe, Al, Zn, and Cu removal
from the soils of Iran and Bel-
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using NTA 5 at pH 4, 7, and 10 were 76, 74, and 70% for Zn
in By, and 74, 69, and 68% for Zn in By,,. These values
were 71, 67, and 58% of Cu in By, and 63, 65, and 54% of
Cu in By, (Fig. 7). These results are consistent with studies
on acidic soils in Hamburg (Briimmer 1986) and Belgium
(Horckmans et al. 2006). The sequence of metal mobility in
soil was Cd>Zn>Cu>Pb and Cd>Zn>Pb>Cu in the studies
conducted by Briimmer (1986) and Horckmans et al. (2006),
respectively.

In general, studies have shown that the chemical activ-
ity of Zn is lower than some other metals such as Cd, and
Zn complexes with chelate are less stable (Shaheen et al.
2013; Naghipour et al. 2017; Xiao et al. 2019) so less Zn
is leached from the soil under the influence of NTA. Xiao
et al. (2019) showed that using 100 mL L~! of NTA in the
soil (with a solid/liquid ratio of 1:20 (w/v)) caused 6 times
more efficiency on Cd removal compared to Zn removal.
Also, Fe and Al may compete with Cd for bounding to NTA
and leaching from the soil, but there is no strong competition
for Zn compared to Cd to form an NTA-metal complex, and
NTA is more likely to form a chelate with Cd. Naghipour
et al. (2017) also reported that the extraction of Cd, Pb, and
Zn from contaminated calcareous soils by NTA and EDTA
was Cd > Zn > Pb and Pb > Cd > Zn, respectively.

Conclusion

The effect of NTA on Cd removal in the soil of Iran and
Belgium was investigated. In general, the efficiency of Cd
removal in the soils was significantly affected by the NTA
concentration and pH and less by the washing time. The
results showed that the effectiveness of NTA on Cd removal
at 5 and 2 mmol L~! NTA was optimal for the soils of Iran
and Belgium, respectively, and increasing NTA application
did not result in a significant improvement in Cd removal.
This was due to the presence of part of Cd in the soil residual
fraction, a more recalcitrant fraction to extraction, and the
increased competition of other metals to form chelates with
NTA when using it at a higher concentration. In the soil of
Iran, no significant change in Cd removal was observed with
time (20 to 60 min), while Cd removal efficiency slightly
increased with increasing time in the soil of Belgium. These
results can be attributed to the bonding of Cd with carbon-
ates (> 60%) in the soil of Iran, as this fraction of Cd is
released more easily than the Cd bonded with organic matter
and Fe/Mn oxides, more present in the Belgian soil. The best
Cd removal efficiency was observed in the soil of Belgium
at acidic pH, which decreased with increasing pH. However,
when adding NTA, there was no significant difference in
Cd removal between pH 4 and 7, so pH 7 was chosen as the
optimal condition, being close to the natural soil pH of Bel-
gium. In contrast, in the soil of Iran, the lowest Cd removal

efficiency was obtained at acidic pH, and the removal effi-
ciency was higher at pH 7 and 10. These conflicting results
were due to the high competition of Ca with Cd in acidic
pH for the formation of chelates with NTA in the soil of
Iran. After NTA application in the soils, a higher percent-
age of Fe, Al, Zn, and Cu was also removed from the soil of
Belgium compared to the soil of Iran. Because the soil of
Belgium has a quite light texture and low CEC, these met-
als are in more active and more accessible fractions in the
soil, so they are easier to wash. Therefore, the use of NTA in
soils containing CaCO; and neutral and higher pH is recom-
mended to increase the dissolution of Cd. NTA can be used
more efficiently in calcareous soils with a medium texture
compared to in acidic soils with a light texture to increase
Cd solubility and achieve higher efficiency of some methods
such as phytoremediation. Future perspectives in research
can address the potential recovery and re-use of NTA in
addition to further identifying optimal soil-specific washing
conditions in practice.
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