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Abstract To determine the leaching behavior and
mechanism of cadmium (Cd) from contaminated soil
by nitrilotriacetic acid (NTA), batch leaching experi-
ments and chemical extraction in combination with
Fourier transform infrared spectroscopy (FTIR) analy-
ses were conducted to investigate the changes of Cd
species, the organic matter content, the functional
groups of soil particles in the course of leaching. The
batch experiment was conducted using one cadmium
level (12.49 mg/kg), different levels of NTA (1, 5, 10,
100, 150, 200, 300, 400, and 500 mmol/L), different pH
levels (6-11), and different contact times (10, 30, 60,
120, 240, 480, 1440 min). Moreover, based on the
experiment results, factors like the input NTA concen-
tration, the eluent pH values, as well as the leaching time
for the amount of leached Cd were evaluated via a
multiple linear regression simulation. The results
showed that the leached Cd from contaminated soils
increased with increasing input NTA concentration and
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absorbed NTA in soils. At the beginning of the leaching
experiment, the functional groups of the soil particles
changed from hydroxyl to ester, resulting in the release
of Cd from soil particles. At the same time, the esterifi-
cation reaction caused an increase of eluent pH. How-
ever, after Cd released into the liquid phase, the com-
plexation reaction between NTA and Cd continually
consumed NTA, and this resulted in a minor decrease
in eluent pH. As the result, some amounts of Cd could
be precipitated as Cd(OH), and immobilized again un-
der high pH condition. Multiple linear regression results
showed that the input NTA concentration is the main
factor that influences the removal efficiency of Cd from
contaminated soils. The study results provide vital sup-
port for the practice of Cd-contaminated soil remedia-
tion using NTA as chemical eluent.

Keywords Cd-contaminated soil - Chemical leaching -
Remediation - Multiple linear regression model

1 Introduction

Cadmium (Cd) is a heavy metal which exhibits high
chemical activity and permanent toxicity in the earth
surface environments. It can influence human health
through food chain accumulation, such as inducing kid-
ney failure and cancers (Chen et al. 2018; Satarug et al.
2017; Xue et al. 2017). In recent years, soil contamina-
tion by Cd has gradually become a global environmental
issue and attracted worldwide attention (Khan et al.
2017; Wu et al. 2010). Rehabilitating the Cd-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-020-04545-7&domain=pdf
https://doi.org/10.1007/s11270-020-04545-7

166 Page 2 of 12

Water Air Soil Pollut (2020) 231: 166

contaminated soil to eliminate the negative impact on
human health is extremely urgent (Pan et al. 2010;
Chaney 2015; Wang et al. 2016).

The speciation of Cd in soils determines what reme-
diation method could be effective in the removal of Cd
(Arwidsson et al. 2010). The Cd in soils can be divided
into soluble and insoluble speciation. Soluble Cd exists
as free ions or complex ions, such as Cd**, CdCI*,
CdS0,4, CAdHCO;*, CANO;*, CdOH*, CdHPO, and
organic complexes of Cd. Insoluble Cd mainly includes
CdCOs3 and colloid-adsorbed Cd (Van Poucke et al.
2018). To determine the speciation of solid-phase-
associated metals, Tessier et al. (1979) proposed a se-
quential chemical extraction procedure operationally
targeting exchangeable, carbonates-bounded, Fe-Mn
oxides-bounded, organic matter-bounded and residual
phases Cd. The mobilization and transformation of Cd
in soils is closely related to the pH and organic matter
content (Cheng et al. 2017; Cruz-Paredes et al. 2017;
Tang etal. 2017; Van Poucke et al. 2018). The change of
soil pH can alter the stability and surface site charges of
soil particles, which further influences the speciation
and environmental behaviors of Cd (Wang et al. 2013).
In acidic environments where the bioavailability of Cd
is high, the adsorption reaction controls the mobilization
and transformation of Cd in soils (de Abreu et al. 2012),
and the positive surface charges of the soil particles
restrict the adsorption of positively charged Cd ions
(Wang et al. 2013). The electronegativity of soil parti-
cles increases with the increasing of the soil pH,
resulting in the increase of Cd adsorption on soil parti-
cles. However, Cd precipitation as carbonate and hydro-
lysis to form hydroxide under high pH condition can
impact the mobility of Cd at the same time (Zeng et al.
2011). The occurrence of organic matter can cause the
decrease of bioavailability and migration capability of
Cd in the soils (Gadd 2000; Liu and Chen 2013; Van
Poucke et al. 2018). Soil organic matter can transform
exchangeable and Fe/Mn oxides-bounded Cd to Cd
complexed with organic matters and thus decrease Cd
migration capability (Li et al. 2015; Van Poucke et al.
2018). Soil organic matter contains large amounts of
hydroxyl and carbonyl groups, which can complex with
Cd ions to form stable Cd-containing organic chelate
(Cui et al. 2017). Besides, soil organic matter can alter
soil adsorption capacity through changing pH and Eh
properties and cationic exchange capacity and thus in-
fluence the precipitation-dissolution equilibrium of Cd
(Lee et al. 2011).
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Chemical leaching is a widely used technology in
heavy metal-contaminated soil remediation (Lee et al.
2011; Mahar et al. 2015; Zhou et al. 2011). By this
method, the remediation or treatment of high-
concentration heavy metal-contaminated soil can be
achieved in a relatively short period of time. Because
of the low cost and the reusability of remedied soils, this
method has become more and more popular in the
practical implication of soil retreatment (Liu et al.
2018). The leaching agent selection is the key factor
for the performance of chemical leaching technology.
Some kind of acids, chelating agents, and surfactants are
commonly used for the remediation of heavy metal-
contaminated soils (Dermont et al. 2008). The disadvan-
tage of acids is that they can destroy soil organic matter
and minerals and exhibit poor elution effects for soils
with high buffering capacity (Dermont et al. 2008). The
chelating agent, like EDTA, can form stable compounds
with heavy metals over a very wide range of pH
(Zupanc et al. 2014). However, because of the environ-
mental and health risks arising from its chemical stabil-
ity, non-biodegradability, and lack of ion selection, the
use of EDTA has been questioned (Zupanc et al. 2014).
Synthetic surfactants have exhibited excellent elution
effects for heavy metal-contaminated soils, but their
high price and low biodegradability restricts their appli-
cation (Dermont et al. 2008). Although biosurfactants
have the advantages of biodegradability and strong
specificity, their high cost and low yield restricts their
use in contaminated soil remediation (Bonal et al. 2018).

In recent years, naturally degradable chelating agents
such as ethylenediamine-N,N'-disuccinic acid (EDDS)
(Wang et al. 2012a), nitrilotriacetic acid (NTA)
(Naghipour et al. 2016), and N,N-bis (carboxymethyl)-
I-glutamic acid (GLDA) (Wang et al. 2016) have been
used in chemical leaching for the remediation of heavy-
metal-contaminated soil. These chelating agents exhibit
excellent removal efficiency and environmental friend-
liness, and therefore have excellent application poten-
tial. The NTA is a biodegradable, natural multi-carboxyl
amino acid chelating agent (Bucheli-Witschel and Egli
2001). It has strong reactivity with heavy metals in soils
and is therefore able to decrease the amount of Cd
adsorbed by soil particles. However, the detailed mech-
anism of Cd leaching from contaminated soils by NTA
is far from full understanding. Therefore, in this study,
the mechanism of NTA interaction with Cd in contam-
inated soils was studied through batch experiments and
chemical extraction combined with Fourier-transform
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infrared spectroscopy analyses. In addition, a multiple
linear regression model was built up to identify the key
factor(s) impacting Cd leaching efficiency from contam-
inated soils. The results of this study provide technical
support for the further application of NTA to remediate
Cd-contaminated soils.

2 Materials and Methods
2.1 Experiments Methods

The soil samples were collected from a Cd-
contaminated field and air-dried in the laboratory after
residual plants and other debris were removed. The soil
samples were then passed through 10-mesh sieve and
stored in the dark for future use. At the same time, a
subsection of soil samples was further grounded in an
agate mortar to 50-mesh for storage and future use.

NTA solutions with concentrations of 1, 5, 10, 100,
150,200, 300, 400, and 500 mmol/L were prepared, and
their pH values were adjusted to 11 using 0.1 mol/L of
NaOH and 0.1 mol/L of HCL. A total of 2 g 10-mesh soil
was added into a 50 ml centrifuge tube. The NTA
solution was added with a solid-to-solution ratio of
1:10 into the centrifuge tube, which was then shaken
on a horizontal shaker for 4 h at a speed of 150 r/min and
temperature of 25 °C. And then, the mixed solution was
centrifuged at 4000 r/min for 10 min. The supernatant
was filtered through 0.45-pm microfiltration membrane.
The filtrate was acidized using nitic acid and stored in a
50 ml pre-cleaned PET bottle for Cd concentration
determination.

By controlling the NTA concentration at 100 mmol/L,
the solution pH was adjusted to 6, 7, 8, 9, 10, and 11
using 0.1 mol/L of NaOH and 0.1 mol/L of HCI to test
the effect of solution pH on Cd leaching. A total of 2 g
10-mesh soil was added to a 50 ml centrifuge tube. The
NTA solution with the corresponding pH and a solid-to-
solution ratio of 1:10 was added to the centrifuge tube,
which was then shaken for 4 h at a speed at 150 r/min
and a temperature of 25 °C. The centrifuge tube was
centrifuged at 4000 r/min for 10 min. The supernatant
was filtered through a 0.45-pm microfiltration mem-
brane. The filtrate was acidized using nitic acid and
stored in a 50 ml pre-cleaned PET bottle to determine
the concentration of Cd in filtrate.

By controlling the NTA concentration at 100 mmol/L,
the solution pH was adjusted to 7 and 11 using 0.1 mol/L.

of NaOH and 0.1 mol/L of HCI. A total of 2 g of 10-
mesh soil was added to a 50-mL centrifuge tube. The
NTA solution with the corresponding pH and a solid-to-
solution ratio of 1:10 was added to the centrifuge tube,
and then shaken for 10 min, 30 min, 60 min, 120 min,
240 min, 480 min, and 1440 min at a speed of 150 r/min
and a temperature of 25 °C. The centrifuge tube was
taken out at the set time and centrifuged at 4000 r/min
for 10 min. The supernatant was filtered through a
0.45-pum microfiltration membrane. The filtrate was
acidized using nitic acid and stored in a 50 ml pre-
cleaned PET bottle for Cd concentration analysis. Be-
fore and after the experiment, the five-step chemical
extraction procedure proposed by Tessier et al. (1979)
was used to extract the different Cd fractions from the
soils.

2.2 Laboratory Analysis

A total of 10.0 + 0.1 g 10-mesh soil sample was added to
a 50 ml PET bottle, and then 25 ml of CO,-free water
was added. The mixture was stirred for 1-2 min. After
standing for 30 min, the pH of the soil was measured
using a calibrated HACH portable pH meter. A 0.1—
0.5 g (with the precision of 0.0001 g) 50-mesh soil
sample was added to a 50-mL Teflon tube. Then,
10 mL of 0.136 mol/L K,Cr,0,-H,SO4 solution was
added to the tube, and the tube was heated in an oil bath
for 5 min at 170-180 °C. Then, 0.2 mol/L of standard
FeSO, solution was used to measure the soil organic
matter content (Wang et al. 2012b). Mixture of HCIl +
HNO; + HF + HCIO,4 was used to digest the soil sam-
ples, and a flame atomic absorption spectrophotometer
(FAAS) (iCE3000, Thermo Fisher) was used to measure
the Cd concentration of the digested soil solution
(Frentiu et al. 2013). Inductively coupled plasma mass
spectrometry (ICP-MS) (7900, Agilent) was used to
determine the concentration of Cd in extraction
(Huang et al. 2014). The soil samples before and after
NTA leaching experiments were dried in an oven at
105 °C for 2 h to remove the interference of water
molecules. And then a small amount of sample was
weighed and ground with KBr to obtain KBr pellets.
The IR spectrum was obtained on a Fourier transform
infrared (FTIR) spectrometer (Vertex 70, Bruker) by
setting the step at 4 cm ' (Knadel et al. 2017). A 30 g
soil sample and 200 mL of pure water were added to a
500-mL beaker; after incubation for 24 h, 10 mL of 4%
sodium hexametaphosphate was added to disperse the
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soil solution. A TM-85 soil densitometer was used to
measure the density of the soil solution.

Three parallel samples were tested in leaching and
chemical extraction experiments, and the relative devi-
ation between the parallel samples for Cd concentration
in leachate and extraction solution was within = 10%.
Standards or quality control samples were tested for all
chemical analysis, and parallel double samples were
tested with each batch samples with the error less than
5%.

2.3 Development of the Multiple Linear Regression
Model

To determine the impacts of the input NTA concentra-
tion, the eluent pH, and the elution leaching time on the
leaching efficiency of Cd, a multiple linear regression
model was developed based on the leaching experiment
results (Table 2). The quantitative relationships between
the measured random variable y (leached Cd) and the
three nonrandom variables (x;: NTA concentration, x5:
pH of eluent, x3: elution time) were established through
independent and dependent variable matrix (Table 2).
The SPSS software package (SPSS19.0) was used to
perform the linear regression analysis and develop the
regression model using stepwise linear regression
(Stokes et al. 2017).

3 Results and Discussion

3.1 Physicochemical Properties of the Contaminated
Soil

The soil has a silty sand texture. The measured physi-
cochemical properties of the contaminated soil are listed
in Table 1. The pH value of the soil is 7.03, indicating
that it is a neutral soil. The measured bulk Cd content in
the soil is 12.49 mg/kg. The exchangeable Cd

Table 1 The physicochemical properties of the contaminated soil

(4.72 mg/kg) is the highest fraction in the contaminated
soil sample, which accounts for 37.8% of the total Cd,
while the Cd bounded to carbonates (4.44 mg/kg) ac-
counts for 35.5% of total Cd in the soil. The Cd bounded
to Fe-Mn oxides (2.23 mg/kg) accounts for 17.9%, and
this fraction is stable compared to the other fractions
and, therefore, is difficult to migrate (Fan et al. 2012).
The Cd bounded to organic matter (0.94 mg/kg) ac-
counts for 7.6% of bulk Cd in soil sample. This fraction
of Cd was formed through ion exchange, adsorption,
and chelation between Cd and soil organic matter (Tang
et al. 2017; Zeng et al. 2011). The residual Cd
(0.16 mg/kg) is the most stable fraction in soil and has
low content accounting for 1.3% of bulk Cd. This frac-
tion Cd exists in the crystal lattices of silicate minerals of
the soil and is difficult to migrate and transform (Butt
etal. 2008). The IR spectrum of the soil samples (Fig. 1)
shows that there are stretching vibration peak of O-H
bonds at 3625.81 cm™ ! and C-O bonds at 1031.18 cm ™,
indicating that the soil organic matter contains -OH and/
or -COOH structure. Soil organic matters are effective
on complexing metal ions due to the occurrence of
carboxylic (-COOH) and hydroxyl (-OH) groups (Van
Poucke et al. 2018). According to the study conducted
by Inyang et al. (2011), the Cd bounded to organic
matter is believed to exist as -O-Cd.

3.2 Changes of Cd Fractions in Soils Before and After
Leaching

The change of the Cd fractions before and after leaching
is shown in Fig. 2. After NTA elution, the contents of
exchangeable Cd, Cd bounded to carbonates, and Cd
bounded to organic matter changed significantly from
4.71, 4.43, and 0.94 mg/kg to 0.50, 0.96, and
0.38 mg/kg, respectively, whereas the content of Cd
bounded to Fe-Mn oxides and residual phase Cd did
not change obviously. These results suggest that NTA
can mobilize the exchangeable Cd and Cd associated

pH  Size distribution of soil particles Organic  Cdrogg

Cd fractions in contaminated soil (mg/kg)

(%) matter
<0.05 mm 0.05- >0.20 mm (%) (mg/kg) Exchangeable Carbonate Fe and Mn Organic Residual
0.20 mm bound oxides bound ~ matter bound phases
7.03 28.17 423 29.53 1.52 1249 472 4.44 223 0.94 0.16
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with carbonates and organic matter. The exchangeable
Cd has high activity and is extremely easy to migrate to
the liquid phase (Fan et al. 2012). The fraction of Cd
bounded to carbonates that exists as precipitates, such as
CdCO; in soils, is very sensitive to the pH and easily
migrated. The input of NTA results in the change of the
system pH; a low pH results in the dissolution of car-
bonates (Evangelou et al. 2004), whereas a high pH
causes the transformation of Cd to multi-hydroxyl che-
late (Davari et al. 2015). The fraction of Cd bounded to
organic matter is formed through a series of reactions
including ion exchange, adsorption, and chelation (Van
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Poucke et al. 2018). The NTA as an exogenous organic
matter can enhance the activity of Cd in soil through
chelation with Cd, resulting in the decrease of Cd
adsorbed by soil particles and improving the bioavail-
ability of Cd in the soil (Filipovic et al. 2018; Liu and
Chen 2013). Cd normally adsorbs onto the surfaces of
Fe-Mn oxide particles through a strong binding force or
reacts with Fe-Mn oxides (Fan et al. 2012). Therefore,
Cd bounded to Fe-Mn oxides is more stable than the
other fractions. The NTA molecules cannot destroy the
strong binding force between Cd and Fe-Mn oxides. As
the result, the Cd bounded to Fe-Mn oxides did not

Fig. 2 The contents of different 6.0

Cd fractions in contaminated soil 55 i
before and after chemical g
leaching using 500 mmol/L NTA 5.0
solution with pH of 11. During 5 [

treatment, the mixture was shaken
at 150 r/min and 25 °C for 4 h
with a solid-to-solution ratio of
1:10. Exc exchangeable Cd, Carb
Cd associated with carbonates,
Fe-Mn Cd bounded to the Fe and
Mn oxides, OM Cd associated
with organic matters, Res the re-
sidual phases Cd

Content of Cd (mg/kg)

Exc

Il Before leaching
I After leaching

Carb Fe—Mn oM Res
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significantly change after NTA elution (Fig. 2). The
content of residual Cd in the soil samples is extremely
low and does not change considerably after leaching
because this fraction of Cd exists in the crystal lattices
of the silicate minerals in soil and is difficult to migrate
and transform (Butt et al. 2008).

3.3 Effect of Input Concentration of NTA on Cd
Leaching from Soil

The covariation of leached Cd and the adsorbed NTA
with the input concentration of NTA (Fig. 3) clearly
shows that the amount of adsorbed NTA has certain
impacts on the leached Cd. The amount of leached Cd
initially increased with the increasing of the input NTA
concentration and then became stable at 0.83 mg/L
when the input concentration of NTA was higher than
300 mmol/L. The similar trend was observed between
the input NTA concentration and the amount of NTA
adsorbed by the soil. Figure 4 shows that elution using
NTA will result in an increase in soil organic matter
content, and this increase was enhanced with the elevat-
ed NTA concentration from 100 to 400 mmol/L. How-
ever, it will no longer increase after the NTA concentra-
tion reached 400 mm/L. The IR spectrum of the soil
after elution is significantly different from that prior to
elution (Fig. 1). There are stretching vibrations of C=0
bonds at 1639.72 ¢cm !, C=C unsaturated bonds at
1596.0 cm !, and C-O bonds at 1027.9 cm !, which
indicates the existence of ester group in the soil after
elution. The results of IR spectrum suggest that compet-
itive adsorption onto the soil particles between the

exogenous organic matter and Cd occurred (Bradl
2004). Because NTA is an organic substance with a
low molecular weight and contains the carboxyl active
functional group, it can easily react with organic matter
in the soil (Song et al. 2016). During the elution process,
the carboxyl groups in NTA react with the hydroxyl
groups on the surface of soil particles to form esters
and then promote the mobilization of Cd that is bounded
through specific coordination bonds, thereby resulting
in an increase of the Cd concentration in the liquid
phase. And then the carboxyl active functional group
of NTA can complex Cd ion with the increase of NTA
concentration in leachate. With high NTA concentra-
tions, the adsorption sites of the soil particles are satu-
rated and reach adsorption equilibrium, and then the
amount of leached Cd and the organic matter concen-
tration of soil do not change.

3.4 Variation of Eluent pH during Cd Leaching

The maximum and minimum leached Cd concentration
is 0.56 and 0.37 mg/L, which is obtained at pH 6 and 11,
respectively (Table S1). This indicates that low pH
condition favors the leaching of Cd from contaminated
soil. However, in consideration it is a neutral contami-
nated soil (pH = 7.03), the experiments of eluent pH =7
are addressed to obtain the variation of eluent pH during
Cd leaching.

The changes of the eluent pH and the amount of
leached Cd are shown in Fig. 5. The eluent pH increased
significantly during the first 15 min from 7.0 to 9.49 and
then kept at approximately 9.0 after 60 min. However, the

Fig. 3 The relationship between 1.0
input NTA concentration and
leached Cd and adsorbed NTA by
the soil particles

Concentration of Cd in eluent (mg/L)

120

100

Leached Cd - 80
Adsorbed NTA

- 60

440

Amount of adsorbed NTA (g/kg)

1 L 1 i 1 i 1 i 1 0
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Fig. 4 The contents of organic 35
matter in soil before and after .
leaching using different 3.0+

concentration of NTA

2.5
2.0 -
1.5 -
1.0 -

0.5

Soil organic matter content (%)

0.0

amount of leached Cd increased significantly during the
first 15 min from 0.039 to 0.58 mg/L, and then decreased
gradually to 0.54 mg/L at about 120 min. At last, the
concentration of leached Cd keeping at 0.54 mg/L. The
results show that the amount of leached Cd is closely
related to the eluent pH. The observed variation of eluent
pH and leached Cd with the time is the joint result of Cd
complexation and exchange reaction with NTA. In the
first 15 min, the amount of leached Cd increased rapidly
with increasing pH and reached a peak value of 0.58 mg/
L. This can be attributed to the following:

1. The competitive adsorption between NTA and Cd
and accompanied esterification between carboxyl

I Before leaching
I After leaching

100
Input concentration of NTA (mmol/L)

200 300 400 500

group in NTA reacts and the hydroxyl group of soil
particles. This process can be described by the fol-
lowing chemical reaction:

Surf---O—Cd + 2-COOH—Sur"--O0C + 20H"

+ Cd*t (1)

where “— represents coordination binding; “Surf” rep-
resents the surfaces of the soil particles; and “...” rep-
resents binding by electrostatic interaction.

Fig.5 Variation of eluent pH and 10.0 1065 _
Cd concentration with the time e i pI‘l _"“h“fm - 0.60 ?n
(using 100 mmol/L NTA solution 9.5 ; ¥ leached Cd H0.55 £
at pH of 7 as eluent) i '\’ - 0.50 -
9.0 . .« 045 2
i ]
A 7] 0.40 =
==} 8.5 = 0.35 -
= & i

i 4030 %

40.25
8.0 102 £
Jo20 2
b ]
4 0.15 -
7.5 g £
{010 S
4 0.05 g
7.0 PR | (I (PR I (VR [ [ S 0.00 (]

0 30 60 90 120 150 180 210 240 270

Leaching time (min)
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2. The complexation between Cd and NTA, which can
result in the decrease of pH of eluent. This process
can be described by the following reaction:

2-COOH + Cd*"—-C00-Cd-00C—-+ 2H" (2)

The observed variation of eluent pH (Fig. 5) indicates
that the competitive adsorption between NTA and Cd
(reaction 1) is the primary reaction during the leaching
experiment. The decrease of leached Cd during about 10
to 120 min may be related to the formation of Cd-
bearing precipitation as Cd(OH), under high pH condi-
tions. From Fig. 1, it can be seen that at high pH values
between § and 10, Cd(OH), precipitates are formed,
which results in a decrease of the amount of leached
Cd. In addition, the hydroxyl complex of Cd, CdAOH", is
generated at the pH of 9. The CdOH™ has a higher
affinity to the adsorption sites on soil particles than Cd
ion (Hooda and Alloway 1998), and therefore is easily
adsorbed by the negatively charged soil particles. Ulti-
mately, with the stabilization of the eluent pH, the dis-
solution and precipitation reactions reach equilibrium;
as a result, the amount of leached Cd in the liquid phase
also stabilizes.

3.5 Effect of the Elution Time on the Leaching of Cd

Figure 6 clearly indicates that the effect of the elution
time on the leaching of Cd is mainly reflected in the first
120 min of elution. During this period, the leaching of
Cd from soil is controlled by reactions (1) and (2). As
discussed above, at the first 15 min, the competitive
adsorption between NTA and Cd accompanied with
the esterification reaction controls the leaching of Cd
resulting in the increase of eluent pH. And then, com-
plexation between Cd and NTA caused the decrease of
eluent pH. High pH condition controls the formation of
Cd-bearing precipitation as Cd(OH), resulting in the
decrease of leached Cd from soil. During the leaching
period, the competitive adsorption between NTA and
Cd determines the degree of complexation reaction be-
tween NTA and Cd and then the formation amount of
Cd-bearing precipitation. Once the reactions (1) and (2)
reach equilibrium, time no longer restricts the desorp-
tion of Cd, and the amount of leached Cd also stabilizes.

@ Springer

3.6 Leaching Mechanism of Cd from Soil by NTA

The exchangeable Cd, Cd bounded to carbonates, and
Cd bounded to organic matter are leached under the
action of NTA. The leaching process is influenced by
the NTA concentration and pH of eluent. The addition of
NTA destroys the coordination bond between Cd and
soil particles, promotes the desorption of Cd from the
soil particles, and causes the change of Cd speciation.
Based on above discussion, the conceptual model for Cd
leaching from soil by NTA can be proposed and de-
scribed in Fig. 7.

The addition of NTA promotes the occurrence of
competitive adsorption between NTA and the Cd. In
the reaction, the initially adsorbed Cd by the soil is
replaced by NTA. This process is accompanied by the
breaking of the original coordination bonds and the
generation of new covalent bonds. The carboxyl group
in NTA reacts with the hydroxyl groups on the surface
of soil particles to form esters and mobilizes the bound
Cd following the reaction (1). When the high concen-
tration of NTA reaches saturation on the adsorption sites
of the soil particles, the competitive adsorption reaches
equilibrium. At the same time, the amount of leached Cd
also stabilizes (Fig. 3).

The eluent pH is closely related to the amount of
leached Cd; the amount of leached Cd first increases and
then decreases with the increase of pH and finally
reaches a stable value (Fig. 5). This phenomenon is the
joint result of competitive adsorption and complexation
of Cd with NTA, in which competitive adsorption reac-
tion plays a major role. Due to the addition of NTA,
exchange reaction occurs between NTA and the
adsorbed Cd; ultimately, the Cd bounded to the surfaces
of the soil particles becomes free Cd**. At the same
time, the production of OH in this reaction results in
the increase of eluent pH. And then, the complexation
between NTA and Cd continuously consumes NTA and
release H", which results in a minor decrease of pH. The
environmental pH stabilizes when reactions (1) and (2)
reach the equilibrium. In the end, the increase of the
eluent pH results in the formation of multi-hydroxyl Cd
as CdOH* or Cd(OH),. The Cd(OH), is insoluble, and
CdOH" has a higher affinity to the adsorption sites on
the soil particles and therefore is easily adsorbed by the
negatively charged soil particles, which results in re-
fixation of Cd by the soil (Hooda and Alloway 1998).
With the stabilization of the eluent pH, the Cd concen-
tration in the liquid phase also stabilizes (Fig. 6).
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3.7 Regression Model Analysis for Cd Leaching
by NTA

During actual chemical elution and remediation prac-
tices, the operating parameters, including the amount of
eluent, pH of the eluent, elution time, shaking frequen-
cy, and liquid-to-solid ratio determine the leaching effi-
ciency and the cost of remediation project (Khalid et al.

Fig. 7 The conceptual model of
NTA leaching Cd from
contaminated soil. 1) The
exchange and esterification
caused the release of Cd into
liquid phase and the significantly
increase of eluent pH. (2) The
complexation reaction between
NTA and Cd ion which resulted in
the decrease of eluent pH. (3) The
combinated effect of (D) and 2)
resulted in the increase of eluent
pH. High pH condition promoted
the precipitation of Cd as multi-
hydroxyl Cd (e.g., Cd(OH),)h)

... L R o St o e e ~
b .\1 -O0OCR<+ -0 -Cd

Leaching time (min)

2017). The effects of these multiple factors can be
described by a multiple linear regression model based
on the experiment data using stepwise linear regression.
The standardized coefficient of the model can determine
the direction and extent of the impacts of different
factors and thus provides guidance for the remediation
practice. In a remediation project, the factor that has the
greatest influence on the leaching of Cd is chosen to
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o ® /
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Table 2 Standardized linear regression model and parameters

Regression equation R Adjusted > F Sig

y=0.908x; -0.293x, 0.830 0.811 43.887  0.000

optimize the chemical elution process in the hope of
improving the elution efficiency and reducing operation
cost. The regression equation and model obtained by
SPSS are shown in Tables 2 and 3.

Table 2 shows that the F' value of the regression
equation is 43.89. This regression equation passes the
significance test (p <0.01), suggesting that there is sig-
nificant linear relationship between the independent var-
iable and the dependent variable. R* is 0.830 indicating
that 83% of the variation of the dependent variable can
be explained by the independent variable through the
regression equation. The regression model result implies
that the input NTA concentration and the pH of the
eluent explain 83% of the variation of the amount of
leached Cd. Table 3 shows that the ¢ value of the vari-
ables x; and x, that enter the equation after the step-wise
regression is 9.229 and —2.977, respectively. The cor-
responding p values are 0 and 0.008, respectively, and
p<0.01 for both x; and x,. Therefore, both x; and x,
pass the ¢ test, which indicates that x; and x, have
significant impacts on y. This result suggests that the
input NTA concentration and the pH of the eluent have
significant impacts on the amount of leached Cd, which
is consistent with the above discussion. The independent
variable x; does not enter the equation, and its p is
greater than 0.01. Therefore, it does not pass the ¢ test,
which indicates that x5 (i.e., the elution time) is not the
major factor for Cd leaching. The standardized regres-
sion equation eliminates the impact of the dimension of
the independent variable and thus can be used to indi-
cate the impact of the independent variable on the de-
pendent variable. The higher standard regression coef-
ficient of the independent variable indicates the greater

Table 3 The coefficient test results of standardized linear regres-
sion model

Variables Standardized ¢ Sig Linear statistics
coefficient _
Tolerance  VIF
X1 0.908 9229 0.000 0.978 1.023
X2 -0.293 -2977 0.008 0.978 1.023

@ Springer

impact on the dependent variable (Hooda and Alloway
1998). The absolute value of the coefficient of the
independent variable x; is 0.908, which is greater than
that of x,, which suggests that the input NTA concen-
tration is the key factor that influences the amount of
leached Cd, followed by the pH of the eluent.

4 Conclusions

The chemical extraction results indicate that NTA can
leach exchangeable Cd, Cd bounded to carbonates, and
Cd bounded to organic matter, which changes from the
original 4.71, 4.43, and 0.94 mg/kg to 0.50, 0.96, and
0.38 mg/kg, respectively. The input NTA concentration
and pH of eluent have significant impacts on the amount
of leached Cd. The amount of leached Cd increases with
increasing of input NTA concentration ranging from 10
to 300 mmol/L and then keep stable at high NTA con-
centrations (>300 mmol/L). The pH of the eluent is
closely related to the leaching of Cd; the amount of
leached Cd first increases and then decreases with in-
creasing pH and finally stabilizes. The complexation
and esterification reaction between NTA and Cd and
soil particles control the variation of elution pH. The
mechanism of Cd leaching by NTA is that esterification
activates the soil particles and the Cd that is bound
through specific coordination bonds by hydroxyl groups
and results in the leaching of Cd. The standard regres-
sion model shows that the dominant controlling factor in
the elution process is the input NTA concentration.
Therefore, more attention should be paid to optimize
NTA concentration to enhance the leaching efficiency in
Cd-contaminated soil remediation practice.
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