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A B S T R A C T   

This study aimed to determine the leaching mechanism of cadmium (Cd) from contaminated soil by nitrilotri-
acetic acid (NTA). 114Cd/110Cd isotope technology was adopted as the main characterization method, and ex-
periments were conducted with a typical high-Cd soil to determine the speciation distribution of Cd, isotopic 
composition, and changes in bonding environment before and after leaching. The speciation distribution of Cd in 
the soil before leaching in order from most to least was exchangeable Cd, iron‑manganese oxide Cd, residual Cd, 
carbonate-bound Cd, and organic fraction Cd. The removal efficiency of exchangeable Cd was the highest, fol-
lowed by iron‑manganese oxide Cd and carbonate-bound Cd. Residual Cd and organic fraction Cd content did not 
significantly change. Cd(NTA)− and Cd(NTA)2

4− were the major species of Cd in the leaching reagent, which was 
enriched in the heavy isotope 114Cd and had a strong bonding environment. The isotope fractionation coefficient 
α decreased as the proportion of Cd remaining in the soil decreased. Cd speciation distribution had an important 
influence on the 114Cd/110Cd fractionation degree in the leaching process. The Cd isotope composition in soil 
(from − 0.12‰ ~ 0.04‰ to − 0.35‰ ~ − 0.18‰ without buffer and − 0.28‰ ~ − 0.09‰ with buffer) can reflect 
the change of Cd speciation distribution, which determines the characteristics of the bonding environment and, 
in turn, determines the efficiency of NTA leaching to remove soil Cd. As such, isotope fractionation character-
istics can be a significant theoretical support related to NTA leaching Cd contaminated soil.   

1. Introduction 

Cadmium (Cd) is a heavy metal and common soil pollutant that ex-
hibits high biological toxicity and mobility (Dou et al., 2017). Its bio-
logical toxicity and mobility depend on its speciation distribution 
(Leleyter et al., 2012), which is affected by redox conditions (Honma 
et al., 2016; Pan et al., 2016), acidity and alkalinity, organic matter 
content, cation exchange capacity (CEC) (Jalali and Zinli, 2012; Sha-
heen et al., 2013), and coexisting ions (Vega et al., 2006). Redox con-
ditions can control the solubility of Cd in the soil, and soil pH will 
influence the geochemical process of Cd, which further impacts its 
behavior in the soil (Frohne et al., 2011; Kunhikrishnan et al., 2012). 
Generally, pH is negatively correlated with Cd bioavailability (Kirkham, 
2006). Organic matter plays an important part in regulating the mobility 
and bioavailability of Cd in the soil (Shaheen et al., 2013). In recent 
years, Cd-contaminated soil has become a wide-spread environmental 
issue and attracted worldwide attention, and approaches to rehabili-
tating it and eliminating the negative impacts on human health are 

urgently needed (Chaney, 2015; Khan et al., 2017; Pan et al., 2010; 
Wang et al., 2016; Wu et al., 2010). 

Chemical leaching is a widely used technology in contaminated soil 
remediation due to its convenient operation and high efficiency (Begum 
et al., 2012). The leaching reagent can remove heavy metals in the soil 
through ion exchange, adsorption, chelation, etc., to achieve remedia-
tion effects (Begum et al., 2012; Chen et al., 2016; Dermont et al., 2008). 
Leaching reagents, including inorganic leaching reagents, low molecular 
weight organic acids, aminopolycarboxylic (APC) acid chelating agents, 
and surfactants have been widely used (Bolan et al., 2014). Strong acids 
and inorganic salts have also been widely adopted. Strong acids have 
good leaching effect, but can cause serious soil acidification, structural 
disturbance, physical and chemical property destruction, and irrevers-
ible damage to the ecosystem, and come with high costs (Beiyuan et al., 
2018; Dermont et al., 2008). Low molecular weight organic acids are 
derived from rhizosphere exudates or plant decomposition products. 
They can complex with heavy metal cations in the soil through func-
tional groups such as carboxyl or phenolic hydroxyl groups to form 
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stable soluble complexes, which promote the desorption of metal ions; 
however, disadvantages can include damage to the physical and chem-
ical structure of the soil and reduced soil fertility (Borggaard et al., 
2019). 

APC acids are effective and environmentally friendly chelating/ 
leaching agents for the removal of heavy metals, and include ethyl-
enediaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA), and 
diethylenetriaminepentaacetic acid (DTPA) (Bucheli-Witschel and Egli, 
2001). These organic complexing agents contain both amino and 
carboxyl groups that can chelate with metal ions to form stable water- 
soluble complexes, promote the desorption of heavy metals from the 
surface of soil particles, and increase the solubility of heavy metals 
(Leštan et al., 2008). In addition, the presence of basic tertiary amino 
groups and a large number of negative surface charges make the com-
plexes more stable (Bucheli-Witschel and Egli, 2001). NTA leaching 
efficiency will be affected by many factors including the concentration 
of the leaching reagent, pH, liquid-to-solid ratio, frequency of leaching, 
and leaching time (Andrade et al., 2007; Giannis et al., 2009; Jiang et al., 
2012; Kedziorek et al., 1998; Peters, 1999; Strawn and Sparks, 2000; 
Sun et al., 2001; Zou et al., 2009). A large number of studies show NTA 
in the soil is easily and completely degraded by microorganisms and 
rapidly mineralizes (Anderson et al., 1985). 

NTA leaching of Cd from the soil involves breaking chemical bonds 
and forming new ones (Xie et al., 2020). As a result, the specific acti-
vation mechanism by which NTA leaching removes Cd from soil has not 
been elucidated to date. In the process of Cd migration, different phys-
ical, chemical, and biological processes will cause different degrees of 
Cd isotope fractionation, which largely depends on the characteristics of 
the chemical bonding inside the compounds involved. Cd isotopes can 
provide a molecular level analysis of the process of NTA leaching Cd in 
soil (Schauble, 2004) and represent a potential tool to reveal the 
mechanism of Cd leaching by NTA. 

Therefore, this study adopted Cd isotope technology to trace the 
mobilization and transformation of Cd during leaching, providing a new 
method for the study of the mechanism of removal of Cd in soil by NTA 
leaching and the transformation of chemical forms of Cd in the soil. 
Specifically, the study considers the: (1) speciation distribution of Cd 
and analysis of Cd isotope composition changes before and after leach-
ing; and (2) transformation of the bonding environment of Cd during the 
leaching process and the mechanism of NTA leaching Cd in soils. 

2. Materials and methods 

Soil samples were collected from surface layers of a mountain forest 
located in Xintang Town, Enshi, Hubei (Fig. S1), in an area not influ-
enced by industry, mining, or other anthropogenic activities. Xintang 
Town is located at the southeast of Enshi, Hubei, which spans from 
29◦33′ to 30◦12′ N and 109◦11′ to 109◦55′ E. In this area, the bedrock 
are mainly comprised of Silurian to Triassic sedimentary rocks. The 
Silurian and Devonian are mainly composed of shallow-sea shelf-phase 
and littoral phase sandy, silty, and argillaceous clastic rocks. The 
Carboniferous and Permian are neritic platform phase carbonate rocks, 
neritic platform phase siliceous rocks and coastal(shore) phase argilla-
ceous clastic rocks. While the Lower and Middle Triassic mostly consist 
of shallow sea platform phase and tidal flat lagoon phase carbonate 
rocks, argillaceous and silty clastic rocks (Tang et al., 2020). The soils 
are mostly developed from Permian and Triassic sedimentary rocks such 
as tuffs and shales. The concentration of cadmium has a good corre-
sponding relationship with the distribution of Permian, which shows 
similar changes in different geological units. Therefore, the distribution 
of cadmium in the surface soil of this area is mainly controlled by the 
Permian soil parent material (Ma et al., 2018; Tang et al., 2020). Fig. S1 
provided a map with geological information and sampling sites. After 
removing small stones, plant roots, and other debris, three surface soil 
samples (0–20 cm, S-1, S-2, S-3) were air-dried, passed through a 10- 
mesh sieve, and stored in the dark for future use. 

2.1. Physical and chemical properties of soil 

The pH of soil samples was determined by placing 10.0 ± 0.1 g in 50- 
mL PET bottles with 25 mL of carbon dioxide-free water, stirring 
vigorously for 1–2 min, standing for 30 min, then measuring with a pH 
meter. The organic matter content was determined by placing 0.1–0.5 g 
soil samples in 50-mL test tubes, adding 10 mL of 0.136 mol/L K2Cr2O7- 
H2SO4 solution, heating in an oil bath (170–180 ◦C), then boiling for 5 
min (Xie et al., 2020). After cooling to room temperature, the resulting 
solution was titrated with a 0.2 mol/L standard FeSO4 solution, and the 
organic matter content calculated based on the consumption of K2Cr2O7. 
These measurements were performed in triplicate. 

To determine soil particle size, 0.3–0.5 g soil samples were added to 
10 mL of 10% H2O2 solution, heated at 70 ◦C for 2 h to remove organic 
matter, 10 mL of 10% HCl added, followed by heat and stirring to ensure 
complete removal of inorganic carbon. Samples were repeatedly washed 
with deionized water and centrifuged until the pH of the supernatant 
was neutral. Then 10 mL of 1% sodium hexametaphosphate dispersant 
solution was added followed by even stirring before determination of 
soil particle size with a Mastersizer3000 laser particle size analyzer (Xie 
et al., 2020). 

Total Cd concentrations were determined by inductively coupled 
plasma mass spectrometry (ICP-MS). Soil samples (50 ± 1 mg) were 
weighed into a Teflon digestion vial, to which two drops of ultrapure 
water (to wet the sample), 1 mL of high purity HNO3, and 1 mL of high 
purity HF were added in sequence. The Teflon digestion vial was 
inserted into a stainless-steel sleeve and placed in an oven to heat to 
195 ◦C for more than 48 h. The samples were then cooled to room 
temperature, removed, and steamed on a flat heater at 115 ◦C, and 
mixed with 1 mL of high purity HNO3 to drive the acid to wet salt form. 
Finally, 3 mL of 30% (v/v) HNO3 were added before the samples were 
again placed in the oven at 195 ◦C and heated for more than 12 h. After 
cooling, the solution was transferred to a centrifuge tube and diluted to a 
suitable concentration range for the ICP-MS instrument (7900, Agilent). 
GSS-1 was selected as a geological standard to ensure the concentration 
of all diluted samples was within the linear range of the standard curve, 
and the Cd concentration of the standard sample was within the refer-
ence value range provided by the national standard material certificate. 
All samples were subjected to three repeated measurements (differences 
all less than ±5%), with the average value reported. 

To determine the speciation of solid-phase-associated metal, Tessier 
et al. (1979) proposed a sequential chemical extraction procedure 
operationally targeting exchangeable, carbonate-bound, Fe-Mn oxide- 
bound, organic matter-bound, and residual phase Cd. PHREEQC-3 was 
adopted to determine the form of Cd in the leaching reagent and analyze 
the changes in the distribution of Cd forms in the soil and leaching re-
agent before and after leaching. The database “minteq.v4” was per-
formed in the simulation, and pH was set to 5, 6 and 7, respectively. The 
processes of complex of Cd2+ and NTA and combination of Cd2+ with 
OH− were considered in the stimulation. The details of the reactions can 
be found in Supplementary Materials. The speciation, including Cd 
(NTA)− , Cd(NTA)2

4− , Cd2+, CdOH(NTA)2− , CdOH+,Cd(OH)2， 
Cd2OH3+, Cd(OH)3

− , Cd(OH)4
2− , have been taken into account. The 

concentration of Cd was set to the determined value of Cd in the leaching 
reagent and that of NTA to the 300 mmol/L. Details of input files can be 
found in Supplementary Materials. 

A Thermo Scientific Nicolet iS10 Fourier-transform infrared (FTIR) 
spectrometer was used to determine changes in functional groups before 
and after leaching. Liquid phase samples were measured in attenuated 
total reflectance (ATR) mode. A small amount of sample was placed in 
the diamond ATR module, and samples scanned 32 times over a wave-
number range of 4000– 600 cm− 1 at a resolution of 4 cm− 1. 

2.2. Soil leaching experiment 

Initially pre-experiments were conducted to investigate the influence 
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of pH and NTA concentration on the effect of leaching and the results are 
shown in the Fig. S2 and Fig. S3. 

For the soil leaching experiment, 20 mL of NTA solution with con-
centration at 300 mmol/L and pH was set to 5, 6 and 7, respectively, 
were added to a 50-mL Erlenmeyer flask containing a 2 g soil sample. 
Flasks were shaken in a constant temperature water bath shaking box at 
25 ◦C for 24 h at a speed of 150 r/min. After the reaction had completed, 
samples were centrifuged for 10 min, the supernatant filtered through a 
0.45-μm filter membrane and collected, and the Cd concentration 
determined by a WFX-200 atomic absorption spectrometry. Soil samples 
were analyzed in triplicate. Deionized water was used as a control under 
the same experimental conditions. To figure out whether pH would 
affect the removal efficiency, pH buffer was added to NTA solution, 
including 0.2 mol/L of acetic acid/sodium acetate solution at pH = 5, 
0.1 mol/L MES solution at pH = 6 and 0.1 mol/L HEPES solution at pH 
= 7, respectively. 

The Cd removal amount and removal efficiency were used to reflect 
the efficiency of NTA leaching with respect to removing Cd from soil 
according to the following expressions: 

Q = (CNTA − C0)×V/M (1)  

where Q (mg/g) is the amount of Cd removed; CNTA and C0 (mg/L) 
represent the concentration of Cd in the leaching reagent and the control 
experiment, respectively; V (mL) is the volume of leaching reagent; and 
M (g) is the weight of the soil sample, and: 

R% = Q/Qtot × 100% (2)  

where R% is the removal efficiency of Cd and Qtot (mg/g) is the total Cd 
content of the soil sample. 

2.3. Cd isotope determination and calculation 

Pretreatment and measurement methods for cadmium isotope anal-
ysis were adapted from Sieber et al. (2019). Since NTA concentration is 
relatively high in the leaching experiment, organic complexation pro-
cesses could influence its buffering effect on δ114/110Cd measured in the 
liquid phase (Ratié et al., 2021). Additionally, the reactor volume was 
limited and volatilization during heating was considered (Conway et al., 
2013; Xue et al., 2012). Hence, only the soil isotopic composition was 
measured. The treated AG-MP-1 M resin was filled into the resin column 
and after the ultra-pure water in the resin column had dried naturally, 
the high temperature airtight digested soil samples were separated using 
the column. Add 3 mL of 0.0012 M HCl and 0.003 M HF at a ratio of 1:1 
to clean and activate the resin, then add 3 mL of 2 M HCl to balance the 
resin. 1 mL of samples were added to introduce. Use 1 mL of 2 M HCl to 
elute matrix elements, 2 mL of 0.3 M HCl to elute Pb, In and Mo, 2 mL of 
0.06 M HCl to elute Sn and Zn for six times, 1 mL of 0.012 M HCl to elute 
Sn and 1 mL of 0.0012 M HCl to elute and collect Cd. Prior to 2nd stage 
column purification, samples were dried down at 115 ◦C and added 1 mL 
of 1 M HCl to heat and dissolve. 800 μL of 0.4 M HNO3 and Milli-Q water 
was added alternately to elute, then add 800 μL of 1 M HCl to balance 
resin. 800 μL of samples were added to introduce. At last, 800 μL of 1 M 
HCl was added to elute and collect Cd. 

After sample preparation was completed, a multi-collector induc-
tively coupled plasma mass spectrometer (MC-ICP-MS) was used to 
determine the Cd isotope composition, with the 111Cd-113Cd double 
dilution method adopted to correct for any mass discrimination in the 
mass spectrometry results (Sieber et al., 2019). The testing was 
completed in the State Key Laboratory of Biogeology and Environmental 
Geology, China University of Geosciences and State Environmental 
Protection Key Laboratory of Source Apportionment and Control of 
Aquatic Pollution, Ministry of Ecology and Environment. Cd isotopes 
were measured in low resolution mode with the collector configuration 
(Sieber et al., 2019). Isobaric interferences of Sn on 112Cd, 114Cd, and 
116Cd and of In on 113Cd were corrected by measuring the abundances of 

118Sn and 115In, respectively, while 117Sn was measured to monitor 
hydride formation. The 111Cd-113Cd double-spike was used in combi-
nation with data reduction based on the iterative approach of Siebert 
et al. (2001). During the determination, each sample was measured at 
least twice to ensure the test accuracy was within 0.05% (2 standard 
deviations). In addition, the Cd isotopic composition of the NIST SRM 
3108 standard solution was tested each session to monitor for accuracy 
and instrument variability and to provide an estimate of long-term 
instrumental precision. The 114Cd/110Cd ratio measured simulta-
neously with the isotope analysis was corrected using interference and 
mass deviation. 

The experimental accuracy in this study is expressed in terms of 2 
standard deviations, and the isotopic composition is expressed by δ114/ 

110Cd: 

δ114/110Cdsolid =
[( 114Cd

/110Cd
)

solid

/( 114Cd
/110Cd

)

standard − 1
]
× 1000 (3)  

f × δ114/110Cdsolid +(1 − f )× δ114/110Cdsolution = δ114/110Cdinitial (4)  

α =
(
δ114/110Cdsolution + 1000

)/(
δ114/110Cdsolid + 1000

)
(5)  

where f represents the remaining Cd share in the soil; (114Cd/110Cd)solid 
represents the Cd isotope ratio of the soil after leaching; 
(114Cd/110Cd)standard represents the Cd isotope ratio of the NIST SRM 
3108 standard material; δ114/110Cdsolid and δ114/110Cdsolution represent 
the isotope composition of Cd in the soil and leaching reagent after 
leaching, respectively; and δ114/110Cdinitial represents the initial isotope 
composition of Cd in the soil before leaching. 

Eq. (4) uses δ114/110Cdsolid and δ114/110Cdinitial to obtain δ114/ 

110Cdsolution. Eq. (5) calculates the fractionation coefficient. If α > 1, the 
leaching reagent is enriched with the heavy isotope of Cd; if α < 1, the 
soil after leaching is enriched with the heavy isotope of Cd; if α = 1, 
there is no isotope fractionation. The further the value of α from 1, the 
more obvious the fractionation effect. 

In the leaching experiment, the Cd isotope fractionation coefficient α 
can reflect the difference between the Cd isotope composition of the soil 
after leaching (δ114/110Cdsolid) and the Cd isotope composition of the 
leaching reagent (δ114/110Cdsolution). The equation can be expressed as: 

(α − 1)× 1000 ≈ δ114/110Cdsolution − δ114/110Cdsolid (6) 

Combining Eqs. (4) and (6), the difference between δ114/110Cdinitial 
and δ114/110Cdsolid can be expressed as: 

Δ114/110Cdinitial− solid = (α − 1)⋅(1 − f )× 1000 (7) 

Assuming the exchangeable Cd, carbonate-bound Cd, and 
iron‑manganese oxide Cd are completely chelated by NTA, then the Cd 
isotopic composition of the leaching reagent is represented by δ114/ 

110Cdreagent, the Cd isotope composition of the soil by δ114/110Cdsoil, and 
the initial isotope composition of the soil Cd by δ114/110Cdinitial. The 
isotope mass balance equation is: 

fo+r × δ114/110Cdsoil +(1 − fo+r)×
(
δ114/110Cdsoil +Δ114/110Cdreagent− soil

)

= δ114/110Cdinitial (8)  

where f o+r represents the total share of organic fraction Cd and residual 
Cd before soil leaching, since organic fraction Cd and residual Cd had 
almost no reduction during the leaching process. (1- f o+r) represents the 
total share of iron‑manganese oxide Cd, carbonate-bound Cd and 
exchangeable Cd. 

Eq. (8) can be derived as: 

Δ114/110Cdinitial− solid = (1 − fo+r)×Δ114/110Cdreagent− soil (9) 

Combining Eqs. (7) and (9), the fractionation coefficient α of Cd 
isotopes can be expressed as: 
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α =
(
Δ114/110Cdreagent− soil

/
1000

)
× [(1 − fo+r)/(1 − f ) ]+ 1 (10)  

2.4. Modeling the Cd isotope fractionation factor 

To further prove the robustness of experimental results, mass- 
dependent equilibrium isotope fractionation factors were calculated 
according to Zhao et al. (2021), using the Urey model (Urey, 1947) and 
the Bigelesien-Mayer equation (Bigeleisen and Mayer, 1947). The 
isotope fractionation factors are reported in the form of 103lnαA-B: 

103lnαA− B = 103(lnβA − lnβB) (11)  

where βA and βB represent the reduced partition function ratio of phases 
A and B, respectively. The reduced partition function ratio is calculated 
in a harmonic approximation. The equation used to calculate the 
reduced partition function ratio is: 

βA = Q*

/

Q =
∏3N− 6

i

μ*
i

μi

e− 1/2μ*
i

(1 − e− μ*
i )

(1 − e− μi )

e− 1/2μi
(12)  

where Q is the vibrational partition function and μi = hνi/kBT, where h is 
the Plank constant, kB is Boltzmann's constant, and νi represents the 
vibrational frequency of the ith mode. T in this work was set to 298.13 K, 
consistent with experimental conditions. 

Using the partition function values of different reactants and prod-
ucts to calculate the theoretical isotope fractionation value equation is 
expressed as follows: 

α = βA/βB (13) 

The harmonic vibrational frequencies were calculated using the 
Gaussian 09 software package. The structures of Cd(OH)6, H2O, FeOH 
cluster, and NTA were built by GaussView, and were optimized using the 
B3LYP method at the level of the 6–31 + G(d, p) basis set for C, H, O, and 
N and the LanL2DZ basis set for Fe and Cd. The structures were opti-
mized to the most stable configuration (lower energy = more stable), 
and no negative frequencies were observed for any of the complexes. 
The Mayer band order (MBO) (Yang et al., 2020) was analyzed by 
Multiwfn (Lu and Chen, 2012). The Gibbs free energy was obtained by 
adding zero-point energy correlations, thermal and entropy corrections, 
and solvation energy corrections (Czapla and Skurski, 2015). 

3. Results and discussion 

3.1. Soil physical and chemical properties 

The results of the physical and chemical properties of the tested soil 
samples are shown in Table 1. The pH of the soil samples is slightly 
acidic (5.77– 5.99). The total Cd content is 29.46 mg/kg (S-1), 8.01 mg/ 
kg (S-2), and 4.22 mg/kg (S-3), all of which exceed the risk control value 
of Cd for agricultural land, indicating these are contaminated soils. The 
distribution range of soil organic matter content is 3.77– 4.09% and of 
CEC is 9.61– 9.97 cmol/kg. The clay content is less than 20% and the soil 
texture is silty sand. The soil samples are suitable for chemical leaching 
because they have a clay content of less than 30% (Semer and Reddy, 
1996). 

The Tessier five-step extraction method was used to determine the 
speciation distribution of soil Cd (Table 2). In the three soil samples 
tested, it can be generally assumed that the different forms of Cd are 

present in the order exchangeable Cd > iron‑manganese oxide Cd >
residual Cd > carbonate-bound Cd > organic fraction Cd, while the 
residual Cd was slightly higher (1.5%) than iron‑manganese Cd in S-3. 

3.2. Speciation distribution of Cd in soil and leaching reagent 

3.2.1. Speciation distribution of Cd in soil before and after leaching 
Fig. 1 shows the speciation distribution of Cd before and after 

leaching. With NTA concentration at 300 mmol/L, when the pH of the 
leaching reagent was controlled at 5 throughout, the removal efficiency 
of soil Cd were 64.32% (S-1), 65.79% (S-2), and 46.21% (S-3), respec-
tively. The removal efficiency significantly differs, indicating the 
removal of heavy metals is not only controlled by the leaching condi-
tions but also by the speciation distribution in the soil samples (Barona 
et al., 2001). 

Exchangeable Cd was largely decreased after leaching, with reduc-
tion above 85%, followed by iron‑manganese oxide Cd and carbonate- 
bound Cd with reduction over 50%. Almost no reduction was noted 
with respect to residual Cd and organic fraction Cd. These results indi-
cate that, under set conditions, NTA preferentially leaches out 
exchangeable Cd, iron‑manganese oxide Cd, and carbonate-bound Cd 
through acidification and organic complexation (Lim et al., 2004). Cd 
present in mineral crystal lattices is relatively stable, with low 
bioavailability and a low removal efficiency. However, the most stable 
form is residual Cd with removal efficiency of almost zero. This is 
consistent with Mulligan et al. (2001) who state the former three forms 
of metal (exchangeable, iron‑manganese oxide, carbonate-bound) have 
strong bioavailability and mobility, and present greater environmental 
risks, while the latter two forms (residual, organic fraction) are more 
stable and present lower environmental risks. 

3.2.2. Speciation distribution of Cd in the leaching reagent 
The vibration frequency of -COO- and -C-N functional groups in NTA 

is sensitive to bonding and can indicate the process of the chelation 
reaction (Laham and Rajabalee, 1973). Fig. 2 shows the infrared spectra 
of the leaching reagent samples before and after leaching. Absorption 
peaks of -COO- asymmetrical and symmetrical tensile vibration appear 
at 1629.29 and 1401.99 cm− 1, respectively, before leaching, but shift to 
1627.54 and 1399.65 cm− 1, respectively, after leaching. The absorption 
intensity also changes, indicating Cd and -COO- bonding (Sawyer and 
Paulsen, 1959). The -C-N vibration frequency of the leaching reagent 
also shifted from 1126.74 to 1125.57 cm-l, indicating -C-N also bonded 
with Cd (Rajabalee, 1974). Overall, this indicates that both the -COO- 
and -C-N functional groups of NTA participate in the Cd chelation 
reaction. 

Adopting PHREEQC to simulate the speciation distribution of Cd 
indicated Cd in the leaching reagent was mainly present as Cd(NTA)−

and Cd(NTA)2
4− , and the sum of Cd(NTA)− and Cd(NTA)2

4− content 
accounted for more than 99.9% of the Cd present. 

Fig. 3 shows the speciation distribution of Cd in the leaching reagent 
under different pH conditions and for a CNTA of 300 mmol/L. Cd in the 
leaching reagent mainly exists in Cd(NTA)− and Cd(NTA)2

4− forms. As 
the pH of the leachling reagent increases, the removal efficiency of Cd in 
the soil decreases, which means the content of Cd in the leaching reagent 
is relatively reduced. In contrast, the NTA content is relatively high, so 
the proportion of Cd(NTA)− gradually decreases while the proportion of 
Cd(NTA)2

4− increases. However, in the experiments controlling the pH 
of the leaching reagent at 6 or 7 throughout the reaction, the proportion 
of Cd(NTA)− is less than the proportion of Cd(NTA)− in the experiment 
when only the initial pH of the leaching reagent was controlled. This 
indicates the pH of the leaching reagent also affects the Cd speciation. 

Fig. 4 shows the speciation distribution of Cd in the leaching reagent 
with different initial pH concentrations and with the pH held constant. 
Cd in the leaching reagent mainly exists in Cd(NTA)− and Cd(NTA)2

4−

forms with Cd(NTA)− dominating. As the initial concentration of NTA 
increases, the proportion of Cd(NTA)− gradually decreases. 

Table 1 
Physical and chemical properties of the soil samples.  

Sample Total Cd (mg/kg) pH Organic matter (%) CEC (cmol/kg) 

S-1 29.46 5.99 3.77 9.61 
S-2 8.01 5.93 4.09 9.97 
S-3 4.22 5.77 3.86 9.64  
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3.3. Cd isotope fractionation during NTA leaching 

3.3.1. Cd isotope composition of soil before and after leaching 
Fig. 5 shows the changes of Cd isotope composition before and after 

leaching. Before leaching, the δ114/110Cd of the soil was − 0.07 ± 0.04‰ 
(S-1), 0.04 ± 0.04‰ (S-2), and − 0.12 ± 0.03‰ (S-3). During leaching 
and as the Cd removal efficiency increased, the Cd isotopic composition 
of the soil was further away to the initial isotopic composition of the soil. 
This observation is consistent with the conclusion that Ca(NO3)2 leaches 
and extracts Cd from the soil, as proposed by Wiggenhauser et al. 
(2016). They show that as soil Cd extraction increased, Δ114/110Cd 

decreased, and pointed out the speciation distribution had an important 
impact on the degree of fractionation of Cd isotopes. 

Stable isotope fractionation can be divided into kinetic isotope 
fractionation and equilibrium isotope fractionation, which requires 
careful distinction (Skulan et al., 2002). Kinetic isotope fractionation 
arises from the different reaction rates of light and heavy isotopes, with 
the lighter isotopes reacting faster and preferentially enriching in the 
products, and kinetic isotope fractionation only occurs during incom-
plete reactions (Schauble, 2004). The inferred equilibrium isotope 
fractionation between [FeIII(H2O)6]3+ and hematite is significantly 
smaller than that of kinetic fractionations obtained in the same 

Table 2 
Distribution of Cd species in the soil samples.  

Sample Total Cd (mg/kg) Exchangeable Cd (%) Carbonate-Bound Cd (%) Iron‑manganese Oxide Cd (%) Organic Fraction Cd (%) Residual Cd (%) 

S-1 29.46 45.48 5.26 22.83 3.80 22.63 
S-2 8.01 43.35 6.13 33.38 3.54 13.60 
S-3 4.22 31.56 5.83 29.13 2.84 30.63  

Fig. 1. Species distribution of Cd in soil before and after leaching. Full and initial controls represent pH buffered and pH non-buffered, respectively.  

Fig. 2. Infrared spectra of liquid samples before and after leaching.  
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experimental design but that involving rapid hematite precipitation 
rates (Welch et al., 2003). Gueguen et al. (2018) proposed that kinetic 
fractionation processes could attribute to the smaller Ni isotope frac-
tionation factors for goethite. In this experiment, heavy isotopes were 
preferentially enriched in the leaching reagent, which contradicts the 
kinetic isotope fractionation model. Xie et al. (2020) used the same 
experimental conditions and show the leaching reaction reaches equi-
librium in 4 h. The present study used a leaching reaction time of 24 h, 
which is sufficient to reach equilibrium; therefore, Cd isotopic frac-
tionation in this experiment is assumed to represent equilibrium isotope 
fractionation. The driving factor of equilibrium isotope fractionation is 
the change in bonding environment (Chen et al., 2016). Wombacher 
et al. (2004) found that relatively light Cd isotopes are more likely break 
free of chemical bonds during evaporation/condensation, leading to the 
fractionation of Cd isotopes. In this experiment, only the speciation of Cd 
changed and not the oxidation state. Therefore, the equilibrium frac-
tionation of Cd isotope occurs due to differences in the coordination 
chemistry of the reactant and product; that is, the difference in the 
length, and stiffness of chemical bonds results in different vibration 
frequencies of chemical bonds, which in turn leads to isotopic equilib-
rium fractionation (Wasylenki et al., 2014). 

Two possible mechanisms explain the equilibrium fractionation of 
Cd isotopes in the leaching process (Barling and Anbar, 2004). The first 
is the isotopic equilibrium exchange between coexisting metal forms in 
the soil, with one then preferentially extracted. The second is the equi-
librium exchange of isotopes between the liquid metal form and the soil 
metal form. In the present experiment, the strength of the bonding 
environment of the five Cd species in the soil occurs in the order: re-
sidual Cd > organic fraction Cd > iron‑manganese oxide Cd > carbon-
ate-bound Cd > exchangeable Cd (Cheng et al., 2018). Therefore, the 
order of preferential enrichment of heavy isotopes should be the same. 
NTA leaching mainly removed exchangeable Cd, carbonate-bound Cd, 
and iron‑manganese oxide Cd, and the heavy isotopes of Cd were 
enriched in the leaching reagent; this contradicts the first fractionation 
mechanism. Therefore, the mechanism of isotope fractionation in the 
leaching process is attributed to the equilibrium exchange of isotopes 
between liquid and soil metal species. The results show the light isotope 
of Cd is enriched in the leached soil while the heavy isotope is enriched 
in the leaching reagent, indicating the main speciation of Cd in the 
leaching reagent has a stronger bonding environment than that of the 
activated soil Cd. 

Using Eq. (7), the fit of the experimental results, when only the initial 

Fig. 3. Species distribution of aqueous Cd vs. pH (CNTA = 300 mmol/L).  

Fig. 4. Species distribution of aqueous Cd vs. NTA concentration (pH = 5).  
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pH of the leaching reagent was controlled, was performed to obtain a 
linear relationship between (1-f1)/(1-f) and the isotope fractionation 
coefficient α, and inferred the value of Δ114/110Cd2–1. Fig. 6 shows these 
linear fitting results and inferred values of Δ114/110Cd2–1 of 1.4‰ (S-1), 

1.1‰ (S-2), and 1.2‰ (S-3), indicating the leaching reagent is enriched 
in Cd heavy isotopes and the leached soil in light isotopes. 

Using the inferred value of Δ114/110Cd2–1, the correlation between Cd 
isotope fractionation coefficient α and the remaining Cd share in the soil 
is predicted according to Eq. (9). Fig. 7 shows the experimental results 
when the leaching reagent pH was controlled throughout the leaching 

Fig. 5. Cd isotopic composition before and after leaching (a:S-1; b:S-2; c:S-3). 
Note: The dotted lines represent the Cd isotope composition of the initial soil 
and 1-f represents the proportion of Cd removed from the soil. 

Fig. 6. Relationship between (1-f1)/(1-f) and fractionation coefficient (α) (a:S- 
1; b:S-1; c:S-1). 
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process lie on the corresponding fitting line. The fractionation coeffi-
cient α always decreases with a decrease in the remaining Cd in the soil. 
The change in the proportion of remaining Cd in the soil reflects the 
change in the distribution of Cd in the soil, so the change in Cd isotopic 
composition can reflect the change in the distribution of Cd in the soil. 

Because the speciation distribution of soil Cd determines the distribution 
of Cd in the bonding environment in the soil, and the bonding envi-
ronment of soil Cd determines the efficiency of NTA leaching to remove 
soil Cd, the Cd isotope fractionation characteristics can therefore be used 
to indicate Cd bonding during the leaching process. Combined with the 
changes in the bonding environment, this reveals the mechanism of NTA 
leaching to remove soil Cd. 

Based on the modeling of the Cd isotope fractionation factor, the 
following reactions are proposed for when NTA and Cd are complexed in 
solution: 

Cd2+∙6H2O+HNTA2− →CdNTA− ∙2H2O+ 4H2O+H+

∆G = − 17.4kcal/mol (14)  

Cd2+∙6H2O+ 2HNTA2− →CdNTA2
4− + 2H+ + 6H2O  

∆G = 8.03kcal/mol (15) 

Comparing the Gibbs free energy of the two reaction processes in-
dicates Cd and NTA are more likely to form a complex at a ratio of 1:1, 
which is consistent with the experimental results in Figs. 3 and 4. 

Table 3 provides the partition coefficients of the Cd isotope compo-
nents during the leaching process. In the table, MM and BB represent 
monodentate mononuclear and bidentate binuclear, respectively. The 
fractionation coefficients in each process are calculated using Eq. (11) as 
follows: 

Cd114 − Fe(MM)+Cd110NTA− ∙2H2O→Cd110 − Fe(MM)+Cd114NTA− ∙2H2O  

α = 1.000252 (16)  

Cd114 − Fe(BB)+Cd110NTA− ∙2H2O→Cd110 − Fe(BB)+Cd114NTA− ∙2H2O  

α = 1.000256 (17)  

Cd114 − Fe(MM)+Cd110NTA2
4− →Cd110 − Fe(MM)+Cd114NTA2

4−

α = 0.999717 (18)  

Cd114 − Fe(BB)+Cd110NTA2
4− →Cd110 − Fe(BB)+Cd114NTA2

4−

α = 0.999721 (19) 

Based on Table 3 and the above calculation process, the trend of 
heavy isotope enrichment in the leaching reagent is: NTA-Cd > Cd-Fe- 
MM > Cd-Fe-BB > 2NTA-Cd. When NTA leached the adsorbed Cd to 
form dissolved complex NTA-Cd, the leaching reagent tended to be 
enriched in heavy isotopes. This result is consistent with the experiment, 
indicating the dissolved complex NTA-Cd forms easily during the 
leaching process. 

3.3.2. Cd isotopic fractionation mechanism during leaching 
Bond strength is related to bond length; the shorter the bond length, 

the stronger the bonding environment and the easier it is to preferen-
tially enrich heavy isotopes (Schauble, 2004). Copper isotopes are 
thought to fractionate due to quantum mechanical effects associated 
with different vibrational frequencies associated with bonding (Mathur 
et al., 2009). Dideriksen et al. (2008) and Jouvin et al. (2009) found that 
the heavier isotopes were enriched in the complexed form, which was 
attributed to the stronger bonding of the heavy metal isotope of Fe and 

Fig. 7. Relationship between f and the fractionation coefficient (α) (a:S-1; b:S- 
1; c:S-1). 

Table 3 
Species distribution of Cd in soil.  

Reduced Partition Function Ratio 
(β) 

NTA- 
Cd 

2NTA- 
Cd 

Cd-Fe- 
MM 

Cd-Fe- 
BB 

103lnβ114–110 2.649 2.114 2.397 2.393  
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Zn in organo complexes at equilibrium. And it is also found that a 
weaker surface complex favors the adsorption of lighter Ni isotopes 
(Gueguen et al., 2018). Imseng et al. (2018) found that because the bond 
length of Cd in the solution complex is shorter than that of the Cd 
complex in the soil, heavy isotopes are enriched in the water complex; 
Wiggenhauser et al. (2021) reached the same conclusion. The binding of 
Cd is relatively enriched in light isotopes with O and N donors (Gui-
noiseau et al., 2018; Yang et al., 2015; Zhao et al., 2021), and Albarède 
et al. (2017) pointed out that the preferential adsorption of Cd light 
isotopes to S is due to the fact that the bond length of S is significantly 
longer than that of O or N (i.e., the bonding environment is weaker). 

A discussion of changes in the Cd bonding environment before and 
after the leaching reaction is necessary to verify the characteristics of Cd 
isotopic fractionation can indicate changes in the Cd bonding environ-
ment during the leaching process and to further study the mechanism of 
NTA leaching to remove soil Cd. In the present study, the content of 
exchangeable Cd, carbonate-bound Cd, and iron‑manganese oxide Cd 
before and after soil leaching notably changed, with the amount 
removed accounting for more than 94% of the total removal. The main 
form of Cd (>99.9%) in the leaching solution is Cd-NTA complex. 
Therefore, it is only necessary to discuss the length of the Cd–O bonds of 
exchangeable Cd, carbonate-bound Cd, and iron‑manganese oxide Cd in 
the soil and the Cd-NTA complex in the leaching reagent, and the 
resulting Cd isotopic fractionation trends. 

In the Cd-NTA complex, Cd2+ can chelate with the carboxyl oxygen 
on the equatorial plane as well as with the carboxyl oxygen on the axial 
plane to form Cd–O bonds, so the bond of Cd–O is not unique and has a 
length of 2.26– 2.418 Å (Dey et al., 2009; Kovács et al., 2010; Polyakova 
et al., 2006; Stanford, 1967). Because the shortest Me-O bond length is 
consistent with the strongest interaction between the ligand and the 
metal center, the shortest Cd–O bond length of 2.260 Å can be used to 
represent the bonding environment of the Cd-NTA complex (Boumizane 
et al., 1991). 

Exchangeable Cd refers to Cd in the soil that is adsorbed on the 
surface of soil particles through electrostatic interaction (Mulligan et al., 
2001). The speciation of Cd is fully hydrated and exists in the diffusion 
layer in the form of an outer complex (Loganathan et al., 2012). Vas-
concelos et al. (2008) used X-ray absorption fine structure spectroscopy 
(XAFS) to study the molecular structure of kaolinite. The results show Cd 
adsorbs on the surface of kaolinite to form an outer layer complex, the 
Cd–O length of which was not different from that in perchlorate 
aqueous solution. Ohtaki and Johansson (1981) determined the chem-
ical structure of Cd in an aqueous solution of perchlorate and found six 
water molecules in the first coordination sphere of Cd2+ and a Cd–O 
bond length of 2.292 Å. The above results indicate no difference exists 
between the Cd–O of Cd in the form of the outer layer complex and the 
perchlorate; likewise, no difference exists between the Cd–O of the 
exchangeable Cd and the perchlorate, with the same bond length of 
2.292 Å. Therefore, the Cd–O bond length of the Cd-NTA complex 
(2.260 Å) is shorter than that of exchangeable Cd. 

Carbonate-bound Cd refers to Cd co-precipitated on carbonate min-
erals in the soil. Grafe et al. (2007) point out that the Cd–O bond length 
of Cd(CO)3 is 2.30 Å, consistent with Borodin et al. (1979). Bailey et al. 
(2005) state that Cd and calcite co-precipitate, in which the first coor-
dination sphere of Cd is composed of six oxygen atoms, and the Cd–O 
bond length is 2.29 Å. Therefore, the Cd–O bond length of carbonate- 
bound Cd is longer than that of the Cd-NTA complex (2.260 Å). 

Iron oxide has a strong ability to fix heavy metals, which is mainly 
achieved through surface complexation (Shi et al., 2021). Randall et al. 
(1999) found that goethite, lepidocrocite, hematite, and schwertmann-
ite can adsorb Cd to form inner complexes. In the inner complex formed 
by goethite and Cd, the first coordination sphere of Cd is composed of six 
oxygen atoms, and the Cd–O bond length is 2.24–2.26 Å. For lep-
idocrocite adsorption of Cd, there are six oxygen atoms around Cd, and 
the Cd–O bond length is 2.25–2.26 Å, forming an inner sphere complex. 
For the adsorption of Cd by hematite and schwertmannite, there are six 

oxygen atoms in the first coordination sphere located 2.28 Å from the Cd 
atom. Boily et al. (2005) and Komarek et al. (2015) found that Cd can 
form inner sphere complexes on the surface of magnetite and goethite. 
For manganese oxide, Bochatay et al. (2000) used EXAFS analysis and 
found that manganese oxide γ-MnOOH adsorbed Cd to form an inner 
complex with a Cd–O bond length of 2.31 Å. 

Due to the different adsorption sites, the bonding mechanism be-
tween the mineral and Cd can differ (Randall et al., 1999) and therefore 
so can the length of the Cd–O bond. The Cd–O bond length of part of 
the iron‑manganese oxide Cd is longer than Cd–O bond length in the 
Cd-NTA complex. From the discussion of the bonding environment, only 
when Cd–O bond length of the iron‑manganese oxide Cd is less than 
Cd–O bond length of the Cd-NTA complex will the complexation with 
NTA occur with the heavy Cd isotope concentrated in the Cd-NTA 
complex; this also explains why the removal efficiency of iron‑manga-
nese oxide Cd is lower than that of exchangeable Cd and carbonate- 
bound Cd. However, under acidic conditions, H+ can dissolve 
iron‑manganese oxide Cd, which in turn promotes the release of 
iron‑manganese oxide Cd and the chelation reaction with NTA. Exper-
iments in which the pH of the leachate is controlled throughout the 
process demonstrate chelation plays a leading role (Fig. S3), and the 
effect of H+ is weakened with high leaching reagent concentration. 
Therefore, Cd-NTA complex in the leaching reagent is mainly enriched 
with heavy isotopes of Cd through the leaching process. 

Table 4 shows the calculation results of the Mayer band order (MBO) 
of each component, which indicate the order of bond strength is NTA-Cd 
> Cd-Fe-MM > Cd-Fe-BB > 2NTA-Cd. 

In summary, the Cd–O bond length in the Cd-NTA complex is 
shorter and stronger than that in exchangeable Cd, carbonate-bound Cd, 
and iron‑manganese oxide Cd. Therefore, Cd heavy isotopes are pref-
erentially enriched in NTA leaching reagent. 

3.3.3. Significance of Cd isotope fractionation characteristics 
The results of the leaching experiment show the isotope fractionation 

coefficient α > 1, which indicates heavy Cd isotopes are preferentially 
enriched in the leaching reagent. According to the principle that heavy 
isotopes are preferentially enriched in a strong binding environment, the 
main form of Cd in the leaching reagent has a stronger bonding envi-
ronment than the main form of Cd in the activated soil. The comparison 
of Cd–O bond lengths in exchangeable Cd, carbonate-bound Cd, 
iron‑manganese oxide Cd, and the Cd-NTA complex is consistent with 
the results of isotopic equilibrium fractionation, which also verify the 
characteristics of Cd isotopic fractionation can indicate the trans-
formation of the Cd bonding environment. During the leaching process, 
the bonding environment of the Cd-NTA complex is stronger than that of 
exchangeable Cd and carbonate-bound Cd and weaker than that of the 
remaining soil Cd, but comparable to iron‑manganese oxide Cd. 
Therefore, the direction of isotope fractionation can reflect whether NTA 
can leach Cd from the soil, depending on whether the bonding envi-
ronment of the Cd-NTA complex is stronger than that of the soil Cd. 
During the leaching process, the fractionation coefficient α decreases as 
the remaining Cd share in the soil decreases, which in turn reflects a 
decrease in the extractable forms of Cd in the soil. Therefore, the forms 
of Cd in the soil after leaching are more stable with lower bioavailability 
and mobility. The change in the proportion of remaining Cd in the soil is 
accompanied by a change in the form and distribution of Cd in the soil. 
Therefore, the change in Cd isotopic composition can reflect the change 
in the form and distribution of Cd in the soil. Moreover, the speciation 
distribution of Cd determines the bonding environment distribution of 
Cd in the soil, which determines the efficiency of NTA leaching to 

Table 4 
Mayer band order (MBO) of each component.  

MBO(total) NTA-Cd 2NTA-Cd Cd-Fe-MM Cd-Fe-BB  

1.85 1.68 1.71 1.69  

X. Xie et al.                                                                                                                                                                                                                                      



Chemical Geology 584 (2021) 120523

10

remove soil Cd. In summary, characteristics of Cd isotope fractionation 
can be used to indicate the mechanism of NTA leaching to remove Cd 
from soil. 

4. Conclusion 

This study determined the speciation distribution of soil Cd and 
found the relationship between the content of different forms of Cd is 
exchangeable Cd > iron‑manganese oxide Cd > residual Cd > carbon-
ate-bound Cd > organic fraction Cd. According to the distribution of Cd 
in the soil before and after leaching, exchangeable Cd was removed in 
large quantities, followed by iron‑manganese oxide Cd and carbonate- 
bound Cd. Almost no change occurred in the amounts of residual Cd 
and organic fraction Cd. Measurement of the speciation distribution of 
Cd in the leaching reagent showed the -COO- and -CN functional groups 
of NTA are involved in the chelation with Cd and that the main forms of 
Cd in the leaching reagent are Cd(NTA)− and Cd(NTA)2

4− . The specia-
tion distribution and isotopic composition of Cd before and after 
leaching indicate the main form of Cd in the leaching reagent has a 
stronger bonding environment than the main form of Cd in the activated 
soil, which has an important influence on the fractionation of Cd iso-
topes. The isotope fractionation coefficient α decreases as the amount of 
Cd remaining in the soil decreases, which in turn reflects the change in 
Cd speciation distribution in the soil; therefore, the change in Cd isotope 
composition can reflect the change of Cd speciation distribution in the 
soil. The speciation distribution of Cd determines the distribution of Cd 
in the soil bonding environment, which in turn determines the efficiency 
of NTA leaching to remove soil Cd. Therefore, the characteristics of 
isotope fractionation can indicate the transition of the bonding envi-
ronment. Furthermore, the direction of Cd isotope fractionation can 
reflect whether NTA can remove Cd from the soil, depending on whether 
the Cd bonding environment in the Cd-NTA complex is stronger than the 
soil form Cd. Overall, this approach can indicate the mechanism and 
removal efficiency of NTA leaching to remove soil Cd. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This study was jointly supported by the Natural Science Foundation 
of China (Nos: 41772255 and 41521001), the Major Science and Tech-
nology Program for Water Pollution Control and Treatment “Research 
and demonstration of key technologies for water ecological environment 
remediation and water safety guarantee in Baiyangdian Lake and Daqing 
River Basin (Xiong'an New Area)” (2018ZX07110005), 111 Program 
(The State Administration of Foreign Experts Affairs and the Ministry of 
Education of China Grant No. B18049), and the Fundamental Research 
Funds for the Central Universities, China University of Geosciences 
(Wuhan) (No. CUGGC07). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.chemgeo.2021.120523. 

References 
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