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Abstract: Heavy metal pollution of soil restricts the sustainable use of land and poses risks to human
health throughout the world. Changes in the physicochemical properties of soil may increase the
mobility of heavy metals in the soil ecosystem and lead to groundwater pollution. In this study, the
effects of different salt solutions (NaCl, CaCly, NaNO3, MgCl,, Na;SOy4, and mixed salts) on the
release of Cd from soil were investigated by batch desorption tests and the Freundlich isothermal
sorption model. Increased concentrations of the salts, except for NaNOs, significantly promoted
Cd release (R% > 0.9, p < 0.01). Under the salt stress, Cd release from the test soils was promoted
more by CaCl, and MgCl, than by the other salts, and the average desorption rates of eight soil
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exchange capacity than Na* to promote Cd release; for anions, C1~ formed hydrophilic Cd chloride
complexes with Cd in soil. In addition, principal component analysis results revealed that Cd release
was mainly influenced by soil texture, cation exchange capacity, and iron-manganese oxide content
of the soil. The Cd release level for different soil samples was most closely related to the proportion
of fine particles in the soil. The higher the clay content was, the higher the Cd desorption rate.
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Heavy metal pollution of soil is an important problem that poses risks to human
and environmental health throughout the world. Heavy metals have serious negative
effects on soil microorganisms, plant roots, and groundwater and can also negatively affect
human activities and health [1-3]. Rapid industrial development around the world has
led to the release of large amounts of heavy metals from industrial plants into the natural
environment, thereby causing various environmental problems [4-6]. For example, Cd
pollution has caused serious problems around the world [7], and this is particularly severe
in China [8,9], where serious Cd contamination affects 0.5% of contaminated land and
~13,300 ha of arable land [10]. The accumulation of Cd in soil needs to be addressed
carefully to prevent negative effects on soil ecosystems, plant growth, crop outputs, and
human health [11], prolonged exposure Cd can generate kidney disease and anemia or
even serious disability by its toxic effect [4,12].

Soil is the basis of plant growth and microbial communities [13]. Surface runoff,
leaching, and filtration can cause metals in surface soils to migrate and diffuse down-
ward through soil pores. Heavy metals may chelate [14], form complexes [15], or be
Attribution (CC BY) license (https:// ~adsorbed [16,17] through interactions with organic matter and inorganic colloids in soil.
creativecommons.org/licenses /by / These processes affect the soil and groundwater ecosystem [18]. Moreover, researchers
40/). found that toxic inorganic elements such as Cd were desorbed or released if the physical
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and chemical conditions were changed, for example, by addition of acid or alkali [16,19,20].
In China, most arid and semiarid regions and some heavy industrial cities along the coast,
the salt content in the soil has increased significantly due to salinization or seawater in-
trusion [21,22]. This could provide favorable conditions for the desorption and release of
heavy metals from regional soils [23], leading to Cd pollution and posing a detriment to
human health. For this reason, research on the release of Cd from soils under salt stress has
become increasingly urgent. Additionally, the impacts of soil physicochemical properties,
such as soil texture, cation exchange capacity (CEC), and organic matter contents, on
Cd migration and release from soil have been investigated and quantified in numerous
studies [24-27]. Most previous studies have focused on assessing interactions between
different heavy metals (e.g., competitive sorption of Cd, Cu, Cr, Mn, Ni, Pb, and Zn) using
the Freundlich model, Langmuir model, D-R model, and data analysis methods [16,28,29].
They have shown that other metals tend to outcompete Cd for sorption sites when compet-
itive sorption occurs, particularly in soil, in which Cd is markedly more readily desorbed
and becomes more mobile than other heavy metals [30,31]. However, these researches
without in-depth studies on the desorption of a single heavy metal under different salt
conditions and environments.

In this study, we investigated Cd desorption and release in soil in the presence of
solutions of NaCl, CaCl,, NaNO3;, MgCl,, NaySOy, and mixed salts with different salt
stresses (i.e., different salt types and concentrations). In view of the fact that we are
studying common salt types, their effects on soil Cd desorption have relatively extensive
reference significance. Moreover, we explored the relationship between soil parameters
and cadmium desorption level under salt stress. The results are expected to be a useful
reference for managing and controlling Cd pollution in soil, especially for the ecological
safety in coastal areas or salinized areas.

2. Materials and Methods
2.1. Soil Sampling and Testing

Soil samples were collected in the later spring of 2020 in Northern China (Long. 106°36'5"'—
106°36'17" E, Lat. 41°17'4'"-41°17'16"" N), where is less precipitation in this area, facing
severe salinization challenge. We collected soil samples from the surface soil layer (0-30 cm
deep) to monitor the level of cadmium content in this area, chose eight sites with large
differences in physical and chemical parameters, and labeled them (S1-S8).

Various physicochemical properties of the soil samples were determined. The pH and
Eh were determined using composite electrodes (HI8424, HANNA, Woonsocket, RI, USA).
The electrical conductivity (EC) was measured using a conductivity meter (using a 1:5
soil:extractant ratio, CD-5021A, As One, Osaka, Japan). The organic matter content of
the soil (SOM) was determined using the potassium dichromate oxidation method. The
iron-manganese oxide content of the soil (SIO) was determined using the ammonium
oxalate extraction method. The cation exchange capacity (CEC) was determined using the
ammonium acetate exchange method. The soil particle size distribution was determined
using a laser particle size meter (Mastersizer 3000E, Malvern Panalytical, Malvern, UK).
The specific surface area was determined using a Brunauer-Emmett-Teller surface area
system (3H-2000PS2, Beishide Instrument Technology, Beijing, China). The results are
shown in Table 1.

To ensure accuracy and quality, the glassware used in the experiments was soaked in
2 mol/L HNOj; for more than 24 h. The water used in the analysis was ultrapure water,
and the heavy metal content was determined using GSS-12 as the quality control sample.
The reagents used in the test were AR (analytical reagent) grade, the acid used was GR
(guaranteed reagent), all samples were tested with three parallel experiments, and a reagent
blank test was also set up. The recovery efficiencies of the analyzed metals varied between
95.7% and 99.3%, meeting the measurement requirements.
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Table 1. Physical and chemical properties of the soil samples.

S1 S2 S3 S4 S5 S6 S7 S8
pH 7.65 7.77 7.50 7.73 7.79 7.89 7.37 7.80
Eh 1360 1566 1441 1706 1761 1597 1862  186.0
EC 24947 16657  99.60  655.00 731.00 165.63  80.17  905.67

Total Cd 0218 0215 2470  2.000 0462 0336 0244  0.639

(mg/kg)

SOM (mg/g) 28.30 38.10 15.45 20.30 19.70 17.10 10.20 25.30
CEC (cmol/kg)  19.50 21.10 11.20 33.60 34.90 19.90 9.80 40.60
SIO (mg/g) 13.66 12.83 14.91 12.00 13.97 14.63 13.78 14.10

Clay (%) 17.81 10.30 2691 11.84 15.16 19.43 23.23 12.21
Silt (%) 68.10 47.71 73.09 40.78 46.45 69.15 76.77 33.59
Sand (%) 14.10 41.99 0.00 47.37 38.39 11.42 0.00 54.21
BET 15.92 12.68 10.94 11.89 16.58 17.33 12.92 15.21

Eh = oxidation-reduction potential, EC = electrical conductivity, SOM = organic matter content, CEC = cation
exchange capacity, SIO = iron-manganese oxide content, and BET = Brunauer-Emmett-Teller surface area.

2.2. Batch Desorption Tests

Batch desorption tests were performed to assess Cd release from the soil samples.
The solid-to-liquid ratio used in the tests was 1:5. Then, a 5 g aliquot of soil and 25 mL of
salt solution (each salt at different concentrations, separately) were added to a centrifuge
tube. The tube was shaken at 200 rpm for 24 h at room temperature to ensure that the
contents were mixed well and that the soil and salt solution had reacted thoroughly. The
tube was then centrifuged at 7000 rpm for 30 min (TDL-5-A, Anke, Shenzhen, China), and
the supernatant was passed through a 0.45 pm filter membrane.

The Cd concentration in the solution was then determined using a SPECTRO AR-
COS inductively coupled plasma atomic emission spectroscopy instrument (SPECTRO
Analytical Instruments, Kleve, Germany). One-component salt solutions were prepared
at five concentrations (0.5%, 1%, 2%, 3%, and 3.5%). The mixed salt solution simulating
seawater was prepared by dissolving 24 g of NaCl, 4.20 g of MgCl,-6H,O, 1.362 g of
CaCl,-2H,0, and 3 g of NaySO4 in 500 mL of distilled water and then diluting the mixed
salt solution to give solutions with concentrations equal to those of the salts used in the
tests described above. Three parallel samples and one blank sample were used as controls
in each experiment to assess the accuracy of the results. The amount of Cd released was
calculated using the equations:

1000C,V
go= M)
_ CV 0
r = C x 100% 2)
And:
Qe=C(1-r) ®)

where g, is the amount of desorption per unit mass of soil (ug/kg), V is the volume of salt
solution (mL), C, is the Cd concentration at adsorption equilibrium (pg/mL), m is the soil
mass (g), r is the Cd desorption rate, Q, is the amount of adsorption that occurred, and C is
the heavy metal content (mg/kg).
The soil-solution distribution coefficients K; (L/g) for the different test samples were
calculated as follows:
Kd = e / Ce (4)

Different amounts of Cd were released in response to different degrees of salt stress, so
the Freundlich adsorption isotherm model was used to explore the kinetics and mechanism
of Cd desorption from soil. The equations used and the model parameters were previously
published by Zhao et al. [30].
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2.3. Statistical Analyses

Statistical analyses of the soil parameters and Cd concentrations were performed
using Excel 2016. Origin 2018 (OriginLab Corporation, Northampton, MA, USA) was used
to visualize the data. SPSS 19.0 (SPSS Inc., Chicago, IL, USA) was used to perform principal
component analysis (PCA) to analyze the changes in Cd release rates at different degrees
of salt stress and explore the relationships between the Cd release rates, salt types and
concentrations, and physicochemical properties of the soil.

3. Results
3.1. Effects of Different Salts on Cd Release

The NaCl, CaCl,, MgCly, and mixed salt solutions, but not the NaNO3 and Na;SO,
solutions, strongly affected the release of Cd from the soil, as shown in Figure 1.
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Figure 1. Percentages of Cd desorbed in the presence of different salts at different concentrations.

The desorption rates of all samples under different concentrations of salt stress were
calculated. For all the soil samples, the desorption rates corresponding to each salt con-
centration gradient were 0.26% (0%), 1.04% (0.5%), 1.89% (1%), 3.72% (2%), 4.81% (3%),
and 5.59% (3.5%). However, different soil samples had different sensitivities to salt stress.
Taking MgCl, as an example, the highest Cd desorption rate at a salt concentration of 0.5%
for the eight soil samples was 4.95%, and the lowest was 0.68%. At a salt concentration of
3.5%, the highest and lowest Cd desorption rates were 22.45% and 4.84%, respectively. The
average desorption rates at salt concentrations of 0%, 0.5%, 1%, 2%, 3%, and 3.5% were
0.36%, 4.27%, 7.06%, 13.14%, 17.25%, and 17.61%, respectively. The differences between the
maximum and minimum release for the soil samples increased as the salt concentrations



Agronomy 2021, 11, 2175

50f 14

increased. The calculation result showed the mean of cadmium release rate under the stress
of NapSOy solution was higher than that of NaNOj3. In general, high salt stress showed
a positive effect on soil release, which was especially confirmed for CaCly, NaCl, and the
mixed salt solutions for all soil samples but this was not the case for NaNOjs. The Cd release
level fluctuated irregularly as the concentration of NaNOj increased, and the desorption
rates for all soil samples at different salt concentrations were relatively similar. As for NaCl,
CaCl,, and MgCl,, the desorption intensity of soil Cd increased almost linearly with the
increase of concentration, especially for NaCl. However, when the concentration exceeded
3%, the variance of desorption rate of different soil samples almost remained unchanged
or even decreased for CaCl, and MgCl, solutions.

Furthermore, according to our preliminary soil particle size test results and the U.S.
Department of Agriculture (USDA) soil texture classification standards, S1, S3, S6, and S7
are silty loams; 52, S4, and S5 are loams; and S8 is sandy loam. After systematic calculation,
differences were identified among these soil samples. The average desorption rate was
calculated for each soil texture type, and we further analyzed the effects of different salt
stresses at different concentrations on Cd release, as shown in Figure 2.

Silty loam 16,0 Loam 10,9

Sandy loam 12 Ave. 14
10

0.5

[ I - ]

3.5~
T
|

—m— NaCl —8— CaCl, —A— NaNO, —v— MgCl,

-Na,S0, —4— Mixed salt

Figure 2. Effects of different salt types and salt concentrations (0, 0.5%, 1.0%, 2%, 3%, and 3.5%) on
the Cd desorption rates (%).
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Remarkable differences were found among the Cd release levels for the different
salts. CaCl, and MgCl, caused the release of more Cd from the soil samples than the
other salts. For example, Figure 2 shows that at the same salt concentration, the Cd
desorption rate was much higher for CaCl, and MgCl, than for the other salts. At salt
concentrations of 0.5%, CaCl, and MgCl, gave mean Cd desorption rates of 2.16% and
2.22%, respectively, the mixed salt solution led to a mean desorption rate of 0.87%, and
NaNOj3 and Na;SO4 exhibited mean desorption rates of only 0.18% and 0.25%, respectively.
At salt concentrations of 3.5%, CaCl,, MgCl,, and the mixed salts gave mean release rates of
11.15%, 10.80%, and 6.80%, respectively, and NaNOj3; and NaySO4 gave much lower release
rates of 0.33% and 0.41%, respectively. For soils with different textures, Cd desorption levels
varied for different salt solutions, and even for CaCl, and MgCl,, the gap still remained.
For loam, CaCl, promoted desorption of more Cd than over MgCl, did, but for sandy
loam, the impacts of these two salts were reversed. However, for silty loam or the average
behavior of all samples, the two salts behaved very similarly, and the capacity to facilitate
the release of cadmium from soils was followed by the mixed salts and NaCl.

The effects of salt stress on Cd release from soil (neglecting differences between the
soil samples) were investigated further by identifying correlations between the Cd re-
lease rates and salt concentrations, as shown in Figure 3. Significant positive correlations
(R? > 0.9, p < 0.01) were found between the Cd desorption rates and the concentrations of
the salts, except NaNOs, indicating that for salts other than NaNOj3, salt stress strongly
affected Cd release. For CaCl, and MgCl,, the mean Cd release rates increased dramati-
cally from 2.16% and 2.22% at 0.0% salt concentration to 11.15% and 10.80% at 3.5% salt
concentration, respectively.
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Figure 3. Correlations between Cd desorption rates and salt concentrations (each point is the average for all samples, R? is
the coefficient of determination, P is the Pearson correlation coefficient).

3.2. Effects of Cations and Anions on Cd Release

According to the calculated results, the amounts of Cd released from soil samples were
0.50-5.09 pg/kg at all NaNOs3 concentrations, and the desorption rates were 0.10-0.61%.
However, the amounts of Cd released at all NaCl concentrations were 0.5-228 ng/kg, and

the release rates were 0.15-9.24%. With the same Na*' concentration, more Cd was released
by chloride solution than by nitrate solution.

In exploring the effects of salt types on soil cadmium release, we further investigated

the effects of ions on soil cadmium release by converting the NaCl, CaCl,, NaNO3, MgCl,,
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25

and NaySO4 mass concentrations (C;) into molar concentrations (Cp). The effects of
different molar concentrations of anions and cations on Cd release are shown in Figure 4.
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Figure 4. Mean amounts of Cd released (g.) at different molar concentrations (Cys) of different ions.

The highest average Cd release levels for all samples were 4.05%, 11.15%, and 10.80%
for NaCl, CaCl,, and MgCly, respectively. This indicated that Cd was more effectively
released by Ca?* and Mg?* than Na*. The trend lines shown in Figure 4 indicate that
the Cd extraction efficiency decreased in the order Ca?* > Mg?* > Na*. The maximum
Cd desorption rates for NaNO3 and NaySO4 were only 0.61% and 0.90%, respectively,
much smaller than the maximum Cd desorption rate (9.24%) for NaCl. Cd was leached
more effectively by C1~ than NO3;~ and SO4%~, as shown in Figure 4. The Cd release rate
decreased in the order CI~ > SO42~ > NOj3 . The results described above showed that Cd
release was promoted more effectively by C1~, Ca?*, and Mg?* than by the other ions.

3.3. Simulation of the Sorption Parameters under Salt Stress

According to the results, NaNOj caused the release of less Cd than the other salts, and
NaySOy released the second smallest amount of Cd (Figure 5).

The K; values were smaller for CaCl, and MgCl, than for the other salts. The K; values
for NaCl and the mixed salts were also small for each soil sample, but NaNO3 and NaySOy4
maintained large K; values, and the differences were significant, which showed that the
types of salt had different influences on soil desorption of Cd. The salt concentrations also
affected the K;; values. The K; value increased as the NaCl concentration decreased. Taking
sample S7 as an example, Cd desorption with NaCl concentrations of 0.5%, 2%, 3%, and
3.5% gave K; values of 2.43, 0.49, 0.32, and 0.23 L/g, respectively. The mixed salt at low
concentrations caused relatively little Cd release. For example, K; was 2.15 L/g at a mixed
salt concentration of 0.5% but 0.21 L/g at 3.5% for sample S2. As the salt concentration
increased, the K; values decreased.

The adsorption isotherm model is often applied to describe the relationship between
salt concentration and the amount of adsorption when the model reaches equilibrium.
There are three main common isotherm adsorption models, namely, the Langmuir, Fre-
undlich, and DR isotherm models. After our trials, the goodness of fit for the Freundlich
isotherm was higher than those of the other two models. The fitting equation is as follows:

1
Igq. = ngf+ElgCe (5)
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where g, is the amount of desorption per unit mass of soil (ug/kg), C. is the Cd concentra-
tion at adsorption equilibrium (ng/mL), and K¢ and 7 are the sorption parameters.

. .
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Figure 5. Kd values for Cd under different salt stresses. Vertical bars represent standard errors of the means (n = 3).
Statistically significant association (p < 0.05).

The Ky and n parameters and R? (coefficient of determination) for the Freundlich
isothermal sorption model are shown in Table 2. Absorption-desorption can occur when
1 <n <10 [32], so we concluded that the six salt solutions we used effectively promoted
the migration and transformation of Cd in soil samples. With all the correlation coefficients
R? > 0.7, the Cd release data for the different salinities were fitted well by the model.

Table 2. Fitting results for the Freundlich models.

C Salt Ky 1/n R2 n
NaCl 370.79 0.893 0.960 1.128
CaCl, 18.324 0.539 0.827 1.856
0.5% NaNO; 264.272 0.697 0.900 1.435
e MgCl, 17.517 0.527 0.733 1.899
NapSOy 103.131 0.608 0.865 1.644

mixed salt 50.588 0.618 0.729 1.618
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Table 2. Cont.

C Salt K¢ 1/n R? n
NaCl 40.986 0.607 0.871 1.647
CaCl, 11.960 0.532 0.807 1.878
. NaNO; 202.600 0.678 0.875 1476
1% MgCly 13.705 0.543 0.762 1.841
Na,SO; 136.071 0.664 0.873 1505
mixed salt 25.334 0.566 0.759 1767
NaCl 114.556 0.873 0.948 1.145
CaCl, 9.461 0.566 0.814 1766
) NaNO; 157.432 0.658 0.851 1519
2% MgCly 8.586 0.523 0.751 1.911
Na,SO; 122.800 0.664 0.831 1505
mixed salt 8.656 0.485 0.777 2.061
NaCl 34.678 0.658 0.890 1,520
CaCl, 8.316 0.577 0.809 1733
. NaNO; 111.024 0.614 0.881 1.629
3% MgCl, 7.370 0.547 0.771 1.829
Na,SO; 102.805 0.646 0.824 1549
mixed salt 8.991 0.503 0.717 1.989
NaCl 13.009 0.545 0.816 1.835
CaCl, 7.485 0.566 0.827 1768
. NaNO; 154.931 0.673 0.826 1487
3.5% MgCl, 6.978 0.544 0.766 1.840
Na,SO; 72.580 0.599 0.824 1.670
mixed salt 9.460 0.542 0.741 1.847

3.4. Relationships between Soil Properties and Cd Release

The soil properties considered included pH, soil texture, EC, TOC, CEC, SIO, and the
desorption rates caused by salt stresses were treated as variables. Principal components
with eigenvalues >1.0 were selected. PCA results are presented in Table 3.

Table 3. Principal component analysis (PCA) results for the Cd release data for different salts and salt concentrations.

NaCl CaCl, NaNO;
Variables PCA1 PCA2 PCA3 PCA4 PCA1 PCA2 PCA3 PCA4 PCA1 PCA2 PCA3 PCA4
pH —0.45 0.74 —0.44 0.23 —0.46 0.70 —0.22 0.48 —0.58 0.49 0.64 0.08
Eh —0.41 0.12 0.78 0.20 —0.48 —0.05 0.76 —0.10 —0.63 —0.59 —0.15 —0.18
EC —0.68 0.54 0.37 —0.11 —0.68 0.53 0.41 —0.12 —0.91 —0.16 0.06 0.27
BET —0.26 0.59 —0.07 0.64 —0.35 0.35 0.21 0.72 —0.47 —0.03 0.77 -0.19
Clay 0.93 —0.22 0.23 0.05 0.90 —0.30 0.26 0.03 0.84 —0.51 0.07 0.04
Silt 0.84 —0.44 —0.07 0.29 0.79 —0.55 —-0.03 0.25 0.91 —0.25 0.10 —0.29
Sand —0.88 0.39 —0.01 —0.24 —0.84 0.50 —0.05 —0.20 —0.91 0.32 —0.09 0.21
TOC —0.60 —0.09 —0.74 —-0.20 —0.52 0.14 —0.80 —0.02 —0.30 0.90 -0.16 —0.08
CEC —0.76 0.60 0.17 —0.06 —0.75 0.60 0.23 —0.01 —0.94 0.05 0.16 0.23
SIO 0.71 0.24 0.06 0.27 0.67 0.13 0.25 0.41 0.49 —0.33 0.48 —0.03
Total Cd 0.37 0.29 0.21 —0.80 0.45 0.46 0.10 —0.68 0.21 —0.17 —-0.17 0.93
Salt-0.0% —0.63 —0.06 —0.12 0.05 —0.60 —0.04 —0.24 —0.03 —0.45 0.38 —0.28 —0.28
Salt-0.5% 0.26 0.89 0.15 0.05 0.88 0.47 —0.01 —0.07 0.85 0.29 —0.40 0.00
Salt-1.0% 0.64 0.71 —0.19 —-0.17 0.86 0.50 0.01 —0.02 0.87 0.30 0.11 0.00
Salt-2.0% 0.52 0.79 —0.03 0.19 0.83 0.55 0.01 0.03 0.76 0.44 0.25 0.10
Salt-3.0% 0.85 0.48 —0.21 —0.04 0.87 0.46 —0.04 0.06 0.86 0.09 0.30 0.36
Salt-3.5% 0.79 0.52 —0.04 —0.29 0.84 0.47 —0.24 —0.05 0.62 0.75 0.05 0.01
Eigenvalue 7.27 4.51 1.74 1.57 8.68 3.34 1.78 1.53 8.77 3.06 1.76 1.41

Cumulative

. 42.77 69.31 79.54 88.79 51.05 70.70 81.19 90.16 51.56 69.53 79.90 88.21
variance
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Table 3. Cont.

MgCl, NaySOq4 Mixed salt
Variables PCA1 PCA2 PCA3 PCA4 PCA1 PCA2 PCA3 PCA4 PCA1 PCA2 PCA3  PCA4
pH —0.48 0.66 0.55 0.13 —0.7 0.01 0.52 0.41 —0.44 0.71 05 0.11
Eh ~0.35 0.23 —0.71 0.44 027 0.8 047 0 ~0.35 0.2 —0.75 04
EC —0.64 0.63 032 0.03 —0.73 0.59 0.19 -0.1 —0.61 0.64 —036  —001
BET ~0.28 05 0.32 0.60 —0.45 0.22 0.22 0.73 —023 0.56 0.23 0.56
Clay 0.94 -021  —0.16 0.11 0.97 0.06 0.03 0.09 0.94 —024  —0.16 0.09
silt 0.81 —051 0.13 0.23 0.88 0.3 —0.17 0.29 0.80 —051 0.14 0.25
Sand —0.86 0.44 ~0.06 ~02 —0.93 0.21 0.12 —024  —0.86 0.45 —006  —021
TOC —064  —0.12 0.59 —039  —066 —064 0.11 —014  —065  —0.09 0.63 —0.32
CEC —0.73 0.65 ~0.12 0.02 —0.85 045 0.25 —002  —0.70 0.67 ~016  —0.02
SIO 0.72 0.24 0.14 0.31 0.63 0.2 0.34 0.42 0.76 0.26 0.1 0.29
Total Cd 0.39 035 —035  —0.71 0.32 0.24 0.52 —0.67 0.38 0.26 —034  —0.77
Salt-0.0% —064  —0.14 0.08 0.01 —053 -014  —006 —-009 —0.58 0.06 0.16 0.09
Salt-0.5% 0.93 0.33 0.11 0.04 0.76 ~0.16 0.57 —0.22 0.53 0.73 0.08 0.16
Salt-1.0% 0.94 0.31 ~0.06 0.01 0.74 0.15 0.6 0.09 0.91 04 —0.06 0.08
Salt-2.0% 0.83 0.53 0.07 —0.12 0.88 0.41 —007  —0.04 0.79 0.55 0.06 —0.24
Salt-3.0% 0.81 0.57 0.12 —0.08 0.88 0.27 ~036  —0.05 0.82 0.51 0.12 ~0.17
Salt-3.5% 0.85 05 0.06 —0.14 0.95 0.25 0.1 —0.06 0.81 0.56 0.09 —0.09
Eigenvalue 8.94 3.31 1.61 1.47 9.4 225 1.91 1.58 8.03 3.95 1.64 1.51
Cumulative o, o 72.03 81.5 90.13 55.3 68.52 79.78 89.07 47.24 70.5 80.13 88.99

variance

EC = electrical conductivity, m S/cm, BET = Brunauer-Emmett-Teller surface area, TOC = total organic carbon content, mg/g, CEC = cation
exchange capacity, cmol/kg, SIO = iron-manganese oxide content, mg/g.

We found that the amount of Cd released was correlated with the fine particle size
distribution and SIO. The smaller soil particles were, the higher the SIO values, and higher
Brunauer-Emmett-Teller surface areas also caused more Cd to desorb from the soil because
more contact between the soil and leaching agent caused better exchange of Cd with the
solution, thereby leading to a higher Cd desorption rate. The first factor (PCA1) accounted
for >40% of the variation in the data, and the cumulative variance for each salt condition
explained by the chosen principal components was >85%. The principal components we
chose, therefore, represented the variables well.

The Cd release levels under the stresses of CaCl, and NaNO3 were greatly impacted
by particle size distribution, CEC, and SIO (PCA1). Moreover, Cd desorption rates with
MgCl, and mixed salt were influenced by particle size distribution, CEC, SIO, and TOC
content (PCA1), indicating that some of the main factors controlling the amount of Cd
released were changed by salt stress. According to the specific Cd release caused by
different salt types and concentrations and our analysis, the soil particle size distribution,
SIO, TOC content, and CEC were the main factors influencing the amount of Cd released.
The SIO and salt concentration were positively correlated with the Cd desorption rate, but
electrical conductivity, clay content, CEC, and TOC content were negatively correlated
with it. According to the PCA results, the Cd release intensity was proportional to the
content of fine particles and SIO content in the soil and inversely proportional to the TOC
and CEC values. The background Cd value in soil, the soil surface area (indicated by the
Brunauer-Emmett-Teller surface areas in the tables), and other variables were mostly in
the third and fourth principal components, indicating that these variables had relatively
little influence on the Cd release rates and were far less influential than the soil particle
size distribution and SIO.

4. Discussion
4.1. Effects of Different Degrees of Salt Stress on Cd Desorption

(1) Salt type and concentration

Numerous studies have shown that salt stress strongly affects Cd migration and
transformation in soil [25,30,33]. The data from batch desorption tests indicated that
the level of Cd release increased with increasing concentrations of each salt except for
NaNOQOg. Similar results were also found in the study performed by Acosta et al. [25] and
Raiesi et al. [34], who found that at high salinities, Cd release rates were much higher.
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Moreover, Cd desorption from soil was related not only to the salt concentration but
also to the salt type (Figures 1 and 2). We compared the effects of five common salts. The
amount of Cd desorbed was clearly increased more by CaCl, and MgCl, than by the other
salts (Figure 2), but the mixed salts and NaCl also strongly promoted the release of Cd.
According to Covelo et al., high and low values of K; mean an important proportion of
metal retained by the solid or liquid phase, respectively [35]. The K; values were generally
smaller for CaCl,, MgCl, and the mixed salt (Figure 5), larger for NaCl, and the largest
for NaNOj3. By comparing the K; values for the same salts at different concentrations,
we recognized that the increasing salt concentration facilitated the release of Cd. The
adsorption capacity of the soil for Cd decreased as salt stress increased, and Cd was more
readily released from the soil by the CaCl, and MgCl, solutions than by other salt solutions.

(2) Competitive adsorption

Before the addition of salt, Cd exists in the form of complexes and chelates in soils.
Behbahani et al. considered that heavy metals were related to the ion attraction to the
particle’s surface, which brought induced repulsive forces that prevented coagulation [36].
Cd has a stronger mobility than other heavy metals [35,37], it is still difficult for migrating
efficiently under the condition of stable soil environment. Ion exchange between the soil
and salt solution (providing Ca%*, Na®, Mg2+, Cl~, SO42~, and NO3; ™) was the dominant
mechanism involved in the desorption of Cd. Due to their highly similar ionic radii,
chemical behaviors and identical charges, Ca?* and Cd?* ions can be exchanged under
special circumstances [38]; in the case of increasing salinity, they will exhibit competitive
adsorption at sites in soil aggregates [35]. Due to the differences in functional groups
and electronic structures, Ca%* and Mg2+ would be more likely to cause Cd release from
soil [32,39]. As Trakal et al. [26] found, Ca** and Mg?* had huge advantages over Na*
and Cd ions in terms of competitive adsorption, so both CaCl, and MgCl, effectively
caused strong competitive adsorption at appropriate sorption sites on soil, thereby strip-
ping Cd ions from the sites [40]. Ca%*, Mg?* and Na* influenced soil Cd desorption to
different degrees [33]. C1~ can cause Cd ion release by forming CdCl*, CdCl,, CdCl;~, and
CdCl42~ [30,38]. Larger amounts of these Cd compounds would form as the C1~ concen-
tration increased, thereby naturally stimulating the mobility of Cd [41]. These hydrophilic
Cd chloride complexes diffuse into the solution more efficiently under salt stress. NO3 ™~
and SO42~ have difficulty forming complexes with Cd?* [42].

Salt stress not only enhanced the solubility and mobility of Cd [43], but also improved
the toxicity and availability of this trace element [34], thereby allowing it to accumulate in
organisms through biological chains and amplifying hazards [42].

4.2. Roles of Soil Properties in the Desorption Process

According to previous studies, organic matter, metal (hydr) oxides, soil particle
fractionation, the specific surface area of the soil, and soil salinity strongly affect heavy
metal sorption and desorption [15,17,44]. Cd?* sorption and retention are strongly affected
by the texture, pH, CEC, and EC of the soil [27,45,46]. Cerqueira et al. [47] reported that
soil properties, such as the pH, CEC, SIO, and total clay content greatly influence Cd
sorption and desorption. Du et al. [40] found that iron-manganese oxides are the main
carriers of Cd and other heavy metals in soil, and our study also found a close relationship
between iron-manganese oxides and Cd desorption. Ye et al. [19] proposed that competitive
adsorption occurs when soil parameters change in the soil environment. Generally, a high
CEC means that soil has a good capacity to maintain fertility [48] because the soil contains
large amounts of bioavailable K*, Na*, CaZt, Mg2+, H*, and other ions. Soil with a high
CEC may contain Cd as solid complexes [49], meaning that other ions in a solution would
not readily compete with Cd for sorption sites or successfully cause Cd release from the
soil system. Imoto and Yasutaka [50] found that CEC was positively related to the Cd
sorption level of soil. In agreement with this, we found that the CEC content was inversely
proportional to the amount of Cd released from soil.
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Table 3 reveals the proportions of clay and sand are proportional to the level of Cd
released by the soil, and sand exhibits a negative correlation. Similar results were found in a
study performed by Zong et al. [45], who found that heavy metals such as Cd accumulated
in clay but that Cd is much more easily leached from clay than from other particle size
fractions. Huang et al. [17] indicated that fine particles are more likely than coarser particles
to support higher concentrations of heavy metals, contain high levels of organic matter, and
reduce the mobility of heavy metals. Liu et al. [44] found that the Cd recoveries were lower
for fine soil colloids (<0.2 um) than for coarse and medium soil particles, which indicated
that the ability of fine particles to retain Cd was lower. In other words, clays with more
adsorption sites can accumulate large amounts of heavy metals, but when the physical
and chemical environments changed, as they do with increasing soil salinity, the amount
of trace elements released can be large. As the calculation results of PCA, it led us to
conclude that the level of Cd released from the soil decreased in the order clay > silt > sand.
Fine particles more readily transport heavy metals than coarse particles, probably because
clay or fine particles have much higher specific surface areas than coarser particles [51],
and the large surface areas of fine particles provide many suitable sites for competitive
adsorption involving cations in the solution and Cd in the soil. The presence of clay leads
to an increased environmental risk of Cd pollution in saline soils; therefore, in order to
ensure soil ecological security and reduce the release and migration of cadmium, it is
crucial to enhance the monitoring of clay soil health and pollution prevention in salinized
or coastal areas.

However, due to the limitations of this work, the changes in soil physical and chemical
properties after the batch desorption test were not analyzed. This work needs to be focused
in the future. On the one side, it is related to the changes of soil structure and properties
under the action of salt stress. On the other side, it will help to explain a series of chemical
reactions of insoluble ions in soil and solution environment, and provide reference for
soil ecological treatment and restoration in cadmium polluted areas, so as to maximize its
economic benefits.

5. Conclusions

Batch adsorption tests were performed with eight soil samples, and the amounts of
Cd desorbed and the influence for different saline environments on soil Cd release were
investigated in this study. Different level of salt stress had markedly different effects on Cd
release from the soil. Increasing concentration, except for NaNO3, caused more Cd release.
Much more Cd was released by CaCl, and MgCl, solutions than by other salts at the same
concentration, which was probably contributed to the existence of competitive adsorption
and the competitive advantages of Ca?* and Mg?*. Both the competitive adsorption of
cations and the complexation by chloride ions, which are highly sensitive to changes in
salt solution concentration, impact the competitive desorption of Cd significantly. Via the
calculation of PCA, the level of Cd release was mainly influenced by the soil particle size
distribution, CEC, SIO, TOC content, and BET surface area. The soil particle size very
strongly affected Cd desorption, meaning that the higher the proportion of clay in soils
was, the greater the Cd desorption level was.
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