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Abstract: The availability of cadmium (Cd) in soils is an important factor affecting the safe production
of crops. The application of certain soil amendments could reduce the soil Cd availability via the
passivation of Cd. However, the passivation of Cd in alkaline soils is limited. Thus, different inorganic
and organic amendments and their compound treatments were selected as passivators for reducing
the Cd availability in a weakly alkaline farmland soil. The effects of different single and compound
amendments on the soil pH and Cd availability, as well as the interactions between inorganic and
organic components in immobilizing Cd, were evaluated. The results showed that the inorganic—-
organic compound amendments can considerably improve the Cd passivation efficiency in the weakly
alkaline soil. Moreover, the inorganic and organic components in the compound amendments exerted
different synergistic effects in Cd passivation. The manganese dioxide-based compound amend-
ments showed the most remarkable synergistic effects, while the calcium-magnesium-phosphate
fertilizer-based compound amendments displayed the weakest synergistic effects. The underlying
mechanisms regarding the synergistic effects may be that the compound amendments enhanced the
adsorption/specific adsorption, co-precipitation, and surface complexation of Cd in the alkaline soil.
A more balanced recommendation for Cd immobilization in the weakly alkaline soil may be man-
ganese dioxide-based compound amendments, given the synergistic effects and Cd immobilization
capabilities of various compound materials. This study may provide a theoretical foundation for
the passivation remediation of alkaline Cd-contaminated farmland soils by using inorganic-organic

compound amendments.
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1. Introduction

Cadmium (Cd) is one of the main contaminants affecting the farmland soil quality
in China [1]. Approximately 7% of the soil in China is contaminated with cadmium [1].
Compared with other heavy metals, Cd has high mobility in soils and is easy to accumulate
in edible crops such as cereal crops, fruits, and vegetables, thereby causing human health
risks [2—4]. Cd may accumulate in the roots, stems, leaves, and grains of crops [5]. In situ
passivation is currently one of the primary ways to reduce the availability of soil heavy
metals because of its relatively high efficiency and consistent remediation performance,
particularly in the case of acidic soils [6-8]. General passivation amendments include
lime-based materials, phosphorus-containing materials, clay minerals, metal oxides, and
organic materials [6-11], which mainly transform heavy metals into more chemically stable
forms via precipitation, complexation, adsorption, and ion exchange, thereby reducing the
bioavailability of heavy metals in soils [7].
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Cd availability in alkaline soils is relatively low compared to acidic soils, resulting
in limited Cd passivation effects of conventional amendments in alkaline soils [12-15]. A
meta analysis study has shown that after the amendments’ application, there was a signifi-
cant negative correlation between the soil-available Cd and pH in acidic soils (R? = 0.43),
while in neutral and alkaline soils, such a correlation was not significant (R? is 0.017 and
0.016, respectively) [6], which indicated that the Cd immobilization mechanisms of soil
amendments may be greatly varied depending on the soil acid-base properties. Simply
adding alkaline materials as passivation amendments to alkaline farmland soils may cause
over-alkalinization and the hardening of alkaline soils, thereby reducing the soil productiv-
ity [16,17]. Therefore, alkaline amendments alone may not be sufficient to passivate Cd in
alkaline soils [18].

Inorganic amendments like manganese oxides, clay minerals, and phosphorus-containing
materials could significantly reduce the availability of soil Cd to plants via mechanisms of
adsorption/specific adsorption and co-precipitation reactions [7,18-20], whereas organic
passivation materials such as biochar and humus substances may not only immobilize
the soil Cd via mechanisms of adsorption and surface complexation reactions, but also
serve as important nutrient sources for plants [2,7,21]. Previous studies have shown that
compound amendments (i.e., a mixture of different amendments) have a greater impact
on soil Cd immobilization than single amendments. Abdelrhman et al. [13] revealed that
interactions between biochar and goethite contributed to the high Cd immobilization
capacity of goethite-combined biochar in an alkaline paddy soil. Ge et al. [12] found that
the combined application of phosphorus-modified hydrochar and zeolite significantly
reduced the bioavailability of Cd, Cu, and Pb in weakly alkaline soils. These findings
suggested that the combined application of inorganic and organic amendments may have
synergistic effects on the passivation of Cd in alkaline soils, which might be a workable
strategy to improve the Cd passivation efficiency in alkaline soils. Therefore, it is of utmost
importance to systematically study the passivation performances and synergistic effects of
inorganic—organic compound amendments in the remediation of alkaline Cd-contaminated
soils [22].

However, there have not been many studies conducted to date to look into how
compound amendments interactively affect the availability of Cd, particularly in alkaline
soils. It is essential to fill these knowledge gaps. We hypothesized that the combined
application of inorganic and organic amendments might have a higher Cd immobilization
efficiency than the application alone. Hence, the goal of this study was to comprehensively
assess the effects of various inorganic amendments (manganese dioxide, montmorillonite,
attapulgite, and calcium—magnesium—phosphate fertilizer), organic amendments (cow
manure biochar, straw ash, straw biochar, and humic acid), as well as their compound
amendments on the soil pH and Cd availability in weakly alkaline Cd-contaminated
farmland soil. The interactive effects of the compound materials in immobilizing the soil
Cd were highlighted. This research may give a theoretical foundation for the passivation
remediation of alkaline Cd-contaminated farmland soils.

2. Materials and Methods
2.1. Soil and Amendments

The experimental soil, which had a total Cd content of 0.28 mg-kg~! and a carbonate
content of 3.1% (CaCOjs eq.), was collected from the plough layer (0-20 cm) of a farmland
in Jiangsu Province, China. The soil was cleaned of its debris and air-dried. Then, the
soil samples were ground and passed through 10 mesh and 100 mesh sieves for use. A
CdCl; solution was added to the soil to create the Cd-contaminated soil, which was then
incubated for 60 days. The total Cd amount in the prepared soil was 3.01 mg-kg~!; the soil
pH value was 7.30, where the soil here was considered to be a weakly alkaline soil [20,23];
the content of alkaline hydrolysis nitrogen was 42.30 mg-kg~!; the content of available
phosphorus was 11.21 mg-kg~!; the content of available potassium was 48.52 mg-kg~!;
and the content of soil organic matter (SOM) was 20.12 g-kg 1.
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The passivation amendments used in this study consisted of Inorganic materials and
organic materials. Four types of inorganic materials were included, specifically, manganese
dioxide (MnO,), montmorillonite (MMT), attapulgite (AT), and calcium-magnesium—
phosphate fertilizer (CM). Four types of organic materials were used, i.e., cow manure
biochar (CB), straw ash (SA), straw biochar (SB), and humic acid (HA). These amendments
were widely used for the passivation of heavy metals in soils [7,19,21]. For the preparation
of CB or SB, cow manure or wheat straw was placed in a muffle furnace and pyrolyzed
under oxygen-limited circumstances at 400 °C for 4 h [24]. For the preparation of SA,
wheat straw was dried in the sun for two days and burnt on the field [25]. hAs extracted
from brown coals via the alkaline extraction method were used in this study [26]. All the
amendments were dried at 105 °C for 2 h, ground to pass through a 0.15 mm sieve, and
thoroughly homogenized before use [27]. The basic properties of soil amendments are
shown in Table 1.

Table 1. Basic properties of soil amendments.

Cd Content s Specific Surface Total Organic

Amendments pH (mg-kg1) Grain Size (mm) Area (m?-g1) Carbon (%)
Manganese dioxide (MnO;) 5.51 0.12 <0.15 46.53 ND!
Montmorillonite (MMT) 6.50 0.05 <0.15 39.62 ND !
Attapulgite (AT) 6.34 0.08 <0.15 136.23 ND'!
Calcium-magnesium—phosphate 1 1

fertilizer (CM) 9.79 0.11 <0.15 ND ND

Cow manure biochar (CB) 6.85 0.17 <0.15 4.79 34.5
Straw ash (SA) 9.52 0.15 <0.15 1.47 18.2
Straw biochar (SB) 10.21 0.15 <0.15 15.84 26.3
Humic acid (HA) 5.12 0.13 <0.15 0.71 50.9

1 ND: not detected.

2.2. Experimental Design

A total of 10 g of Cd-contaminated soil was weighed into a 50 mL centrifuge tube.
Then, a certain proportion of amendment was added to the tube and mixed thoroughly
with the soil followed by a 30-day incubation [27,28]. During the soil incubation, deionized
water was regularly supplemented using the weighing method to maintain 70% of the
field water capacity [20,28,29]. Seventy percent of the field water capacity was generally
termed as drought-free stress [30,31]. The addition ratio of single amendments was set
at 2%, 4%, and 8% (w/w) [27,28,32-34]. The inorganic-organic compound amendments
were prepared by mixing the inorganic materials with organic materials in a 1:1 ratio,
and the application rate of compound amendments was set at 2% + 2%, 4% + 4%, and
8% + 8% (w/w) [27,32-34]. A control treatment (without the addition of any amendment)
was simultaneously included. Three replicates were set for each treatment. The detailed
experimental design of single and compound soil amendments is shown in Table 2.

Table 2. Experimental design and estimated application cost of single and compound soil amendments.

Amendments 1 Addition Ratio 2 Cost 3 Amendments 1 Addition Ratio 2 Cost 3
MnO, 2%, 4%, 8% 4.32-17.26 MMT-CB 2% + 2%, 4% + 4%, 8% + 8% 10.85-43.40
MMT 2%, 4%, 8% 4.99-19.98 MMT-SA 2% + 2%, 4% + 4%, 8% + 8% 6.23-24.91

AT 2%, 4%, 8% 4.93-19.73 MMT-SB 2% + 2%, 4% + 4%, 8% + 8% 11.16-44.64
CM 2%, 4%, 8% 4.81-19.24 MMT-HA 2% + 2%, 4% + 4%, 8% + 8% 10.05-40.20
CB 2%, 4%, 8% 5.86-23.43 AT-CB 2% + 2%, 4% + 4%, 8% + 8% 10.79-43.16
SA 2%, 4%, 8% 1.23-4.93 AT-SA 2% + 2%, 4% + 4%, 8% + 8% 6.17-24.66
SB 2%, 4%, 8% 6.17-24.66 AT-SB 2% + 2%, 4% + 4%, 8% + 8% 11.10-44.39

HA 2%, 4%, 8% 5.06-20.22 AT-HA 2% + 2%, 4% + 4%, 8% + 8% 9.99-39.95
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Table 2. Cont.

Amendments ! Addition Ratio 2 Cost 3 Amendments 1 Addition Ratio 2 Cost 3
MnO,-CB 2% + 2%, 4% + 4%, 8% + 8%  10.17-40.69 CM-CB 2% + 2%, 4% + 4%, 8% + 8% 10.67-42.66
MnO,-SA 2% + 2%, 4% + 4%, 8% + 8%  5.55-22.19 CM-SA 2% + 2%, 4% + 4%, 8% + 8% 6.04-24.17
MnO,-SB 2% + 2%, 4% + 4%, 8% + 8%  10.48-41.92 CM-SB 2% + 2%, 4% + 4%, 8% + 8% 10.97-43.90
MHOZ-HA 2% + 20/0, 4% + 40/0, 8% + 8% 9.37-37.48 CM-HA 2% + 20/0, 4% + 40/0, 8% + 8% 9.86-39.46

1 MnO,: manganese dioxide, MMT: montmorillonite, AT: attapulgite, CM: calcium-magnesium-phosphate
fertilizer, CB: cow manure biochar, SA: straw ash, SB: straw biochar, HA: humic acid. 2 % weight of soil. 3 one
thousand $/ha of arable land.

2.3. Analytical Methods

The pH of the passivation amendments was measured via the potentiometric method
with water as the extract at a water-to-soil ratio of 2.5:1 (v/w) [35]. The SOM and total or-
ganic carbon of the organic amendments were determined calorimetrically using potassium
dichromate oxidation [24]. Soil alkaline hydrolysis nitrogen was determined via the NaOH
alkaline hydrolysis diffusion method [36]. Soil-available phosphorus was measured via the
NaHCOs-extracting colorimetric method [37]. Soil-available potassium was analyzed via
the NH;OAc-extracting flame spectrometry method [37]. The specific surface area of the
amendments was measured via an ASAP 2460 system (Micromeritics Inc., Norcross, GA,
USA) [28].

The total Cd content in the soil and passivation materials was measured via the HCI-
HNO3-HF-HCIO; digestion method [38,39], the Cd recovery rate of which was above
95% for the standard reference material. Briefly, approximately 100 mg of the sample was
digested with 3 mL of HCI, 1 mL of HNOj3, 6 mL of HF, and 0.5 mL of HCIOy [39]. The
digestive program consisted of two stages: stage 1 (10 min to reach 200 °C) and stage 2
(15 min at 200 °C). The digestion solutions were evaporated to near dryness after cooling
and then dissolved in 1 mL of HNOj3 and 20 mL of deionized water for further analysis.

After the 30-day incubation, the pH of the amended soil was immediately measured
via the potentiometric method [35]. For the determination of available Cd in the soil after the
30-day incubation, a diethylenetriaminepentaacetic acid—-calcium chloride-triethanolamine
(DTPA-CaCl,-TEA) buffer solution was used as the extract [40]. The concentrations of
DTPA, CaCly, and TEA in the extract were 0.005, 0.01, and 0.1 mol-L 1, respectively. The
pH of the extract was 7.30, and the ratio of soil to the extract was 1:2 (m/v). After extraction,
the Cd content in the supernatant was determined via inductively coupled plasma mass
spectrometry (ICP-MS, iCAP RQ, Thermo Fisher Scientific, Waltham, MA, USA). The RF
power of the mass spectrometer is 1550 W, the cooling gas flow is 12 L/min, the auxiliary
gas flow is 0.8 L/min, the atomizer gas flow is 1.2 L/min, and the sampling depth is 15 mm.

Reagent blanks were utilized to adjust the instrument readings in order to guarantee
the dependability of the detection results. The analytical values were corrected using the
standard soil (SRM 2586, National Institute of Standards and Technology, NIST, Gaithers-
burg, MD, USA), and triplicate and blank samples were utilized for quality control. The
relative standard deviation (% RSD) was less than 5%, and the recovery rate was above 95%.

The soil Cd passivation ratio after the application of various amendments was calcu-
lated as follows:

Cd passivation ratio = [(Cy — C1)/Cp] x 100% @)

where Cy was the soil-available Cd content in the control treatment, and C; was the
soil-available Cd content after application of passivation amendments.
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2.4. Interactions between Inorganic and Organic Components of Compound Amendments in
Passivation of Cd

The interaction equation [41] was used to quantitatively evaluate the interactive effects
of inorganic and organic components of compound amendments in Cd passivation. The
interaction equation was as follows:

E =[A — Max (B, O)]/A x 100% )

where A represented the passivation ratio of the compound amendments, and B and C
indicated the passivation ratio of the corresponding inorganic and organic components in
the compound amendments when applied alone. E > 0, E < 0 and E = 0 denoted synergistic
effects, antagonistic effects, and independent effects, respectively.

2.5. Data Analysis

Origin Pro 2021 was used for the data analysis and graphing. The LSD method was
used to test the significance of different treatments. Different lowercase letters in the figures
demonstrated significant differences among treatments at p < 0.05 level.

3. Results
3.1. Effects of Single Amendments on Soil pH and Cd Availability

The effects of single amendments on the soil pH and Cd availability are shown in
Figure 1. Compared with the initial soil pH, MnO,, MMT, SB, and CB had minor effects on
the soil pH. CM and SA significantly enhanced the soil pH, and the soil pH increased as
the addition ratios rose. AT and HA could significantly reduce the soil pH, and the soil pH
decreased as the addition ratios rose.

As shown in Figure 1b, the application of different single amendments exerted obvi-
ously different effects on Cd availability in the weakly alkaline soil. MnO, and HA had
no significant effects on Cd availability, and even increased the Cd availability at addition
ratios of 2% or 4%. MMT also had little effect on Cd availability and could reduce the Cd
availability by only 3.6% at 8%. The other five single amendments could reduce the soil
Cd availability to varying degrees except for AT and SB at an addition ratio of 2%, and
the Cd passivation ratios could be enhanced with the increase in addition ratios. At any
treatment (2%, 4%, 8%), CM had the greatest impact on lowering the soil Cd availability
with the highest passivation ratio of 28.7% at 8%. AT, CB, SA (addition ratios of 4% and
8%), and SB (addition ratio of 8%) exerted a certain effect on reducing the Cd availability,
and the passivation ratios ranged from 6% to 14.4%. Generally, the single amendments had
a limited ability to reduce the Cd availability in the weakly alkaline soil. The passivation
performance of CM was better than that of other single amendments, while MnO,, MMT,
and HA had little effect on the soil Cd availability.

As shown in Figure 1c, the nonlinear regression analysis showed that there was a
nonlinear positive correlation between the soil pH and the Cd passivation ratio (R? = 0.50)
following the application of single amendments. Overall, as the soil pH increased, the Cd
passivation ratios improved.

The passivation effects of various single amendments were divided into five categories
(Figure 1d) via Ward’s minimum variance hierarchical cluster analysis method with Eu-
clidean distance [42]. The Ward’s method minimizes the sum of squares of the distance
between any two clusters that can develop at each stage of the cluster classification and uses
an analysis of variance approach to measure the distances between clusters. A dendrogram
is created as a result, which is a graphic representation of the linkage distance. The phenon
line determines the number of clusters; thus, altering the phenon line’s position on the
dendrogram alters the number of clusters [42]. The results indicated that the ratio of 8%
CM showed the greatest passivation effect (Class I, passivation ratio 28.7%, soil pH 8.34).
The ratios of 2% and 4% CM and 8% AT and SB displayed certain passivation effects (Class
II, average passivation ratio 16.3%, average soil pH 7.62). The ratios of 2% CB, 4% AT,
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CB, and SA, and 8% MMT, CB, and SA showed slight passivation effects (Class III, mean
passivation ratio 6.7%, mean soil pH 7.35).

The rest of the single amendments were almost ineffective on the soil Cd passivation
(Class IV, average passivation ratio —0.2%, average soil pH 7.21) and even slightly enhanced
the soil Cd availability (Class V, mean passivation ratio —5.8%, mean soil pH 7.15). In
general, the passivation effects of CM, AT, and SB at high addition ratios were relatively
apparent. Furthermore, the cluster analysis results also showed a trend that the average
passivation ratio enhanced with the increase in the average soil pH.
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Figure 1. Effects of different single passivators on soil pH (a) and soil Cd passivation ratio (b); non-
linear relationship between soil Cd passivation ratio and soil pH (c); and hierarchical cluster analysis
based on Ward’s method (d). Different lowercase letters in figure (a,b) indicate significant difference
between treatments with different addition ratios of passivators (p < 0.05). MnO;: manganese dioxide,
MMT: montmorillonite, AT: attapulgite, CM: calcium-magnesium-phosphate fertilizer, CB: cow
manure biochar, SA: straw ash, SB: straw biochar, HA: humic acid.

3.2. Effects of Inorganic—Organic Compound Amendments on Soil pH and Cd Availability

The effects of inorganic-organic compound amendments on the soil pH and Cd avail-
ability are shown in Figure 2. All CM- and SA-based compound amendments significantly
enhanced the soil pH, and the soil pH increased as the addition ratios rose (Figure 2a). At
any addition ratio, the soil pH following the application of CM-based compound amend-
ments was higher than that of MnO,-, MMT-, and AT-based compound materials. On
the contrary, except for CM-HA compound amendments, HA-based compound materials
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could significantly reduce the soil pH, and the soil pH decreased as the addition ratios rose.
In general, the influences of compound materials on the soil pH were related to the effects
of the corresponding inorganic and organic components on the soil pH when applied alone.
Compound amendments containing CM or SA could increase the soil pH, while compound
materials including HA or AT may reduce the soil pH.
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Figure 2. Effects of different compound passivators on soil pH (a) and soil Cd passivation ratio (b);
nonlinear relationship between soil Cd passivation ratio and soil pH (c); and hierarchical cluster
analysis based on Ward’s method (d). Different lowercase letters in figure (a,b) indicate significant dif-
ference between treatments with different addition ratios of passivators (p < 0.05). MnO,: manganese
dioxide, MMT: montmorillonite, AT: attapulgite, CM: calcium-magnesium-phosphate fertilizer, CB:
cow manure biochar, SA: straw ash, SB: straw biochar, HA: humic acid.

As shown in Figure 2b, Cd availability in the weakly alkaline soil varied greatly
depending on the types of compound amendments applied, with an overall trend indicat-
ing that the passivation ratios improved as the addition ratios increased. The CM-based
compound materials (passivation ratio 23.8-52.5%) had the highest passivation capability
when the organic component and the addition ratio were kept constant. With the same
inorganic component and application ratio, the passivation ability of the HA-based com-
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pound amendments (passivation ratio 3.5-32.1%) was generally the weakest, while the
passivation capacity of SA-based compound materials was overall the highest. In general,
the Cd passivation effects of compound amendments were more pronounced than those of
the corresponding single components when applied solely, and the maximum passivation
ratio could reach 52.5%. It is worth noting that, whereas some single amendments may
improve the soil Cd availability (Figure 1b), all types of compound amendments could
reduce the soil Cd availability.

As shown in Figure 2¢, the nonlinear regression analysis revealed that following the
application of compound amendments, there was a nonlinear positive correlation between
the soil pH and the Cd passivation ratio (R? = 0.57). In general, the Cd passivation ratios
improved as the soil pH increased.

The passivation effects of various compound amendments were classified into five
groups via hierarchical cluster analysis based on Ward’s method (Figure 2d). The results
showed that the passivation effects of Class I (average passivation ratio 43.4%, average soil
pH 8.17) were the best, and they were all CM-based compound materials. The passivation
effects of Class II (mean passivation ratio 31.1%, mean soil pH value 7.74), mainly containing
CM- or SA-based compound amendments, were also relatively obvious.

Compound materials in Class III (average passivation ratio 19.7%, average soil pH 7.45)
and Class IV (average passivation ratio 10.6%, average soil pH 7.19) had certain passivation
effects, while compound amendments in Class V (mean passivation ratio 5.0%, mean soil
pH 7.13), mainly including HA-based compound materials, exerted the weakest passivation
effects. Although the Class IV and V compound amendments marginally reduced the soil
pH, they all had passivation effects, implying that the inorganic and organic components
in the compound materials may interact when immobilizing the soil Cd. Furthermore, the
cluster analysis results revealed a tendency in which the mean passivation ratio enhanced
as the mean soil pH increased.

3.3. Interactions between Inorganic and Organic Components of Compound Amendments in
Passivation of Cd

The interaction equation [41] was used to quantitatively characterize the interactive
effects of inorganic and organic components of compound amendments during the passiva-
tion of soil Cd. As shown in Figure 3, different synergistic effects were found between the
inorganic and organic components of almost all compound materials except for AT-HA at a
high addition ratio. The synergistic effects of various compound amendments followed
the order of MnO;-based compound amendments (mean E value of 81.2%) > MMT-based
compound amendments (mean E value of 70.0%) > AT-based compound amendments
(mean E value of 55.3%) > CM-based compound amendments (mean E value of 37.2%).
Among them, 2% + 2% MnO,-HA had the greatest synergistic effect (interaction E value
170.5%), and only 8% + 8% AT-HA exerted an antagonistic effect (interaction E value
—88.4%). The interaction E values of the AT-based compound materials decreased with the
increase in addition ratios. For other compound amendments with lower addition ratios,
the synergistic effects became more noticeable.

Even though CM-based compound materials had the greatest passivation effects, their
synergistic effects were noticeably weakest, indicating that the Cd passivation effects of
such compound amendments were closely related to the immobilization effects of the single
components when used independently. The synergistic effects of MnO,-based compound
materials were the highest, denoting that the Cd passivation effects of such compound
amendments were significantly contributed by the interactions between MnO; and the
organic components.
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Figure 3. Interactions between inorganic and organic components in different compound passivators.
MnO,: manganese dioxide, MMT: montmorillonite, AT: attapulgite, CM: calcium-magnesium—
phosphate fertilizer, CB: cow manure biochar, SA: straw ash, SB: straw biochar, HA: humic acid.

4. Discussion

The availability of soil Cd has a significant impact on the safe production of crops,
and soil pH is one of the major determinants of soil Cd availability. Soil pH has a crucial
impact on the dissolution—precipitation, adsorption—desorption, and other reaction pro-
cesses of Cd in the soil environment, and it could dramatically alter the chemical speciation,
migration, and transformation capacities of Cd [7,12]. The passivation of heavy metals in
soils can be caused by an elevation in the soil pH because it can raise the negative charges
on the surfaces of soil colloids, improve the electrostatic adsorption of heavy metal ions,
and increase the precipitates of heavy metal hydroxides and carbonates [12,22,28]. In this
study, following the application of single amendments, the Cd passivation ratios generally
enhanced with the increase in the soil pH. The effect of CM on improving the soil pH
was the most noticeable. It also had the most obvious passivation effect among the eight
single materials, with the highest passivation ratio of 28.7%. Such a passivation effect was
comparable to the results of Luo et al. [19], in which the combination of CM and continuous
flooding decreased the available content of Cd in soils by 28.57%, and the reports of Wang
et al. [43], in which CM reduced the amount of rhizospheric DTPA-Cd in soils by 18-40%.
CM is an alkaline material (Table 1) and includes soluble phosphates, which could raise
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the soil pH, facilitating the precipitation of Cd, and combine with Cd to generate insoluble
metal orthophosphates via complexation or precipitation processes [44]. Therefore, CM
generally exerted a relatively significant effect on the passivation remediation of heavy
metal-contaminated soils [19,43]. Compared with CM, other single amendments in this
study showed weaker effects on increasing the soil pH, and some materials such as AT
and HA could reduce the soil pH. Therefore, except for CM, the ability of other single
amendments to immobilize Cd was relatively limited, and some materials such as MnO,,
MMT, and HA were almost ineffective for Cd passivation. Alternatively, the weak passiva-
tion effect of HA may not only be due to its low pH but also possibly because of its water
solubility. On the one hand, the carboxyl and phenolic moieties of HA can combine with
metal ions to form coordination complexes, the solubility of which depends on the ligands.
On the other hand, HA might influence the generation of metal precipitates as hydroxides
by altering the soil pH, which in turn influences the solubility of metals [45]. It should be
noted that the grain size of the amendments might also affect the Cd passivation efficiency
in soils [46]. Coarser amendments may possibly have a better Cd immobilization capacity
in soils than the finer ones by improving the formation of more stable organic matter [46].

Previous studies have shown that the passivation effects of various amendments on
soil heavy metals were not only related to the composition and properties of passivation
materials, but also depended on the soil pH [6,15,28,47]. The Cd passivation effects were
relatively poor in alkaline soils compared with those in acidic soils [15] because in alka-
line soils, the change in Cd availability was less responsive to an increase in pH [47]. Jia
et al. [28] found that in acidic soils, biochar-mediated changes in the soil pH had more
significant effects on Cd bioavailability, while in alkaline soils, the strength of Cd—biochar
interactions was more important for the Cd passivation efficiency. Specifically, the pre-
dominant mechanism for the interaction between biochar and Cd in acidic soils was found
to be a cation exchange, whereas the mechanisms in alkaline soils were precipitation, the
coordination effect, and a m—electron interaction [28]. Using meta-analysis, Wang et al. [6]
found that the response of Cd availability to the soil pH may be quite different in acidic and
alkaline soils following the application of passivation amendments. For example, in acidic
soils, MMT and manganese oxides had apparent Cd passivation effects [7,48]. MMT could
firmly adsorb soluble heavy metals on its surface or into the interlayer structure via physi-
cal, chemical, and ion exchange adsorption. Manganese oxide could exert strong specific
adsorption effects on heavy metals and may thus significantly increase the proportion of
reducible heavy metal components. However, for the weakly alkaline soil in this study, the
application of these two amendments alone had almost no Cd passivation effects, which
may be due to their insignificant effects on the soil pH or attributed to their relatively low
adsorption or surface complexation capacity for Cd in the weakly alkaline soil [15,47,49,50].

For the passivation remediation of heavy metal-contaminated soils, the application of
inorganic-organic compound materials may be another efficient strategy to improve the
passivation effects of heavy metals [6,32,51]. In acidic soils, biochar-based or lime-based
compound amendments were considerably more efficient in immobilizing heavy metals
than the application of single materials [6,32,51]. For instance, Gao et al. [51] found that in
an acidic soil, biochar associated with magnesium ferrite showed a better passivation ability
in decreasing the bioavailable Cd than biochar or magnesium ferrite when applied alone.
In this study, the application of inorganic—organic compound amendments also effectively
improved the Cd passivation ability in the weakly alkaline soil [13-15,18,22]. Compared
with the single amendments, the Cd passivation effects of inorganic—organic compound
materials were all superior to those of the corresponding inorganic or organic components
when applied alone [13-15,18,22]. Among them, CM-based compound materials displayed
the best passivation effects [52,53], and the passivation ratio reached up to 52.5%, which
was higher than or comparable to the Cd passivation ratio of 11.07% [29], 45.8% [54], and
29.5% [55] induced via various inorganic—organic compound amendments in alkaline or
neutral soils.
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Moreover, all kinds of compound amendments could immobilize the soil
Cd [13-15,18,22]. Even if some compound materials reduced the soil pH, they still ex-
hibited certain passivation effects, which demonstrated that the inorganic and organic
components in the compound amendments may interact during the passivation of soil
Cd [13-15,18,22,52,53]. The quantitative evaluation based on the interaction equation [41]
denoted that the inorganic and organic components of the compound materials had
varying degrees of synergistic effects during the Cd passivation in the weakly alkaline
soil [13,15,18,22,52]. Although the passivation effects of the CM-based compound amend-
ments were the most evident, their synergistic effects were the weakest, indicating that
their Cd immobilization effects closely depended on the passivation effects of CM and the
organic components when applied solely [44,52,53]. The CM displayed the greatest passi-
vation ability among single amendments, resulting in the highest passivation capacities of
the CM-based compound materials [19,43]. Notably, the synergistic effects of MnO;-based
compound amendments were the most noticeable, underlying that the interactions between
MnO; and the organic components had a remarkable contribution to the Cd passivation
ability of such compound materials [18,56].

When passivating heavy metals in alkaline soils, the synergistic effects of compound
amendments may be attributed to different mechanisms due to the variations in inorganic
and organic components [13-15,18,22,23]. Wang et al. [22] found that the biochar—zeolite—
humus compound amendment had an excellent Cd passivation effect in weakly alkaline
soils because it could convert the acid-soluble Cd to the Cd bound to the reducible frac-
tion with a higher stability. In this study, MnO,-based compound amendments showed
substantial synergistic effects on Cd immobilization, which may be ascribed to the similar
Cd passivation mechanisms of manganese oxides and organic components, both of which
may immobilize Cd via the adsorption or surface complexation [2,21,49]. Manganese ox-
ides have large specific surface areas and abundant active specific adsorption sites on the
surface [20,49]. Cd could be specifically adsorbed via the surface of manganese oxides by
forming monodentate or bidentate inner layer complexes [20,49]. The tunnel structure of
manganese oxides may also easily provide space for foreign ions [20,49]. Meanwhile, Cd
could complex with the abundant carboxyl or hydroxyl groups on the surface of organic
components in MnO,-based compound materials, thereby enhancing the adsorption and
complexation of Cd in soils and improving the passivation effects [18,56]. Therefore, the
excellent specific adsorption or surface complexation ability of MnO, for Cd may substan-
tially contribute to the greatest synergistic effects of MnO,-based compound amendments
on Cd passivation. For clay mineral-based compound materials, i.e., MMT- and AT-based
compound materials, the synergistic effects of clay minerals and organic components on
Cd passivation may be attributed to the O-H groups and Si-O-Si of the compound amend-
ments, strengthening the precipitation, electrostatic interactions, ion exchange, and surface
complexation of Cd in soils [57,58]. The synergistic mechanisms of CM-based compound
materials for Cd passivation may be that the abundant carboxyl or hydroxyl functional
groups on the surface of organic components of the compound amendments enhanced
the CM-induced co-precipitation reaction of Cd, promoted the formation of insoluble
metal phosphates, or increased the proportion of organically bound Cd [53]. However,
the weakest synergistic effects of CM-based compound materials on Cd passivation may
be owing to the considerably different Cd immobilization mechanisms of CM and the
organic components [2,19,21]. Specifically, CM could passivate the soil Cd mainly via the
co-precipitation reaction mechanism, while organic components may immobilize Cd via
the mechanisms of adsorption or surface complexation [2,19,21].

It is worth noting that for Cd passivation in the weakly alkaline soil, CM-based com-
pound materials might not be a good option. Such amendments could greatly enhance the
soil alkalinity (e.g., pH > 8), which may possibly lead to over-alkalinization and the harden-
ing of alkaline soils, thereby reducing the soil productivity [17]. Moreover, CM-derived
phosphate may be emitted into water bodies, which would result in eutrophication [44]. In
addition, their weak synergistic effects on Cd immobilization might lead to a less stable
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Cd passivating effect in alkaline soils, thus reducing the long-term effectiveness of such
compound amendments [59-61].

In this study, the synergistic effects of compound amendments with lower application
rates were generally more evident, and the synergistic effect of 2% + 2% MnO,-HA was
the most obvious. Henceforth, by changing the ratios of components (e.g., ranging from
3:1 to 1:3) in inorganic-organic compound amendments or increasing the diversity of
inorganic and organic components, the synergistic effects of compound materials at low
addition ratios on Cd immobilization in weakly alkaline soils may be strengthened, thereby
improving the passivation effects and simultaneously reducing the application cost of
compound amendments in fields [52,62]. For instance, iron oxides showed great adsorption
and co-precipitation capabilities for Cd, and Cd could form stable internal complexes on
the surface of iron oxides, which is attributed to the abundant specific adsorption sites and
surface hydroxyl groups on iron oxides [20,63]. Thus, the application of the MnO,-HA
compound amendment in combination with a certain proportion of iron oxides could
improve the variety of components in compound materials, which may further enhance
the Cd passivation effects and stability of compound amendments in weakly alkaline
soils [62,64]. However, one should note that the immobilized soil Cd may be remobilized
in some cases, such as soil acidification [65], earthworm-mediated nitrification and gut
digestive processes [66], or different nitrogen fertilizer management [67], highlighting
the importance of the management of Cd remobilization risks during long-term in situ
immobilization [68].

5. Conclusions

In this study, the effects of various inorganic amendments, organic amendments, and
their compound amendments on the soil pH and Cd availability were thoroughly assessed
in weakly alkaline farmland soil. The Cd passivation ability could be significantly im-
proved via inorganic—organic compound materials. Furthermore, the organic and inorganic
components of the compound amendments had varying degrees of synergistic effects dur-
ing the Cd passivation. The synergistic effects of the MnO,-based compound amendments
were the strongest, while those of the CM-based compound amendments were the weakest.
A more balanced recommendation for Cd immobilization in the weakly alkaline soil may
be MnO;-based compound materials, given the synergistic effects and Cd immobilization
capabilities of various compound materials. Nevertheless, this study has certain restrictions.
On the one hand, the obtained results were derived from soil incubation tests, and it was
found that soil incubation and the fields had quite different water management and climatic
conditions. On the other hand, field application costs may possibly be improved via the
relatively high application rates of amendments. Moreover, the synergistic mechanisms
of compound materials for Cd passivation should be thoroughly investigated. Future
studies should focus on exploring the underlying interactive mechanisms of compound
amendments for Cd immobilization in alkaline soils, as well as conducting long-term field
studies with relatively modest application dosages to validate the passivation efficiency
and stability of soil amendments.
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