Environmental Management (2020) 65:818-828
https://doi.org/10.1007/s00267-020-01287-4

Check for
updates

Evaluation of Different Types and Amounts of Amendments on Soil
Cd Immobilization and its Uptake to Wheat

Changrui Zhou'? - Haiyan Yuan' - Chuanchuan Ning" - Shuailin Li' - Zhuging Xia'? - Mengmeng Zhu'? - Qiang Ma' -
Wantai Yu'

Received: 20 December 2019 / Accepted: 17 March 2020 / Published online: 1 April 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Using amendments is a cost-effective method to soil cadmium (Cd) remediation, whereas knowledge about how different
amendments and rates affect remediation efficiency remains limited. This study aimed to evaluate the impacts of different
types and amounts of amendments on soil Cd immobilization and its uptake by plants. Biochar (BC), zeolite (ZE), humic
acid (HA), superphosphate (SP), lime (L), and sodium sulfide (SS) were applied at three rates (low, medium, and high)
ranging from 0.5 to 5%. The concentration of CaCl,-extractable Cd was considerably affected by the amendments, except
HA, and the high doses achieved better immobilization effects than the low doses did. The addition of amendments
decreased weak acid soluble Cd by 4.1-44.0% but slightly increased the fractions of oxidizable and residual Cd. These
amendments (except BC and HA dose of 1%) decreased Cd accumulation in grains by 1.3-68.8% and (except SP) in roots
by 16.3-65.5% compared with the control. The SP efficiently immobilized Cd but posed a potential soil acidification risk.
Moreover, SS treatment increased the soil electrical conductivity (EC) value and restricted the growth of wheat, possibly due
to high-salt stress. BC, ZE, and L exerted significant effects on the reduction in available Cd as the application rate increased.
These amendments enhanced Cd immobilization mainly by changing Cd availability in soil and influencing its redistribution
in different fractions in soil and root uptake by plants. This study concluded that BC-5%, ZE-1%, and L-0.5% can be used
for Cd immobilization in acidic or neutral soils.

Keywords Amendments * Cd-contaminated soil - Immobilization + Cd availability - Cd uptake

Introduction

Soil cadmium (Cd) pollution has become a serious concern
in many regions worldwide (Li et al. 2014). In China, a
survey on soil heavy metal pollution reported that Cd is the
most widespread contaminant in soils (MEE 2014). Cd
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usually enters the environment through many pathways,
including atmospheric deposition, mining, and fertilization,
which could cause its accumulation in soils and organisms
(Khan et al. 2015; Xu et al. 2015). It contains carcinogens
and toxins endanger human health through the food chain
even at low Cd concentrations due to the long biological
half-life (10-30 years) of this element (Cocarta et al. 2016;
Nordberg 2009). Thus, efficient remediation of Cd-
contaminated soil is urgently required for safe food pro-
duction and safe utilization of soil.

Remediation technologies can be divided into two cate-
gories. One reduces soil’s total heavy metal concentration
by the engineering measures and phytoremediation (Al
Chami et al. 2015; Wuana et al. 2010). The other category
reduces the mobility and availability of heavy metals by
changing the existing forms of metals in soil through var-
ious techniques, including vitrification and in situ chemical
immobilization (Guo et al. 2006; Ok et al. 2010). Among
such techniques, in situ immobilization is considered as a
feasible and effective approach to remediate heavy metal-
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contaminated soils due to its advantages of high efficiency,
simple operation, and low cost (Shaheen and Rinklebe
2015). It helps transform the available forms of metals into
a stable solid phase through sorption, precipitation, com-
plexation, ion exchange, or redox in soils, thus reducing the
mobility, availability, and toxicity of heavy metals (Bashir
et al. 2018; Mahar et al. 2018).

In situ Cd immobilization involves various inorganic
materials, such as liming material (Mahar et al. 2018),
phosphorus-containing material (Sarwar et al. 2010),
mineral material (Wen et al. 2016), and organic amend-
ments, including biochar (BC) (Oziegbe et al. 2019),
manure compost (Ahmad et al. 2015), and humic substances
(He et al. 2019). Many studies have investigated how dif-
ferent amendments affect available Cd and its uptake by
plants. He et al. (2019) observed that the addition of lime
(L) decreased Cd availability in soil and its uptake by crops
due to the increased soil pH. The rock phosphate sig-
nificantly reduced Cd accumulation in water spinach (Ipo-
moea aquatic) by enhancing Cd immobilization, and zeolite
(ZE), and BC decreased soil Cd availability by sorption of
Cd on their surface (Bashir et al. 2018). However, organic
fertilizer application possibly increases the available Cd in
moderate Cd-contaminated soil because of the low humifi-
cation degree (Guo et al. 2018). Sulfur, when applied as an
amendment, inhibits the growth of Chinese cabbage in Cd-
polluted soil due to considerable acidification induced by
sulfur (Mahar et al. 2016). BC as a soil amendment offered
significant reduction in Cd mobility in soil and its uptake by
plants (He et al. 2017). Nevertheless, the excellent sorption
capability of BC may deactivate heavy metals and compete
for nutrients with plants, reducing their bioavailability
(Kuppusamy et al. 2016). Although the potential benefits of
amendment have been confirmed by several studies as
above discussed, the potential risk and hazards have not
been fully understood. The different types of amendments
on remediation of Cd-contaminated soil still need to thor-
oughly evaluate their effectiveness of immobilizing Cd.

Other studies have shown that the immobilizing effect of
amendments on heavy metals in soils varies with different
application rates, and such a variation might exert negative
effects on soil-plant ecosystems (Mahar et al. 2016;
Mignardi et al. 2012). Phosphorus materials have been
widely used in Cd-contaminated soil remediation (Basta and
McGowen 2004), but their overuse results in phosphorus
losses to the environment and reduced uptake of essential
trace elements by crops (Boisson et al. 1999; Park et al.
2011a). Excess usage of alkaline materials gives rise to an
increased risk of soil alkalinity, which eventually destroys
the soil structure and the balance of ions and influences
plant growth (Kumpiene et al. 2008). BC contains special
chemical elements that are generally beneficial to most
species, however, in such cases, phytotoxcity of BC

prevails and it will vary depending on the application rates
(Downie et al. 2012). The higher application rates of
amendments for available heavy metals control would affect
the economics of crop yield. Optimization of the application
rates of amendments can improve remediation efficiency,
reduce the negative effects on soil-plant ecosystems, and
decrease costs (Guo et al. 2018). The effects of amendments
applied at various rates on Cd immobilization need further
attention before large-scale application, but they are not
well documented.

The different amendments at various rates were sepa-
rately added to a Cd-polluted soil to evaluate their effec-
tiveness of immobilizing Cd, geochemical fractionation of
Cd, and potential immobilization mechanism through a pot
experiment on spring wheat (Triticum aestivum L.). This
work will be helpful for comprehensively evaluating the
effectiveness of various amendments immobilizing Cd and
contribute to their rational use and the development of
combined amendments for regulating Cd with other heavy
metals compound contaminated soil.

Materials and Methods
Soil Collection and Amendment Characterization

Soil samples were collected from a conventional agri-
cultural field in Zhangshi’s irrigation area (123°3’E, 41°
38'N) in Liaoning Province, China. The soil pollution in
this area was mainly Cd pollution caused by sewage
irrigation from 1950s to 1980s (Xiong et al. 2004). Top-
soil (0-20 cm) samples were ground to pass through a
2mm nylon mesh, and the basic physicochemical prop-
erties and available Cd concentrations were analyzed. The
soil basic properties were 6.46 pH (neutral but the acid
side) (1:2.5 H,0), 0.11mScm™! EC, 1437gkg™' of
organic carbon, 1.94 gkg ™! of total nitrogen, 1.68 gkg '
of total phosphorus, and 13.06 gkg ™' of total potassium.
The total and available Cd concentrations in soils were
0.86 and 0.015 mgkg~", respectively. The total Cd was
substantially higher than the environmental quality stan-
dards for agricultural soils of China (GB15618-2018; pH
<6.5; 0.4mgkg ") according to the Ministry of Ecology
and Environment of the People’s Republic of China.
Three inorganic materials (L, superphosphate (SP), and
sodium sulfide (SS)), two organic materials (BC and
humic acid (HA)) and one mineral material (ZE) were
selected as soil amendments. SP (pH=2.40) and SS
(pH=12.99) were purchased from Beijing Puyihua
Technology Co., Ltd, Beijing, China, and L (pH = 12.26)
and ZE (<10 um, pH=10.40) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd,
Shanghai, China. HA (pH=3.95) was from Beijing
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Xiangyun Xingye Technology Co., Ltd, Beijing, China.
BC (pH =7.95) was obtained from maize straw through
pyrolysis under anoxic conditions at 400 °C for 1h by
Shenyang Agricultural University, Shenyang, China.
Total Cd concentrations were 0.20, 0.15, 0.02, 0.04, and
0.06 mgkg ' in BC, ZE, HA, SP, and L, respectively. The
descriptions of the soil and amendments were summarized
in Tables S1 and S2.

Experimental Design

A pot experiment was conducted from April 2017 to July
2017 (~100 days) at Shenyang Experimental Station of
Ecology (41°32/N latitude, 123°23’E longitude), Chinese
Academy of Sciences, Liaoning Province, China. The
effect of amendments on the immobilization and bioa-
vailability of Cd to wheat was investigated in a green-
house using Cd-contaminated soil. BC, ZE, and HA were
individually added to the soil at 1%, 2.5%, and 5% of soil
(w/w), respectively. The application rates of individual
SP, L, and SS were 0.5%, 1%, and 2% of soil (w/w),
respectively. No amendment was applied in the control
soil (CK). The three application rates were denoted as
low, medium, and high according to the amount of each
amendment. The soil and amendments were mixed com-
pletely according to the designed ratio and placed in
plastic pots (1 kg per pot). A randomized complete block
design composed of 19 treatments (six amendments with
three application rates and one control) with three repli-
cates was adopted. The treated soils were incubated at
room temperature for 2 weeks before planting to achieve
equilibration. The wheat seeds were planted and then
thinned to ten seedlings in each pot after 2 weeks. Soil
moisture during the entire growth period was maintained
to 80% of the water holding capacity by weighting and
replenishing distilled water every week in spring and
every 3 days in summer.

After maturity, the plant samples were collected together
with the soil samples then separated into grain, straw, and
root. The root samples were washed with tap water and
rinsed completely with deionized water for four times. All
plant sample components were oven-dried at 70 °C for 48 h,
weighted, and pulverized into powder in an agate grinder
ball mill for further analysis. The collected soils were air-
dried for testing of soil pH and available Cd. A subsample
of the soils was ground to pass through a 0.149 mm sieve
for soil Cd speciation analysis.

Sample Analysis
Soil pH and EC were determined at soil-to-water ratios of

1:2.5 and 1:5 (W/V), respectively, by using an automated
pH and EC meter. Soil organic carbon and total nitrogen
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were measured with the Elementar Vario EL III elemental
analyzer (Elementar Corporation, Germany). Soil total
phosphorus and total potassium were determined according
to the procedure of Lu (2000). Soil total Cd was determined
after digesting soil with HNO;-HCIO4—HF (viv:iv =4:1:1)
using an inductively coupled plasma optical emission
spectrometer (ICP-OES). The available Cd was extracted
with 0.01 M of CaCl, according to the protocol of Houben
et al. (2013). Briefly, 2 g of the soil sample was extracted by
20ml of 0.01 M CaCl, solution. The slurry was shaken
continuously at 220 rpm for 2 h at 25 °C then filtered using
quantitative filter paper.

Sequential extraction was performed according to the
modified Community Bureau of Reference extraction
scheme to evaluate the effects of amendments on soil Cd
speciation (Rauret et al. 1999; Yang et al. 2013). Cd was
divided into four chemical fractions. The extraction steps
were as follows: acid soluble fraction (0.11 M CH;COOH,
shake for 16 h), bound to reducibles (0.1 M NH,OH-HCI,
shake for 16 h), bound to oxidizables (30% H,0O,, heating
for 1 h at 85°C+2 °C then 1 M NH4OAc, shake for 16 h),
and residual Cd.

Plant samples were digested using HNO3;—HCIO,4 (v:iv =
4:1) (Lu 2000). The Cd concentration of the extraction
solution was determined by ICP-OES. The analytical
wavelength of Cd was 214.439 nm. Reagent blanks and a
standard reference material (soil: GBWO07406; maize:
GBW10012) obtained from the National Institute of Stan-
dards and Technology were also used for analysis to
monitor analytical accuracy and precision. The average
recovery ranged from 95 to 102% for plants and from 94 to
105% for soil.

Statistical Analysis

The translocation factor (TF) and immobilization efficiency
(IE) of Cd were calculated using the formula (Ali et al.
2013; Qayyum et al. 2017):

TFrool—grain (%) = Cdgrain/Cdroot X 1007 ( 1)

IE (%) = (1 — bioavailable Cd in amended soil/

bioavailable Cd in unamended soil) x 100, @)
where Cdgp,i, (mg kg_l) and Cd,,o (Mg kg_') represent the
Cd concentrations in the grain and root, respectively.

All data were expressed as the mean values of three
replicates. The significant difference between treatments
was checked via one-way analysis of variance at the p <
0.05 level through SPSS 23.0. The correlation was ana-
lyzed with the Pearson test (two tailed). In addition,
OriginPro software (version 2017) was utilized to make
graphs.
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Results

Effects of Amendments on Soil pH, EC, and Grain
Yield

Soil pH was affected by the amendment types and appli-
cation rates (Fig. 1a). The soil pH values in the treatments
of BC, ZE, L, and SS were significantly higher than those of
the control, except in the BC treatment at low level, and the
trend was further enhanced with increasing application rate.
The increments in soil pH ranged from 0.2 to 2.0 units, and
the largest pH was observed in the L treatment. By contrast,
soil pH declined with SP additions, where it further
decreased with increasing application rate.

SS had the greatest effect on soil EC (3.6—10.6 mS/cm),
followed by L, SP, and ZE treatments (Fig. 1b). The soil EC
values were enhanced with increasing application rates of
SS, L, SP, and ZE. No significant differences were observed
among BC, HA, and CK treatments in terms of soil EC, but
the EC value decreased numerically with increasing HA
application rate.

The different amendments exhibited different effects on
wheat grain yield, among which the application of BC, ZE,
and SP increased the wheat grain yield and further enhanced
it with an elevated application rate (Fig. 1c). The highest
grain yields were achieved in the treatments receiving L at
low and medium rates, whereas the yields were markedly
reduced with the high application rate of L. HA application
slightly decreased the wheat grain yield, but the difference
between CK and HA treatments was not significant. The
addition of SS considerably inhibited the growth of wheat,
which is probably due to the high soil EC, resulting in nil
yields.

Effects of Amendments on CaCl,-Extractable Cd
Concentration

The concentration of CaCl,-extractable Cd in the soil
decreased with the application of BC, ZE, SP, and L and
gradually declined with increasing rates of these amend-
ments (Fig. 2a). CaCl,-extractable Cd decreased by 36.2%,
88.7%, 17.8%, and 74.8% on the average with the appli-
cation of BC, ZE, SP, and L, respectively, compared with
the CK treatment. Medium and high application rates
induced a reduction in CaCl,-extractable Cd by 55.1% and
63.8% on the average in the above treatments, respectively.
Compared with the control, HA addition increased CaCl,-
extractable Cd. SS addition increased CaCl,-extractable Cd
at a low application rate and decreased it with increasing
application rate of SS, especially at the high application
rate.

Correlation between pH and available Cd is presented in
Fig. 2b. CaCly-extractable Cd was significantly negatively
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correlated with soil pH at wheat harvesting stage (r=
—0.757, p < 0.001), indicating that soil pH played a key role
in reducing the CaCl,-extractable Cd concentration.

The IE calculated via single extraction with 0.01 M of
CaCl, is commonly used to evaluate the bioavailability of
metals in soil (Table 1). The highest IE of amendments in
soil Cd was obtained in the ZE treatment (86.45-90.06%)
followed by L, BC, and SP treatments. IE was enhanced
with increasing application rate in ZE, L, BC, and SP
treatments. In the treatments receiving SS, IE was negative
at the low application rate and reversed to positive as the
application rate increased. However, HA addition induced a
consistently negative IE regardless of the application rate.

Effects of Amendments on Soil Cd Distribution

The distribution of Cd in four fractions is presented in
Fig. 3. The fractions of Cd in the soil followed the sequence
residual > reducible and oxidizable > weak acid soluble. In
the control treatment, the residual Cd was dominant and
accounted for 52.0% of the total Cd, followed by reducible
with 22.8%, oxidizable with 13.9%, and weak acid soluble
with 11.3%.

The largest reductions in soil weak acid soluble Cd
fraction were observed in L and SP treatments, followed by
SS, BC, and ZE treatments; on the average, the values
decreased to 6.3%, 6.4%, 9.1%, 9.5%, and 9.5% of the total

Table 1 Immobilization efficiency (IE %) of Cd in soils treated with
different amounts and types of amendments

Amount BC ZE HA SP L SS
Low 17.17 86.45 —19.27 9.94 62.95 —23.79
Medium 39.16 89.46 —17.47 12.35 79.52 3.32
High 52.11 90.06 —19.88 31.03 81.93 24.10
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Fig. 3 Distributions of Cd in various fractions under different treat-
ments after wheat harvesting. F1, F2, F3, and F4 indicate weak acid
soluble, reducible, oxidizable, and residual, respectively. The number
after the different abbreviated letters on the X axis indicates the amount
of the amendments added
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Cd in these treatments, respectively. The percentage of
reducible Cd decreased to 20.2%, 21.0%, and 22.4% on the
average in the soil treated with L, SP, and SS, respectively,
whereas it increased to 24.4% and 23.3% in the soils treated
with BC and ZE, respectively. The oxidizable Cd fraction
increased to 20.1%, 18.6%, 16.2%, 15.7%, and 15.6% of
the total Cd due to L, SP, ZE, SS, and BC application,
respectively. In the HA treatment, the weak acid soluble and
reducible Cd fractions slightly decreased, and the propor-
tions of oxidizable and residual Cd fractions slightly
increased.

The proportion of weak acid soluble Cd decreased in all
amended soils and further declined with increasing dosages
of amendments compared with CK. Correlation analysis
showed that the weak acid extractable Cd was significantly
and negatively correlated with oxidizable and residual Cd,
with correlation coefficients of 0.788 (p <0.01) and 0.297
(p <0.05), respectively (Table 2). This result indicates that
the amendments decreased the available forms of Cd and
converted Cd into less available forms.

Effects of Amendments on Cd Uptake by Wheat and
Translocation

The Cd concentrations in the roots significantly decreased
within the range of 23.7-27.2% in BC, 29.5-33.0% in ZE,
16.3-37.4% in HA, and 48.2-65.5% in L amended soils
compared with the control. The Cd uptake in the roots
increased with increasing SP application rate, especially for
the high rate. In general, a positive correlation existed
between Cd in roots and CaCl,-extractable Cd across the
amended soils (r =0.458, p<0.01). The decreasing effects
of amendments on Cd uptake by wheat root were con-
spicuous in all cases with the exception of SP, and the
effects were enhanced with increasing application rate.
The Cd uptake in straw decreased within the range of
41.1-65.3% in SP and 42.1-69.2% in L compared with the
untreated soil (Fig. 4b). The concentration of Cd in straw
significantly decreased by 34.4%, 41.1%, and 39.7% with
ZE at 2.5% and 5% and HA at 5% level, respectively, over

Table 2 Pearson correlation coefficients of Cd concentration in various
fractions and soil pH in all amended soil (n = 54)

pH Fl ) 3 F4
pH 1.000

FI  —0301% 1.000

F2  —0.195 0.581%* 1.000

3 0308%  —0.788%  —0.588% 1000

F4  —0057  —0297" —0.350%%  0.360%*  1.000

**#% denote a significant difference at p <0.05 and p<0.01 levels,
respectively. F1, F2, F3, and F4 indicate weak acid soluble, reducible,
oxidizable, and residual Cd, respectively

the control. However, no significant difference was
observed in Cd uptake between BC and the control
treatments.

All amendment incorporations caused a significant
decrease in grain Cd, except for BC and HA at low and
medium doses (Fig. 4¢). TFoop.grain Significantly declined
only in the SP treatment (Fig. 4d). A significant positive
correlation was found between wheat grain and root Cd
concentrations (r = 0.762, p <0.05), whereas the TF,qo(_grain
values were not markedly correlated with wheat grain Cd
(p>0.05) in all amended soils (except SP). These results
indicate that the reduction of grain Cd was primarily
attributed to the decrease in root Cd uptake rather than Cd
translocation and redistribution among different wheat
parts, with the exception of the SP treatment. This finding
represents the differences in the mechanisms of various
amendments in reducing grain Cd concentrations.

Discussion

This research evaluated and compared the effects of dif-
ferent amendments at different application rates on Cd
immobilization in Cd-contaminated soil and its uptake by
plant. In the present study, these amendments substantially
affected the soil properties, especially soil pH (Fig. 1). In
additionally, CaCl,-extractable Cd and weak acid fraction
Cd were significantly negatively correlated with soil pH
(Fig. 3 and Table 2). These results indicated that soil pH
might play a key role in controlling Cd availability and
mobility by influencing heavy metal immobilization pro-
cesses in soil, such as adsorption, desorption, precipitation,
and dissolution (Harter 1983; Liang et al. 2017; Peng et al.
2009; Xu et al. 2018). A decrease in soil pH generally
mobilizes heavy metals in soil (Chuan et al. 1996), whereas
soil pH increases because adding amendments stabilizes Cd
in soil through Cd reciprocal distribution among different
fractions (Park et al. 2011b). Moreover, an increase in soil
pH usually leads to the production of numerous negatively
charged sorption sites, the formation of hydroxyl groups of
metal cations, and the precipitation of Cd** as Cd(OH), or
CdCO;, thereby decreasing soil Cd availability and pro-
moting the conversion of Cd from available forms to less
available or stable forms caused by amendment inputs
(Ruttens et al. 2010; Yuan et al. 2015).

Cd was substantially immobilized with BC addition, and
the immobilization was further enhanced with increasing
dosage. It is possible that the increase in soil pH caused by
the addition of BC resulted in Cd immobilization by pre-
cipitation and adsorption. The pH of BC was 7.95 in this
study (Table S2). In addition, the surface area and diameter
average may affect the adsorption of Cd (Table S3), in some
cases, the functional groups on the BC surface benefit Cd
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adsorption (Lu et al. 2014). The FTIR spectra indicated that
peaks at 3437cm~!, 2910cm™!, 2864 cm~!, 1616 cm ™!,
1385cm ™!, and 1100cm™" were associated with the BC
(Fig. S1). The peak at 3437 cm ™! represents the stretching
vibration of water molecule hydroxyl, and that at 1616 cm ™!
represents the vibration of aromatic C=0 and C=C. The
absorption peak of 1385 cm™' is associated with the bend-
ing vibration of phenolic hydroxyl (Yan 2018). The decline
in Cd availability caused by the BC input may also be an
important reason for the increased grain yield and decreased
Cd uptake by plants (Park et al. 2011b). In this study, BC-
5% achieved the highest grain yield and the lowest Cd
availability and concentration in soil and grain and among
the three ratios, showing that the application of BC-5% to
the soil had a good remediation effect.

The available Cd contents were considerably decreased
by the addition of ZE, which reduced the exchangeable Cd
concentration (Wen et al. 2016), possibly due to more
adsorption and precipitation by increasing the soil pH and
utilizing the special aluminum silicate network structure on
the surface of ZE (Shaheen and Rinklebe 2015; Shi et al.
2009). In addition, no significant differences were observed
in the availability of Cd among the three application rates of
ZE, suggesting that a similar desired effect can be achieved
with a low amount of ZE, low cost, and minimal soil
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doses, respectively. The error bars are the standard deviation of the
means (n = 3), and the different lowercase letters indicate a significant
difference at p <0.05 among treatments

disturbance (Guo et al. 2018). Among all treatments, the
lowest mobilization and availability of Cd were obtained in
the ZE treatment, alleviating Cd toxicity to wheat. This
claim was proven by the decrease in Cd uptake by plants
and the increase in grain yield. According to the passivation
effect on available forms of Cd and its uptake by plant, ZE-
1% was the appropriate application rate.

In the present study, no significant differences were
found in soil pH, wheat grain, and CaCl,-extractable Cd
regardless of the application of HA or the different appli-
cation rates. This finding might be explained by relatively
low humification degree of HA (Walker et al. 2004). Guo
et al. (2018) also found that the application of organic fer-
tilizer with incomplete humification did not reduce CaCl,-
extractable Cd in mild and moderate Cd-contaminated soils
under rice-wheat rotation. Another reason could be that the
initial effective adsorption or complexation of Cd induced
by HA addition can be reactivated and remobilized into
soils with the microbial degradation of HA over time
(Evangelou et al. 2004; Park et al. 2011c¢). Thus, the degree
of humification of HA should be considered when HA is
used as a remediation amendment.

The soil pH values decreased with increasing dosage of
SP due to its acidity, indicating that it could cause further
soil acidification (Melamed et al. 2003; Park et al. 2011a).
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However, it did not improve Cd mobility, even at high
application rates, which suggested that the effect of
phosphorus-containing amendments on Cd immobiliza-
tion in soil is a rather complicated process (Basta et al.
2001). The immobilization mechanism mainly included
the following: (1) Cd ions were adsorbed directly on the
phosphate surface; (2) the increase in soil negative charge
enhanced soil adsorption for available Cd; and (3) Cd
precipitated with phosphate in soil solution, forming Cd
(H2P04)2, Cd3(PO4)2, and Cd5H2(PO4)44H20 (CotterHo-
wells and Caporn 1996; Matusik et al. 2008; Raicevic
et al. 2005). Moreover, Waterlot et al. (2011) reported that
the isomorphous replacement between Cd>* and Ca*"
reduced Cd availability due to the close radius of Cd*"
(0.097 nm) and Ca®" (0.094 nm). Sarwar et al. (2010)
indicated that not all phosphate materials could be used as
amendments for Cd immobilization due to the different
properties, some of these materials increased the solubility
of Cd because of the decline in soil pH. Therefore,
phosphate materials for Cd-contaminated soil remediation
must be carefully selected.

The reduction in Cd toxicity and the improvement in P
supply promoted wheat growth in the treatments receiving
SP (Bashir et al. 2018). Thus, SP could be used as an
amendment for Cd immobilization in Cd-polluted soils with
low fertility. Interestingly, the application of SP increased
Cd concentration in roots but significantly decreased it in
straw and grain (Fig. 4). For the increase in Cd in roots, the
precipitated and absorbed Cd might be dissolved in rhizo-
sphere soil, which enhanced the Cd uptake in roots (Shah-
een and Rinklebe 2015). Moreover, Ca’*/H" antiporter
gene expression caused by excessive soluble Ca promoted
the accumulation of Cd in roots (Hirschi 1999). For the
decrease in Cd in grains, it can be attributed to the fact that
SP addition inhibits the translocation of Cd from root to
grain in the wheat by forming Cd-phosphorus complexes
and binding Cd to cell wall components in the root (Qiu
et al. 2011). Jiang et al. (2007) also suggested that P could
hinder the translocation of Cd in maize because of incre-
ments in electronegative ions, such as HPO,*~ and H,PO*",
which can absorb Cd*" onto cell walls with them by various
mechanisms, including adsorption, complexation, and pre-
cipitation, thereby reducing the transfer capability of Cd in
plants. This behavior may have accounted for the decline in
TF oot-grain With increasing SP addition (Fig. 4d). SP appli-
cation not only reduced Cd availability in soil but also
influenced the physiological responses of crops to Cd,
thereby altering the distribution of Cd in different parts of
the plant and consequently alleviating its toxicity for
consumers.

As an alkaline material, L mainly modulates soil pH to
change the availability of heavy metals (Guo et al. 2018).
The presence of high divalent Ca®" in L-treated soil is the

cause of soil pH increase (Impellitteri and Scheckel 2006),
which can reduce Cd solubility and mobility by precipita-
tion and adsorption (Shaheen and Rinklebe 2015). Plant
growth can benefit from the reduction of available Cd (Kim
et al. 2017). However, in this study, the wheat yield
decreased significantly at the 2% application dose compared
with the application rates of L at 0.5% and 1%, possibly due
to the soil alkalinity caused by high L doses. Mahar et al.
(2016) indicated that excessive addition of CaO (5 and
10%) decreased the biomass of Chinese cabbage in Cd-
contaminated soils. Thus, the application rate of L should be
optimized in consideration of contaminated soil properties
and the desired aims to avoid secondary ecological issues.
Overall, 0.5% L is a suitable amount for remediating Cd
contamination in the tested soil.

The increase in CaCl,-extractable Cd could be attributed
to the increase in salinity caused by SS applied at the low
rate (Acosta et al. 2011; Raiesi and Sadeghi 2019; Zhang
et al. 2016). However, the availability of Cd decreased as
the dosage further increased due to the following: (1) the
formation of cadmium sulfide induced by SS application
and (2) OH™ was produced during the dissolution of SS,
resulting in the formation of cadmium hydroxide (Lewis
2010). Soil EC is a vital factor for quantifying soluble salts
and evaluating soil ecosystem quality (Mahar et al. 2018).
The application of SS significant increased soil EC by 9-25-
fold compared with the control (Fig. 1b), suggesting high
soluble salts in soil, which likely led to the inhibition of
wheat growth. The increase in soil EC and sodium ion
concentration caused by SS application led to salt pressure
(Zhang et al. 2018), which affected water and nutrient
uptake by crops. Therefore, SS could not be a suitable
amendment for mitigation of Cd pollution, especially in
saline—alkali soil.

In this research, L, ZE, and BC exerted a better effect
on reducing Cd availability compared with the other
amendments (Table 1), indicating that they were suitable
for immobilizing Cd in Cd-contaminated acid or neutral
soils. Although the effects of amendments on the reduc-
tion in Cd in wheat grain became increasingly significant
with the increase in application rate, an inappropriate
application rate of the amendments would induce sec-
ondary ecological issues and subsequently affect crop
growth. According to the effects of amendments on crop
grain yield and Cd immobilization and the potential
benefits expected, the recommendable application rates of
BC, ZE, and L in soil are 5%, 1%, and 0.5% for Cd
immobilization in acidic or neutral soils, respectively.
However, the IE in soil after the amendment application
must be monitored and evaluated under actual field con-
ditions. Furthermore, although SP led to soil acidification
to some extent, it could regulate the transport of Cd in
various parts of the plant and provide nutrients to crops
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simultaneously (Bashir et al. 2018; Qiu et al. 2011). Thus,
it can be combined with alkaline amendment materials to
mitigate the risk caused by single amendment and
remediate combined soil pollution (Guo et al. 2018).
Further studies are necessary to explore the immobiliza-
tion effectiveness of combined amendments in Cd-
contaminated soil, although the present study has pro-
vided some information on optimizing the types and
application rates of single amendment.

Conclusion

Our results showed that Cd availability varied with the
different types and rates of amendment applications, indi-
cating the changes in CaCl,-extractable Cd and the redis-
tribution of Cd in four fractions under different treatments.
Compared with the control, all amendments decreased Cd
uptake in roots (except for SP) and grains because they
decreased Cd solubility and availability and converted Cd
from available forms to less available or stable forms. SS
treatment increased the soil EC value, which was associated
with the stunted growth of wheat. The application of SP led
to soil acidification to some extent. Therefore, SS and SP
amendments are inappropriate for Cd immobilization in
saline—alkali and acidic soils, respectively. Investigation of
the comprehensive effects of the amendments on Cd
immobilization, plant growth, and their potential risks
indicates that BC-5%, ZE-1%, and L-0.5% are recom-
mended for immobilization of Cd in acidic or neutral soils.
These amendments influenced Cd immobilization by
changing the availability of Cd in soil, redistributing Cd
among different fractions in soil, and affecting root uptake
by plants. Further study is necessary to investigate the
remediation effects of combined application of various
amendments on Cd and other heavy metals compound
contaminated soil.
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