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mium phytotoxicity to wheat is
associated with Cd re-distribution in soil
aggregates as affected by amendments

Shanshan Li,a Meng Wang, *b Zhongqiu Zhao,a Xiaoyue Li,a Yun Hanb

and Shibao Chen*b

Soil aggregates exert a significant influence on the retention and bioavailability of Cd in soil. This study

investigated how applications of various soil amendments affected soil aggregation and Cd phytotoxicity.

A staple crop, wheat (Triticum spp.), was grown in Cd-polluted soil amended with either clay mineral

(CM), rock mineral (RM), humic substances (HS), biochar (BC) or iron-based biochar (Fe-BC). Results

indicate that addition of soil amendments promoted the formation of large soil aggregates (0.2–2 mm

and 0.02–0.2 mm) with greater mass loading of Cd (total Cd or DTPA-extractable Cd). Moreover,

significant negative correlations between the mass loading of Cd in large aggregates and Cd

accumulation in wheat tissues were observed. The effectiveness in mitigating Cd phytotoxicity was

dependent on the type of amendment applied. Among them, addition of HS was most effective with the

highest total Cd accumulation observed in the soil fraction of 0.2–2 mm (138.1% of the control) and

lowest Cd concentration observed in wheat grain (56.9% of the control). The results suggest that the re-

distribution of Cd among soil aggregates was the likely factor that controlled the quantity of plant

available Cd in the soil-plant system.
1. Introduction

The accumulation, mobility and availability of heavy metals in
soil environments strongly correlate with the properties of soil
aggregates.1 Soil aggregates are a basic physical and functional
unit of soil. Soil physical, chemical and biological components
generally interact in a non-linear manner yet display clear
properties of co-evolution and self-organization.2–4 Fine soil
particles typically have more clay minerals, organic matter,
large surface area and a greater presence of Fe/Mn/Al oxides.
These characteristics facilitate metal accumulation by the
particles to gradually form organic mineral aggregates which
promote co-precipitation, occlusion, adsorption and complex-
ation in the soil environment.5,6 Due to its small size, ne soil
particles are oen found in deep soils, surface/ground water
and air, as well as plant tissues.6 The ne particulates can be
harmful, especially when carrying heavy metals that are toxic
when they enter plant and animal systems, and pose serious
ecological and health risks. Therefore, understanding how we
China University of Geosciences, Beijing

ilizer, Ministry of Agriculture/Institute of

ning, Chinese Academy of Agricultural

et, Beijing 100081, P. R. China. E-mail:

; Fax: +86 01082106543; Tel: +86

4

can manipulate soil aggregate distribution can help us better
manage the amount of plant-available toxic heavy metals in
polluted soils.

Cadmium is generally considered a highly toxic element; its
negative effects on plant development and growth has been well
documented.7,8 Wheat grain products are the primary source of
dietary Cd-intake for humans in China.9 The most efficient
route to control the risk of elevated Cd exposure may be the
remediation of Cd-polluted agricultural soils. Among the tech-
nologies for soil remediation (e.g. excavation, landlling, elec-
troremediation and phytoremediation), in situ stabilization by
applying soil amendments has been regarded as one of themost
promising approaches due to its low cost, its ease of imple-
mentation and most importantly, it does not disrupt tillage
practices.10,11 Generally, the goal of applying amendments into
contaminated soils is to reduce the mobility and toxicity of
heavy metals by accelerating the processes of complexation,
adsorption or redox reactions, and promoting surface precipi-
tation reactions, metal binding, and xation inside mineral
particles.12 To date, various emerging amendments for soil
remediation have been broadly studied in the lab or eld. These
amendments include industrial wastes (red mud, slag, y ash,
steel slags), iron oxides or hydroxides, clay minerals (zeolites,
sepiolite, apatite), nano-materials (nano-hydroxyapatite parti-
cles, stabilized iron sulde nanoparticles), activated carbon and
composted biosolids.13–15 In recent years, many efforts have
been made to evaluate the potential of these amendments to
This journal is © The Royal Society of Chemistry 2018
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immobilize Cd in soils by investigating their remediation effi-
ciencies or demonstrating their immobilization mechanisms.16

Though soil aggregation has been conrmed to strongly
correlate with the fate of heavy metals in the soil-plant system,
how the effects of amendment addition on soil particle distri-
bution and heavy metal partitioning among different sized
aggregates is unclear. Only recently has Cui et al. reported that
the application of apatite, lime and charcoal redistributed Cu
and Cd into soil aggregates and decreased the plant-available
Cu and Cd concentrations.1 Therefore, the relation between
alleviation of Cd phytotoxicity by soil amendments and the
distribution of Cd into soil aggregate fractions is worthy of
study. The objectives of this study were: (i) to investigate the
response of soil aggregates aer applying soil amendments into
Cd-polluted soil; (ii) to evaluate the effect of soil amendments
on alleviation of Cd phytotoxicity to wheat; and (iii) to deter-
mine potential correlations between Cd distribution in aggre-
gates and Cd accumulation in wheat tissues.
2. Materials and methods
2.1 Characterization of soil and soil amendments

The naturally Cd-polluted soil samples used for laboratory
experiments were collected from the Eastern Baoding (38�760N,
115�470E), Hebei province, the North China Plain, which is
a major grain producing area of China. The soil in this site has
been subjected to Cd contamination due to agricultural irriga-
tion, as sewage effluents originating from the industrial
wastewater and domestic sewage have been used for irrigation
purposes since 1995, long-term fertilization and pesticide
applications also contribute to the intensication of soil Cd
pollution. The soil in this area is mainly cinnamon soil (argo-
sols) according to the traditional soil genesis classication in
China. Five soil cores (6 cm diameter) were taken from the plot
(100 m2) as a composite sample from a 0–20 cm depth. Soil
material was air-dried, thoroughly mixed and passed through
a 2 mm mesh sieve. Several physiochemical properties of the
soil and Cd content were determined according to Chinese
standard methods given in Table 1. Soil pH of a 1 : 2.5 (w/w)
soil–CaCl2 water suspension was measured with a pH meter
(Denver Instrument UB-7 pH/mV Meter, ultraBASIC). Soil
organic matter content was determined by the potassium
Table 1 Chemical and physical properties of tested soils

Treatment pH (water/soil ¼ 2.5 : 1) CEC (cmol+ kg�1)

Before planting
7.89 � 0.06 16.70 � 0.48

Aer planting
CK 8.06 � 0.02 16.59 � 0.55
CM 7.94 � 0.07 18.09 � 0.64
RM 7.98 � 0.06 18.35 � 0.32
HS 7.92 � 0.07 18.21 � 0.51
BC 8.33 � 0.02 17.75 � 0.44
Fe-BC 8.01 � 0.03 17.34 � 0.28

This journal is © The Royal Society of Chemistry 2018
dichromate external-heating method. Cation-exchange capacity
(CEC) was measured using the barium chloride method. The
total concentration of Cd in soil was determined using a Perki-
nElmer 1100B atomic absorption spectrometer. Cadmium tests
were conducted on the soil samples collected; its concentration
signicantly exceeded more than four times the concentration
limit (0.3 mg kg�1) listed in the Environmental Quality Standard
for Soils of China, GB15618-1995 (Table 1).

Numerous natural mineral and organic compounds, waste
products of agriculture and industry etc. including phosphate
compounds, clay minerals, organic composts, metal oxides,
biochar, humus etc. can be used as soil amendments. These
amendments that are traditionally considered as sources of soil
nutrients, because they have the ability of increasing cation
exchange capacities, intensifying microbiological activities,
improving physical properties (e.g. structure, water holding
capacity) and fertility of soils13–15 In this study, ve different
amendments were prepared and compared: clay mineral (CM),
rock mineral (RM), humic substances (HS), biochar (BC), and
iron-based biochar material (Fe-BC). The CM contained
a mixture of attapulgite, triple superphosphate and humus. The
RM consisted of zeolite, triple superphosphate and humus. The
HS were prepared by mixing hydroxyapatite and humus. Bio-
char was prepared by a method of high-temperature (up to 800
�C) carbonization of rice hulls, and an iron-containing
compound (Fe(NO3)2) was added in the process of biochar
production to prepare the iron-based biochar material (Fe-BC).
These amendments were passed through a 0.047 mm mesh
sieve before use. They were also characterized by physical and
chemical methods similar to what was carried out for the
polluted soil samples. Specically, the mean grain size was
analysed using a laser particle analyser (HORIBA LA-950, Japan)
and the surface area was measured by the single point Bru-
nauer, Emmett and Teller N2 sorption procedure (BET-N2:
Quantachrome Instruments, U.S.). The basic properties of soil
amendments are displayed in Table 2.

2.2 Experimental design

A pot experiment was conducted in a semi-closed greenhouse
under a normal diel light/dark cycle at the Chinese Academy of
Agricultural Sciences in Beijing, China between March and
June, 2017. Each sample of 7 kg of soil was ground to pass
Organic matter content (%) Cd background value (mg kg�1)

1.12 � 0.02 1.32 � 0.021

1.05 � 0.01 1.31 � 0.034
1.81 � 0.02 1.30 � 0.011
1.58 � 0.02 1.30 � 0.026
3.04 � 0.40 1.31 � 0.021
2.89 � 0.35 1.31 � 0.024
2.73 � 0.58 1.30 � 0.013

RSC Adv., 2018, 8, 17426–17434 | 17427
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Table 2 Basic physical and chemical properties of the soil amendments

Amendments
pH
(water/soil ¼ 2.5 : 1)

BET surface area
(m2 g�1)

Particle mean
size (mm)

CEC
(cmol+ kg�1)

Organic
carbon (g kg�1)

Cd
(mg kg�1)

CM 7.95 � 0.06 58.70 � 2.76 7.29 � 1.27 125.60 � 8.19 58.62 � 3.12 ND
RM 8.13 � 0.09 21.27 � 1.90 14.60 � 1.71 210.30 � 10.23 36.73 � 1.95 ND
HS 7.92 � 0.04 4.63 � 0.52 35.90 � 3.80 176.70 � 7.65 420.21 � 23.14 ND
BC 9.28 � 0.06 36.51 � 1.21 33.30 � 2.27 115.10 � 1.88 67.38 � 25.89 ND
Fe-BC 8.02 � 0.02 36.74 � 0.98 23.02 � 1.54 114.20 � 1.31 89.49 � 26.67 ND
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View Article Online
through a 2 mm mesh sieve and placed into a plastic pot. The
six treatments in this study included soil without application of
an amendment (control) and soil with application of 3% (w/w)
of one of the ve amendments. Additionally, 1.75 g urea,
1.05 g KH2PO4 and 0.28 g KCl were dissolved in deionized water
and evenly mixed with the soil as a basal fertilizer. Once all of
the experimental units had received their additives, each pot
was incubated in a 25 �C greenhouse for two weeks with soil
moisture maintained at 70% of the eld water-holding capacity.
The wheat seeds (variety Liao chun 18) were sterilized by soak-
ing in 5% hydrogen peroxide for 20 min and rinsing with
distilled water. Sterile seeds were then placed in a culture dish
containing two pieces of wet lter paper at 28 �C for 48 h.
Germinated seeds were sown into each pot and then thinned to
ve seedlings aer emergence from the soil surface. The pots
were arranged in a randomized block design with three repli-
cates for each treatment. During wheat growth, each pot was
irrigated every three days with distilled water to maintain soil
moisture at approximately 60–70% of water holding capacity.
The weeds in all pots were removed by hand when their growth
were observed, and the pulled-out weeds were kept in each pot
to avoid the loss of Cd which might has been taken by weed.
Aer 90 days of growth, the plant samples were collected from
each pot. They were washed with tap water and then rinsed 3–4
times with deionized water. The plant samples were then oven-
dried (60 �C) until a constant weight was reached. Dried
biomass were ground using a stainless steel mill and passed
through a 0.25 mm sieve. The soil samples in each pot were air-
dried, ground and passed through a 2 mm mesh sieve for
further analysis.
2.3 Soil aggregate preparation and sample analysis

The physical procedure for soil aggregate separation was
adopted from Manna et al. with modications.19 The air-dried
soil was wet sieved to obtain different aggregate size fractions:
macroaggregates (0.2–2 mm), large microaggregates (0.02–0.2
mm), silt-sized particles (0.02–0.002 mm) and clay-sized parti-
cles (<0.002 mm). In brief, each equivalent of 50 g dry mass of
the soil sample was then transferred to a nest of sieves with
mesh sizes of 0.2 mm (top), 0.02 mm (middle) and 0.002 mm
(bottom). The soil-water suspension was dispersed by shaking
the sieve 3 cm vertically for 30 times in two minutes. Subse-
quently, the macro- and micro-aggregate fractions retained on
each sieve were collected. The smaller fractions (0.02–0.002 mm
and <0.002 mm) were collected by centrifuging suspensions for
17428 | RSC Adv., 2018, 8, 17426–17434
10 min at 3000 rpm. All fractions were then oven-dried at 40 �C
for 24 h and weighed to obtain the mass proportion of each
fraction relative to the bulk soil.

The “total” (strong acid-extractable) Cd concentration in the
bulk soil and different sized soil fractions under each treatment
was measured by digesting approximately 0.2 g of air-dried soil
with 4.5 ml HCl (37%), 1.5 ml HNO3 (65%) and 1 ml H2O2 (30%)
in a Teon bomb placed in a microwave digestion apparatus
(Milestone MLS 1200 Mega). A similar procedure was used to
digest plant materials but only with HNO3. The concentration of
DTPA-extractable Cd is usually considered as an indicator of the
available metal pool in soils. The DTPA extraction method is
suitable for neutral and alkaline soils because the DTPA method
was originally developed for the extraction of soluble metals from
the neutral and calcareous soils with insufficient transition
metals.17 More recently, DTPA-extractable metal has been broadly
used as a chemical indicator for plant-available fraction of metals
in soil.1,18 The available Cd in the samples was measured via
chemical extraction with diethylenetriamine pentaacetate (DTPA).
The mixture of 0.005 mol L�1 DTPA, 0.01 mol L�1 CaCl2 and
0.1 mol L�1 triethanolamine at pH 7.30 was added into soil
samples with a soil-to-solution ratio (w/v) of 1 : 5. Aer shaking
for 2 h, the suspensions were processed by centrifugation and
ltration by a 0.22 mm membrane before analysis. Similarly, the
ammonium bicarbonate–diethylenetriaminepentaacetic acid
(DTPA) (AB-DTPA) soil test could also accurately indicate the
bioavailable contents of heavy metals in soil especially in neutral
and alkaline soils. The Cd concentrations in both the digests and
extracts of plant and soil samples were determined using a Per-
kinElmer 1100B atomic absorption spectrometer.
2.4 Statistical analysis

To quantify the transport of Cd from the soil to plant tissues,
the bioconcentration factor (BCF) of soil Cd per plant was
calculated as:

BCF ¼ Cd concentration in wheat tissue ðshoot or rootÞ
Cd concentration in soil

(1)

The mass loading of Cd (%) of individual aggregate fraction
(MLFi) was calculated using the following equation:

MLFi ¼ C �MPi

Xn¼4

i¼1

ðC �MPiÞ
� 100% (2)
This journal is © The Royal Society of Chemistry 2018
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where C is the Cd concentration (mg kg�1) in an individual
fraction, and MPi the mass percentage of an individual
fraction.

All data were subjected to statistical analysis using SPSS
version 16.0. Means and standard deviations were calculated for
triplicates. One-way analysis of variance (ANOVA) was used to
assess differences among different treatments at p < 0.05.
Pearson correlation coefficients (R value) with the respective
probabilities (p) were calculated to indicate signicance
between parameters.
3. Results and discussion
3.1 Soil aggregates

3.1.1 Distribution of soil aggregate fractions. The applica-
tion of amendments appears to have inuenced the distribution
of soil aggregate size fractions. The greatest percentage of soil
aggregates accumulated in the size fraction of 0.02–0.2 mm
which was more than 40% of the total soil fractions for each
treatment, while the lowest percentage of aggregates accumu-
lated in the <0.002 mm fraction (Fig. 1). The proportions of the
0.20–2.00 mm fraction were signicantly greater in all amend-
ment treatments when compared with that in the CK, and the
proportions of other fractions were lower than the CK propor-
tion. These differences indicate that amendment addition into
Cd-polluted soil promoted the formation of larger aggregates.
These amendments have the ability to bond with ne soil
particles due to their large specic surface area and the many
functional groups, such as phenolic, carboxylic and hydroxyl
groups, attached on the surface.20–22 Fig. 1 illustrates the
signicant differences of soil aggregate distribution observed in
the HS treatment compared to the CK; HS addition resulted in
about a 104.4% increase in the proportion of the 0.20–2.00 mm
fraction and a 81.5% decrease in the <0.002 mm fraction. We
Fig. 1 The distribution of soil aggregate size fractions in Cd-polluted
soils with or without application of different amendments: CK, control
without amendments; CM, clay mineral; RM, rock mineral; HS, humic
substances; BC, biochar; Fe-BC, iron-based biochar. Bars represent
standard deviations of the means. Different letters above the bars
indicate significant differences between means.

This journal is © The Royal Society of Chemistry 2018
surmise several possible reasons for the observed differences.
Firstly, humic substances, such as humic acid, fulvic acid and
humin, are negatively charged in weakly acidic to basic media,
which also contribute to the high CEC values of HS in Table 1,
thus the free primary particles andmicro-soil aggregates tend to
bond to HS to form macro-aggregates by electrostatic attrac-
tion.23,24 In addition, humic substances can form aggregates by
combining with mineral particles.24 The second reason is
related to the fact that humus usually contains a large amount
of microorganisms, such as bacteria, actinomycetes and fungi,
and extracellular polymeric substances, such as negatively
charged polysaccharides, polyuronic acid and amino acids. The
source of the extracellular polymeric substances is oen the
secretions of the microorganisms. These substances have the
property of adhesion and are capable of forming bonds between
clay-sized particles.25

3.1.2 Total Cd and DTPA extractable Cd in aggregate frac-
tions. The mass loading of Cd in different soil aggregate size
fractions displayed an uneven distribution (Fig. 2A). More than
65% of mass loading of Cd was observed in the size fractions of
macroaggregates (0.2–2 mm) and large microaggregates (0.02–
0.2 mm) in all treatments (including CK), suggesting that a large
particle size may be the determining factor that controlled the
distribution of Cd among soil aggregates. However, studies have
reported that heavy metals tend to be retained on clay-sized
particles than coarser ones due to their greater surface area
and greater contents of clay mineral, organic matter and
contents of Fe/Mn/Al oxides.6,26 Thus, we observed the highest
concentration of Cd in the fraction of <0.002 mm (Table 2),
despite it being the smallest proportion of Cd relative to the
proportions in all other sizes of aggregates, as evidenced by the
lowest mass loading value of Cd obtained in the size fraction of
<0.002 mm (Fig. 2A).

Application of amendments altered the mass loading of Cd
in different size fractions of soil aggregates (Fig. 2A). The
addition of amendments may have promoted the formation of
Cd-containing large aggregates from aggregation of Cd-
containing small aggregates or translocation of Cd from
small-sized aggregates (<0.002 mm and 0.002–0.02 mm) to large
ones (0.2–2 mm and 0.02–0.2 mm). The negatively charged
substances or minerals and organic matter in the amendments
have physical and chemical properties that aid co-precipitation,
adsorption, complexation or electrostatic attraction of soil Cd.
Thus, soil Cd forms complexes with these substances and with
stronger affinity to bond with small soil particles.23,24 In addi-
tion, with greater concentrations of organic components and
minerals present in the soil, the microaggregates containing
metal ions are more likely to interact with these reactive
amendments to formmore stable macroaggregates.27,28Notably,
the increase of Cd mass loading in the size fraction of large
aggregates and decrease of it in the size fraction of small
aggregates could be benecial for preventing toxic heavy metals
to transfer from soil into plant tissues. Because ne soil
aggregates have a higher affinity for heavy metals than large
aggregates and a greater ability to move from one place to
another because of their smaller size, they are more likely to be
transported into plant tissues along with the heavy metals.6
RSC Adv., 2018, 8, 17426–17434 | 17429
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Fig. 2 Mass loading values of total Cd (A) and DTPA–Cd (B) in different size fractions of soil aggregates.
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Addition of HS resulted in signicantly higher values of Cd
mass loading in large aggregates (0.2–2 mm and 0.02–0.2 mm)
and the next highest values were observed in the Fe-BC and BC
treatments, which indicate that these amendments were more
effective in stabilizing Cd into large soil aggregates than the
other amendments (Fig. 2). Those amendments were likely
more effective because of the physical and chemical character-
istics. As previously mentioned, humic substances have nega-
tive charges that can enhance adsorption of Cd through
electrostatic interactions and/or complexation reactions.23,24

Moreover, humic substances are able to bond with soil mineral
particles to form large aggregates; mineral precipitation or the
sorption of chemical species are usually responsible for the
sequestration of heavy metals.24,29 In addition, the lowest
available Cd concentration in HS treatment is also attributed to
its relatively high CEC and soil OC (Table 1), as a signicantly
negative correlation between soil available Cd and CEC as well
as OC was reported.30,31 Similarly, electrostatic attraction also
occurs between anions like Cd and the negatively charged
surface of BC and its functional groups (e.g. phenol hydroxyl,
carboxyl, and carbonyl groups). Fe-BC not only plays a critical
role in adsorbing Cd but also creates strong bonds with small
soil particles to form stable macroaggregates.22,32

The concentration of DTPA-extractable heavy metals
(including Cu, Zn, Fe, Mn, and Cd) is usually considered as an
indicator of the available metal pool in soils. One of the main
study objectives was to determine the efficacy of soil amend-
ments in reducing Cd availability and inhibiting its transfer into
plants; therefore, we quantied howmuch soil Cd would be (un)
available aer treatment based on DTPA-extracted concentra-
tions of Cd. All treatments were effective in decreasing the level
of DTPA-extractable Cd (Table 3). The lowest concentration of
DTPA-extractable Cd was again observed in the HS treatment,
where the concentration was 50.6% lower than the Cd concen-
tration in the CK. The statistically lower concentration of DTPA-
extractable Cd observed in amendment-treated soils might be
due to the fact that several retention processes of the amend-
ments, such as precipitation, diffusion, surface sorption, and
ion exchange, contributed towards stabilization of Cd in the
17430 | RSC Adv., 2018, 8, 17426–17434
soil. In addition, DTPA–Cd concentration increased signi-
cantly with the decrease of size of soil aggregates (from 0.20–
2.0 mm to <0.002 mm) for all treatments with amendments
(Table 3). The substantially high concentration of Cd measured
in the ne aggregate fraction could be explained by the fact that
the small soil particles mainly consisted of silt and clay which
have large specic surface areas and a high proportion of
reactive substrates that tend to attract more Cd. Moreover, this
metal can act as a binding agent in the formation of clay-
polyvalent metal–organic matter complexes.33 Similar to the
mass loading of total Cd in the different fractions of soil
aggregates, the mass loading value of available Cd was the
highest in the size fractions of 0.2–2 mm and 0.02–0.2 mm
(Fig. 2B). Furthermore, a positive correlation between the
distribution of the mass loading of total Cd and available Cd in
soil aggregates was observed.
3.2 The effect of amendments on alleviation of Cd
phytotoxicity to wheat

3.2.1 Wheat growth responses. Cadmium stress on plants
can decrease chlorophyll content and photosynthetic gas
exchange and inhibit leaf photosynthesis, all of which lead to
a decrease in plant biomass production.8 In this study, addition
of soil amendments largely improved wheat resistance to Cd
stress. Wheat dry biomass (including grain, shoot and root)
increased signicantly under the amendment treatments
compared to that of the CK, with exceptions of insignicant
differences observed for grain yield in the CM and RM treat-
ments (Fig. 3). Interestingly, CM and RM additions resulted in
signicantly greater biomass in wheat shoot and root growth,
but the result was not the same for grain yield. The lack of
signicant effects of CM and RM additions on grain yield may
be due to the types of mechanisms governing adsorption of
heavy metals by the clay or rockmaterials, whichmainly include
ion exchange, surface complexation (either direct ‘inner-sphere’
or indirect ‘outer-sphere’), lattice diffusion, and isomorphic
substitution within the mineral lattice.34,35 Furthermore, the
numbers of active sites on the surface of CM and RM particles
This journal is © The Royal Society of Chemistry 2018
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Table 3 Concentrations of total Cd and DTPA extractable Cd in different size fractions of soil aggregates under different treatments, and
significant differences are indicated by different lowercase letters (p < 0.05) (these comparisons were done separately for the parameters in each
column)

Treatment Bulk soil 0.2–2 mm 0.02–0.2 mm 0.002–0.02 mm <0.002 mm

Total Cd (mg kg�1)
CK 1.305 � 0.034a 1.519 � 0.013b 1.132 � 0.013a 1.442 � 0.093a 1.909 � 0.069a

CM 1.298 � 0.011a 1.567 � 0.042ab 1.064 � 0.045a 1.336 � 0.020ab 1.780 � 0.084ab

RM 1.302 � 0.026a 1.616 � 0.063ab 1.056 � 0.104a 1.321 � 0.100ab 1.741 � 0.150b

HS 1.311 � 0.021a 1.659 � 0.019a 1.010 � 0.080a 1.218 � 0.070b 1.598 � 0.060b

BC 1.307 � 0.024a 1.632 � 0.019ab 1.039 � 0.022a 1.275 � 0.087ab 1.663 � 0.016b

Fe-BC 1.304 � 0.013a 1.641 � 0.059ab 1.026 � 0.035a 1.258 � 0.074ab 1.627 � 0.028b

DTPA-Cd (mg kg�1)
CK 0.423 � 0.002a 0.359 � 0.051a 0.396 � 0.061a 0.555 � 0.033a 0.630 � 0.062a

CM 0.305 � 0.002b 0.243 � 0.041b 0.295 � 0.048b 0.452 � 0.038b 0.441 � 0.006b

RM 0.283 � 0.006b 0.226 � 0.025bc 0.269 � 0.054bc 0.434 � 0.022b 0.434 � 0.062b

HS 0.188 � 0.002d 0.178 � 0.016d 0.190 � 0.021c 0.247 � 0.014c 0.142 � 0.005c

BC 0.218 � 0.011c 0.214 � 0.023c 0.216 � 0.005c 0.279 � 0.018c 0.161 � 0.009c

Fe-BC 0.209 � 0.007c 0.206 � 0.039c 0.206 � 0.051c 0.268 � 0.037c 0.152 � 0.004c

Fig. 3 Grain yield (A) and shoot/root dry biomass (B) of wheat grown in
Cd-polluted soils with or without a soil amendment. Error bars
represent standard deviations, and bars with different letters are
significantly different at p < 0.05. Comparisons were analyzed sepa-
rately for shoots (lowercase letters) and roots (uppercase letters).
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may determine their efficiency in remediation of Cd-polluted
soil, and the limited active sites of their surfaces may inhibit
their ability to adsorb and stabilize Cd.
This journal is © The Royal Society of Chemistry 2018
3.2.2 Bioaccumulation of Cd in wheat tissues. Bio-
concentration factor values represent the successful (low value)
or unsuccessful (high value) inhibition of soil Cd transported
into plants and was used as an indicator of potential Cd
phytotoxicity in plants. The BCF values of wheat in the Cd-
polluted soils of different treatments are shown in Fig. 4A,
and as expected, addition of amendments signicantly
decreased BCF values of both root and shoot samples compared
to the calculated values of the CK. These results suggest that the
amendments in this study can be used to stabilize Cd in
polluted soils and inhibit its translocation into plant tissues.
Indeed, when comparing results of plant growth, mass loading
of Cd, and BCF values across the soil treatments, the higher
quantities of plant biomass corresponded to lower mass
loading of Cd (total or DTPA-extractable) in clay-sized aggre-
gates (<0.002 mm) and lower BCF values.

In this study, the concentration of Cd in the grain of wheat
grown in naturally polluted soil (CK) exceeded the maximum
permissible concentration (MPC) (0.2 mg kg�1) set by the
Chinese National Food Quality Standard for Cd.36 This result
suggests that there is a potential health risk in consuming
wheat grown in local unamended soils. However, our results as
a whole indicate that the application of amendments, particu-
larly HS, BC or Fe-BC, lowered Cd concentrations in wheat grain
to a safe level for human consumption. Furthermore, results
indicate that remediation of polluted agricultural soil is
possible with the simple application of soil amendments.
3.3 Correlations between Cd analysis and wheat growth

A strong correlation was found between soil DTPA–Cd and its
accumulation in wheat tissues (shoot, root and grain) (Table 4),
indicating that DTPA–Cd in soil is the likely source of Cd that
transfers into plant tissues. The negative correlation between
DTPA–Cd and wheat biomass accumulation (dry weight of
tissues) suggests that the available Cd in soil may induce
phytotoxicity and signicantly inhibit plant growth. Moreover,
RSC Adv., 2018, 8, 17426–17434 | 17431
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Fig. 4 BCF values (root and shoot) (A) and Cd concentration in grain
(B) of wheat grown in Cd-polluted soil with or without a soil
amendment. Error bars represent standard deviations, and bars with
different letters are significantly different at p < 0.05. Comparisons
were analyzed separately for roots (lowercase letters) and shoots
(uppercase letters).
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Table 4 shows that the correlation of Cd mass loading (total Cd
or DTPA–Cd) in soil aggregates with wheat growth or wheat Cd
accumulation strongly depended on the size of aggregate; the
mass loading of Cd in the fraction of 0.2–2 mm negatively
correlated with DTPA–Cd concentration in the bulk soil and Cd
accumulation in wheat tissues, and positively correlated with
wheat dry weight. Conversely, the size fraction distribution of
Cd in small aggregates, especially the <0.002 mm fraction,
displayed strongly positive correlations with DTPA–Cd
concentration in the bulk soil and Cd accumulation in wheat
tissues. These results also conrmed that soil aggregates can
signicantly inuence retention of Cd in soil. In situ addition of
amendments, especially HS and (Fe)-BC, altered the distribu-
tion of Cd among soil aggregates and translocated Cd from
small aggregates into large ones (Fig. 2). Therefore, the re-
distribution of Cd among soil aggregates is likely the deter-
mining factor that controlled the efficacy of soil amendments in
alleviating the phytotoxic effects of Cd on wheat.

The primary purpose of this study was to investigate whether
application of amendments into Cd-polluted soil could reduce
the toxic levels of Cd in the edible parts of crops as well as
17432 | RSC Adv., 2018, 8, 17426–17434 This journal is © The Royal Society of Chemistry 2018
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determine the potential mechanisms that may control trans-
location of Cd into grains. Table 4 provides the correlations
between measured variables. Grain–Cd was signicantly and
positively correlated with DPTA-Cd in the bulk soil (r ¼ 0.942, p
< 0.01) but negatively correlated with Cd mass loading in
macroaggregates (r¼ 0.940 and 0.992 for total Cd and DTPA–Cd
respectively, p < 0.01). Moreover, a signicant positive correla-
tion between grain–Cd and BCF (shoot and root) was observed
(Table 4). Aer soil Cd is taken up by roots and transported to
actively transpiring parts of the plant, Cd is then remobilized via
the phloem or xylem to the grains.37
4. Conclusions

Results of this study indicate that soil aggregates signicantly
inuenced retention and bioavailability of Cd in soil. The
addition of amendments was responsible for immobilizing Cd
in the soil and alleviating Cd phytotoxicity in wheat that was
grown in the polluted soil by re-distributing more Cd ions from
the fraction of smaller soil aggregates to the fraction of larger
soil aggregates. The addition of soil amendments was effective
in promoting the formation of large aggregates (0.2–2 mm and
0.02–0.2 mm) with greater mass loading of Cd (total Cd or DTPA
extractable Cd). Active substances in the amendments likely
attached to soil Cd and formed clay-poluvalent metal–organic
matter complexes. Additional results obtained in this study
were the signicant negative correlations between the greater
mass loading of Cd in macroaggregates (0.2–2 mm) and lower
Cd accumulation in wheat tissues. In addition, the mitigation of
Cd phytotoxicity (as indicated by the correlations between level
of reduction in plant growth and Cd accumulation in plant
tissues) was dependent upon the type of amendment applied.
The addition of humic substances was most effective; it resulted
in a 56.9% decrease of Cd concentration in wheat grain
compared to that of the CK. This reduction likely corresponded
with the 138.1% increase in total Cd accumulation in the soil
fraction of 0.2–2 mm. This study fully demonstrates that addi-
tion of soil amendments alters soil Cd distribution among
different sizes of soil aggregates and this mechanism of Cd
immobilization can be easily applied by land managers to
control or reduce Cd contamination in agricultural lands.
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