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eavy metal distributions in whole
soil and aggregates affected by the application of
alkaline materials and phytoremediation

Lei Xu, abc Hongbiao Cui,d Xuebo Zheng, e Jun Zhou,abc Wenhui Zhang,abc

Jiani Liangab and Jing Zhou*abcf

To explore the combined remedy effect of alkaline materials and plants on the distribution of heavy metals

in whole soil and aggregates, a 3 year in situ experiment was carried out in a dual copper (Cu)/cadmium

(Cd)-contaminated farmland in this study. Treatment was applied by the addition of soda residue

(11.2 t ha�1), apatite (22.3 t ha�1), or lime (4.45 t ha�1), respectively, into the heavy metals-contaminated

soil as a single application; Elsholtzia splendens was continually planted for 3 years in all the

experimental plots. The total metals amounts and distributions of Cu and Cd in the whole soil and

aggregates were then investigated. Our results showed that (1) although the total concentrations of Cu

and Cd were slightly increased in the whole soil, their exchangeable concentrations were significantly

reduced in both abovementioned treatments; (2) all the abovementioned 3 treatments significantly

increased the stability of the dry and wet aggregates when compared with the control treatment; (3)

similar to the whole soil, combined remediation groups slightly increased the concentrations of Cu and

Cd in the aggregates, but decreased their available and exchangeable concentrations observably.

Specifically, the highest concentrations of Cu and Cd were found in the aggregates sized <0.053 mm;

however, mass loadings of Cu and Cd were observed in the 0.053–0.25 mm and 0.25–2 mm sized

fractions, respectively; moreover, the treatments increased the mass loading of Cu and Cd in the

aggregates sized >0.25 mm. In total, the combined remediation adopted in our study dramatically

decreased the available concentrations of both Cu and Cd in the whole soil and aggregates. The

distribution variations of Cu and Cd caused by passivator-plant combined remediation in the whole soil

might be because more metal ions have been transformed into less mobile fractions, whereas the heavy

metal distribution differences in the aggregates might be not only correlated with the size of the soil wet

aggregates, but also possibly controlled by the soil organic carbon.
Introduction

In most countries, heavy metal contaminated soil is a major
concern. Owing to human activities, the issue of contaminated
soils in agricultural, industrial, and urban areas has become
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increasingly acute in recent decades.1–3 To solve this environ-
mental issue, various remediation technologies, such as
thermal treatment, otation, immobilization, and phytor-
emediation, have been adopted to remediate heavy metal-
contaminated soil.4–6 Generally, some of these technologies
alone or combined have been proven to be effective to reduce
the availability of heavy metals in soil.7,8 However, some tech-
nologies are not suitable for practical application due to limi-
tations, such as being time-consuming and costly, or
involvement of intensive labor needs; the use of plant-based
and chemical additives combined in situ remediation tech-
nology has been proven to be one of the cheapest and most
effective methods for remediating soils contaminated with
heavy metals.9–12

Various soil factors, such as the soil pH, content of organic
matter, heavy metal availability, and biological properties, have
been used to evaluate the stabilization effect of the various
immobilization technologies.13 However, the physical proper-
ties of the soil have oen been ignored in remediation research.
RSC Adv., 2017, 7, 41033–41042 | 41033
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In fact, soil aggregates and bulk density can also play key roles
in the soil components and particle composition14 and should
thus be taken into consideration. As the basic unit in the soil
system, soil aggregates are a product of the interaction of soil
and environmental factors. These aggregates have an effect on
the adsorption and distribution of plant nutrients and the
binding capacity of heavy metals and other organic toxicants in
the soil.15,16 A growing body of research has shown that the
migration and availability of heavymetals mainly depend on the
soil particle size.17 The concentration of heavy metals gradually
decreases with the increase in soil particle size, with also a big
difference in the bioavailability among different fractions.18,19

Furthermore, soil aggregates comprise a set of soil particles
with different sizes combined with each other in an inorganic
and organic composition, where the stability of the aggregates
has an important inuence on the soil quality and on crop
growth.20 Heavy metal contamination in soil has intensied the
situation of arable soil tension in China to the point where soil
remediation is needed to meet the demand for soil reuse for
grain production.21 So it is very important to study the compo-
sition and stability of soil aggregates and the distribution of
heavy metals in soil aggregates aer the in situ remediation of
soil.

Therefore, the main aims of this study were: (1) to evaluate
the effects of three kinds of cheap chemical materials (soda
residue, apatite, and lime) on the availability and distribution of
Cu and Cd in whole soil, (2) to explore the effects of combined
remediation approaches on the distributions of Cu and Cd in
soil aggregates, and (3) to explore the possible mechanisms
contributing to variations in the distribution of Cu and Cd.
Materials and methods
Experiment design

The experimental site is located in Guixi, Jiangxi Province,
China. A subtropical monsoon climate dominates this area,
with an annual average precipitation of 1808 mm. Owing to
farmers using wastewater containing heavy metals discharged
by a local copper smelter for irrigation and due to atmospheric
metal depositions and waste residue accumulation, more than
130 hm2 of surrounding farmland is suffering from issues with
heavy metal pollution (mainly Cu and Cd), resulting in Cd levels
in rice exceeding the acceptable level.22 The concentration of
lead (Pb), zinc (Zn), and arsenic (As) were also determined
before the start of the eld experiment, and it was found that
the concentrations of all of these were below the second grade
Table 1 The physicochemical properties of the tested soila

pH
SOC
(g kg�1)

Total N
(g kg�1)

Total P
(g kg�1)

Total K
(g kg�1)

Available N
(mg kg�1)

4.63 16.3 1.33 0.261 2.38 67.1

a SOC – soil organic carbon, CEC – cation exchange capacity.

41034 | RSC Adv., 2017, 7, 41033–41042
of soil environmental quality standards in China (GB 15618-
1995).

Field experiments were conducted in triplicate, and were
designed with the land split in to randomized blocks or plots.
Each plot was 6 m2 (3 m � 2 m) and the plots were separated by
plastic plates. The treatments applied were: (1) 0.5% soda
residue (w/w according to the mass of surface 17 cm soil, 11.1 t
ha�1, the same below), (2) 1% apatite (22.3 t ha�1), (3) 0.2% lime
(4.45 t ha�1), and (4) the control. The choice of the doses in the
experiments was based on our previous experimental results,
and the main properties of the materials are listed in Table 1.
The soil and the materials were fully mixed with an agricultural
harrow, and then irrigated with tap water aer the application
of the materials (500 t ha�1) on December 26, 2012. Elsholtzia
splendens were planted with a spacing of 30 cm � 30 cm (70
plants per plot) in every plot on April 26 in 2013, 2014, and
2015, with a compound fertilizer (N : P2O5 : K2O ¼ 15 : 15 : 15)
rst applied before the plants were planted at a spreading of
0.833 t ha�1. During the study period 2012–2015, these mate-
rials were only applied at the start in 2012, while the test crop
Elsholtzia splendenswas harvested at the beginning of December
each year.

Soil and amendments

Field immobilization remediation was performed throughout
the 3 years, whereby soil samples were collected from each plot
from an area of 20 cm � 20 cm � 17 cm, with three samples
taken from each plot and then mixed together to form a mixed
sample. These samples were air dried and sieved using a 5 mm
sieve, and the resulting samples were used for the analysis of
soil aggregates. Surface soil (0–17 cm) was collected and passed
through a 10-mesh sieve for determination of the basic prop-
erties and to assess the Cu and Cd concentrations (Table 1).

The Cu and Cd concentrations in the soda residue (particle
size 0.25 mm, Sinopec group, Lianyungang soda plant, Jiangsu,
China) were 0.412 and 0.0304 mg kg�1, respectively; while those
in the apatite (particle size 0.25 mm, Nanzhang Lihua mineral
powder factory, Hubei, China) were 9.54 and 1.18 mg kg�1,
respectively; and those in the lime (particle size 0.25 mm,
building materials market, Jiangxi, China) were 1.36 and
0.87 mg kg�1, respectively; the pH values of the soda residue,
apatite, and lime were 10.1, 8.40, and 12.2, respectively.

Aggregates analysis

The dry and wet sieving results were used to measure the soil
aggregates according to the methods of Zhang23 and Elliott.24

The dry aggregates were divided into aggregates sized >5 mm,
Available P
(mg kg�1)

Available K
(mg kg�1)

CEC
(cmol kg�1)

Total Cu
(mg kg�1)

Total Cd
(mg kg�1)

186 54.8 8.45 517 0.410

This journal is © The Royal Society of Chemistry 2017
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2–5 mm, 1–2 mm, 0.5–1 mm, 0.25–0.5 mm, and <0.25 mm,
while the wet aggregates were divided into aggregates sized
>2 mm, 0.25–2 mm, 0.053–0.25 mm, and <0.053 mm. On this
basis, the contents of >0.25 mmmechanically stable aggregates
(DR0.25) and >0.25 mm water-stable aggregates (WR0.25) were
calculated.25
Chemical analysis

Soil chemical properties. The soil pH was measured with
a glass electrode at a water : soil ratio of 2.5 : 1 (PHS-2CW-CN,
Bante, Shanghai, China). The soil organic carbon (SOC) and
total nitrogen were determined according to Walkley's
method.26 The soil available phosphate (P) and nitrogen (N)
contents were measured in accordance with Bingham's
method.27 The ammonium acetate method was used to measure
the soil cation exchange capacity (CEC).28 The total Cu and Cd
contents in the whole soil and aggregates were digested with
nitric acid (HNO3), hydrouoric acid (HF), and perchloric acid
(HClO4) (5 : 10 : 5 mL) on an electric heating plate, then the
solution content was determined using a ame or graphite
furnace atomic absorption spectrophotometer (Model 240AA,
Varian, State of California, America). In order to ensure the
accuracy of the analysis results, replicate samples, blanks, and
a certied reference material (GBW07401, provided by the Insti-
tute of Geophysical and Geochemical Exploration, Langfang,
Hebei province, China) were included in all the analyses. The
available heavy metals in soils were extracted with 0.01 mol L�1

CaCl2 and measured according to Walker's method.29

Sequential extraction of Cu and Cd. Air-dried whole soil was
used for the extraction using the modied Tessier sequential
extraction procedure following Cui's method,7 where the heavy
metals were divided into ve operationally dened fractions in
the following steps:

(1) Exchangeable fraction. 16 mL of 1 mol L�1 MgCl2 (pH 7.0)
was added to a 50 mL centrifuge tube containing 2 � 0.0001g of
soil. The extraction experiment was carried out under stirring at
120 rpm for 2 h at 25 � 1 �C, then the suspension was centri-
fuged for 10 min at 4000 rpm, and nally the supernatant was
ltered with a 0.45 mmmembrane and transferred into a 15 mL
centrifuge tube and stored in refrigerator at 4 �C.

(2) Carbonate-bound fraction. 16 mL of 1 mol L�1 CH3COONa
(adjusted to pH 5.0 with CH3COOH) was added to the residue
soil from (1) and shaken in a reciprocating oscillating machine
for 3 h at 25 � 1 �C.

(3) Fe–Mn oxides-bound fraction. The residue from (2) was
shaken with 40 mL of 0.04 mol L�1 NH2OH HCl in 25% (v/v)
CH3COOH, followed with occasional agitation for 6 h at 96 �
3 �C.

(4) Organic matter-bound fraction. 6 mL of 0.02 mol L �1 HNO3

and 10 mL of 30% H2O2 (adjusted to pH 2.0 with HNO3) were
added to the residue from (3), and the mixture was heated at 85
� 3 �C for 2 h in a water bath. Then, 6mL of 30%H2O2 (adjusted
to pH 2.0 with HNO3) was added to the mixture, and themixture
was heated again at 85 � 3 �C for 3 h. Aer cooling, 10 mL of
3.2 mol L�1 CH3COONH4 in 20% (v/v) HNO3 was added and the
mixture was continuously agitated for 30 min at 25 � 1 �C.
This journal is © The Royal Society of Chemistry 2017
(5) Residual fraction. The residue from (4) was digested with
nitric acid (HNO3), hydrouoric acid (HF), and perchloric acid
(HClO4) (5 : 10 : 5 mL) on an electric heating plate.
Statistical analysis

All the treatments were carried out in triplicate. The means and
standard deviations of each treatment were calculated and are
presented herein. Differences between the means of the treat-
ments were estimated using one-way ANOVA at a signicance
level of 0.05 using SPSS 20.0 (IBM SPSS, Somers, NY, USA) when
necessary. All the graphics were using Sigmaplot 12.5.
Results and discussion
Soil characteristics

Aer the application of the soil amendments and with the
continuous growth of Elsholtzia splendens, the soil pH became
signicantly elevated, while the available Cu and Cd (CaCl2–Cu
and –Cd) concentrations were signicantly decreased (Table 2).
Considering the vital role of the soil pH in controlling the soil
solubility, mobility, and bioavailability of heavy metals,30–32 the
above co-remediation with chemical additives and plants
might, through strengthening the soil pH, lead to a lowering of
the heavy metal availability. Aer three years remediation over
the whole study period, the SOC contents were signicantly
increased by the application of these three amendments,
respectively. The highest SOC content was observed in the soda
residue treatment group, followed by apatite and lime treat-
ment. Also, the SOC concentrations of the different experi-
mental treatments were closely correlated with their
corresponding plant biomass (Table 3). The growth of plants
might, through increasing the amount of litter and ne roots
and through changing the structure of soil aggregates, further
lead to an increase in the SOC content.33–35 This means that the
plant growth could effectively increase the nutrient supply for
microbial activities. No signicant changes in the total N and K
were observed between different treatments, but the application
of apatite could signicantly improve the concentration of the
total phosphorus in the soil. This might mainly be due to the
application of apatite, which adds a large amount of phos-
phorus to the soil. Also, given that the test area was in a typical
acid rain area,36 acid rain may have facilitated the dissolution of
apatite.37,38 Thus the available phosphorus content in the soil
could be improved, which would ultimately lead to promoting
phosphorus absorption in plants.

In addition, the total Cu and Cd concentrations were slightly
increased in the combined repaired soils (Table 2). These
results appeared to deviate from the remediation objective of
soil remediation, which is to remove heavy metals. Previous
studies mostly reported that the total heavy metals concentra-
tion showed no signicant differences or only a slight decrease
relative to that of the control.39 This was mainly because of the
severe atmospheric deposition in this area, whereby heavy
metals could continually enter the soil,40 while the surface
runoff and leaching amount varied greatly among the different
treatments. This could lead to an increased adsorption and
RSC Adv., 2017, 7, 41033–41042 | 41035
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retention capacity of Cu and Cd, and a strengthened immobi-
lization efficiency of Cu and Cd as well in the treated soil as
compared with those in untreated soil.41,42
Chemical fractions of Cd and Cu

The soil heavy metal forms can be classied into solid and
solution phases, where heavy metals are generally more abun-
dant in the solid phase.43 Solid-phase heavy metals can be
further divided into different fractions, whose solubility,
mobility, bioavailability, and potential environmental toxicity
cannot be fully reected by any single-step extraction method.44

In the present study, a sequential extraction procedure was used
to solve the problem. The different fractions of Cu and Cd in the
soil were listed in Tables 4 and 5, respectively. The percentage
distributions of the Cu and Cd fractions in the soil are shown in
Fig. 1a and b, respectively.

Without any treatment (i.e., the control group), the RES
fraction of Cu (111 mg kg�1, 28.4%) was the most abundant,
followed by the OM-fraction (100 mg kg�1, 25.4%), the Fe–Mn
fraction (74.2 mg kg�1, 18.8%), the EXC fraction (71.4 mg kg�1,
18.1%), and the CA fraction (36.2 mg kg�1, 9.18%). With the
amendments application (soda residue, apatite, or lime),
the exchangeable fractions were signicantly reduced to
56.3 mg kg�1 (12.1%), 25.2 mg kg�1 (5.50%), and 41.2 mg kg�1

(8.99%) in turn; while the CA fractions were increased to
59.2 mg kg�1 (12.8%), 81.9 mg kg�1 (17.5%), and 68.7 mg kg�1

(15.1%), respectively; the RES-fractions were increased to
137 mg kg�1 (29.8%), 127 mg kg�1 (28.0%), and 162 mg kg�1

(35.8%), respectively. No signicant differences in the other
factions were obtained as compared with the control.

In the untreated soil, the main form of Cd was the RES
fraction (162 mg kg�1, 40.1%), similar to the distribution of Cu.
Additionally, the exchangeable fraction (158 mg kg�1, 39.2%)
wasmarkedly greater than the CA fraction (14.9 mg kg�1, 3.69%).
With the amendments application (soda residue, apatite, or
lime), the exchangeable fractions of Cd were signicantly
reduced to 91.8 mg kg�1 (23.2%), 86.0 mg kg�1 (21.2%), and
108 mg kg�1 (25.2%), respectively, while the RES and Fe–Mn
fractions were markedly increased to 224 and 40.7 mg kg�1

(56.6%, 10.3%), 239 and 47.1 mg kg�1 (59.1%, 11.3%), and
144 and 55.7 mg kg�1 (33.6%, 19.1%), respectively. No signi-
cant differences in the other two factions were observed when
compared with the control.

The exchangeable fraction of heavy metals is considered the
most easily mobile and available45 form. Additionally, the
carbonate-, Fe–Mn oxides-, and organic matter-bound fractions
of heavy metals are potentially available to plants and micro-
organisms, while the residual fraction was dominant among the
ve fractions. The exchangeable and CA-bound fractions of Cu
are oen present in uncontaminated soil at low concentrations
(<10% of total Cu).46 In the present study, the exchangeable and
carbonate-bound fractions of Cu constituted 27.3% of the total
Cu in the untreated soil, which made it inappropriate for agri-
cultural use. We conjectured that the source of Cu was mainly
articial and introduced from exhaust gases, dust, and waste-
water from the nearby copper smelter.
This journal is © The Royal Society of Chemistry 2017
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Table 5 Effects of soda residue, apatite, and lime application on Cd fractions. EXC ¼ exchangeable fraction, CA ¼ carbonate-bound fraction,
Fe–Mn ¼ Fe–Mn oxides-bound fraction, OM ¼ organic matter-bound fraction, RES ¼ residual fraction. Different lowercase letters indicate
significant differences between treatments after three years (n ¼ 3, P < 0.05)

Treatment EXC, mg kg�1 CA, mg kg�1 Fe–Mn, mg kg�1 OM, mg kg�1 RES, mg kg�1

Control 158 � 29.4a 14.9 � 3.85a 30.2 � 8.10b 38.8 � 15.3a 162 � 46.5c
Soda residue 91.8 � 12.3b 12.7 � 2.76a 40.7 � 4.83a 26.5 � 7.97a 224 � 11.4a
Apatite 86.0 � 16.8b 17.0 � 5.46a 47.1 � 11.4a 26.0 � 5.12a 229 � 33.1a
Lime 108 � 4.82b 14.9 � 1.48a 55.7 � 1.19a 37.2 � 3.71a 214 � 6.81b

Table 3 Shoot biomass of Elsholtzia splendens from each treatment over the 3 year study perioda

Treatment

Shoot biomass (kg dry weight per plot per year)

2013 2014 2015 Total shoot biomass

Control — — — —
Soda residue 7.29 � 0.904ab 9.53 � 0.822a 7.31 � 0.945a 24.1 � 0.265a
Apatite 4.90 � 1.04b 8.24 � 1.39a 7.20 � 0.291a 21.2 � 1.34b
Lime 7.79 � 1.58a 7.10 � 1.04a 6.28 � 1.41a 20.3 � 1.15b

a The different lowercase letters indicate signicant differences between treatments in the same year (n¼ 3, P < 0.05);— indicates no plant growth.

Table 4 Effects of soda residue, apatite, and lime application on Cu fractions. EXC ¼ exchangeable fraction, CA ¼ carbonate-bound fraction,
Fe–Mn ¼ Fe–Mn oxides-bound fraction, OM ¼ organic matter-bound fraction, RES ¼ residual fraction. Different lowercase letters indicate
significant differences between treatments after three years (n ¼ 3, P < 0.05)

Treatment EXC, mg kg�1 CA, mg kg�1 Fe–Mn, mg kg�1 OM, mg kg�1 RES, mg kg�1

Control 71.4 � 6.66a 36.2 � 1.94b 74.2 � 5.20a 100 � 4.88a 111 � 8.92b
Soda residue 56.3 � 11.0ab 59.2 � 10.8ab 121 � 28.0a 88.8 � 9.68ab 137 � 25.0ab
Apatite 25.2 � 11.3c 81.9 � 21.9a 133 � 39.6a 94.7 � 15.3a 127 � 17.3ab
Lime 41.2 � 12.6bc 68.7 � 4.77ab 113 � 2.67a 68.3 � 3.27b 162 � 5.78a
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Additionally, the exchangeable fraction can be used to eval-
uate the bioavailability and environmental toxicity of heavy
metals.47,48 In the current study, the concentrations of Cu and
Cd were decreased in the exchangeable fraction but increased in
the Fe–Mn oxides-bound and residual fractions aer the
amendments application compared with that of the control.
This result illustrated that all three kinds of amendments could
signicantly reduce the bioavailability of Cu and Cd in the
contaminated soil, and thus were effective in remediating the
soils contaminated with the two metals. The exchangeable
fraction of Cd (39.2%) was greater than that of Cu (18.1%) in the
untreated soil, indicating a higher mobility of Cd than that of
Cu at this contaminated site.
Distribution of the soil aggregate fraction

As the basic unit of soil structure, soil aggregates are made up of
individual soil particles and organic matter, which makes the,
one of the most important factors to determine soil fertility. The
size and stability of soil aggregates exert direct effects on soil
aeration and water availability, and are closely related to the
soil's physical, chemical, and biological characteristics and
plant growth.49 The content of mechanical stability aggregates
(DR0.25) were 46.7–55.1% before the plants were harvested in
This journal is © The Royal Society of Chemistry 2017
2015 (Table 6) in this study. This content was lower than that in
many other reports,50,51 and highlighted the poor physical
structure of the soil in this area. This might be related to the
serious soil pollution in this area, which resulted in difficult
plant growth and a higher intensity of surface erosion, which
both eventually have led to deterioration of the soil structure.
The content of the mechanical stability aggregates (DR0.25)
increased by 2.57–17.9% aer 3 years of combined remediation
of three different materials and Elsholtzia splendens (Table 6)
over the course of this 3 year study. The combined remediation
mainly changed the content in the 2–5 mm, 1–2 mm, and 0.25–
0.5 mm sized aggregates by 12.8–29.4%, 18.5–29.8%, and 18.5–
22.6% (Table 6), respectively.

For the water-stable aggregates, the content of water-stable
aggregates (WR0.25) ranged from 49.1% to 56.8% (Table 6).
The combined remediation signicantly increased the content
of water-stable aggregates by 6.11–15.7%. This indicated that
the effect of vegetation restoration on the mechanical stability
aggregates was more obvious than on the water-stable aggre-
gates during the in situ remediation. The combined remedia-
tion mainly changed the content of aggregates sized >2 mm by
29.6–41.3%.

This study clearly showed that the content of mechanical
stability aggregates DR0.25 and water-stable aggregatesWR0.25 in
RSC Adv., 2017, 7, 41033–41042 | 41037
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Fig. 1 Effects of soda residue, apatite, and lime application on the
percentages of: (a) Cu and (b) Cd fractions after three years. EXC ¼
exchangeable fraction, CA¼ carbonate-bound fraction, Fe–Mn¼ Fe–
Mn oxides-bound fraction, OM ¼ organic matter-bound fraction, RES
¼ residual fraction.

Table 6 Composition of aggregates in the soil after the remediation (%)
(WR0.25). Different lowercase letters indicate significant differences betw

Treatment

Sizes of the soil mechanical-stable aggregates

>5 mm 5–2 mm 2–1 mm

Control 6.77 � 1.59a 8.61 � 1.86ab 4.74 � 1.48b
Soda residue 7.22 � 0.29a 8.29 � 0.418b 6.21 � 0.287ab
Apatite 7.39 � 0.855a 9.41 � 0.442ab 6.20 � 0.686ab
Lime 7.26 � 1.58a 11.6 � 1.42a 7.63 � 1.10a

Treatment

Sizes of the soil water-stable aggregates

>2 mm 0.25–2 mm

Control 17.9 � 0.489b 31.2 � 2.11a
Soda residue 25.3 � 0.600a 31.5 � 0.441a
Apatite 23.2 � 2.26a 28.9 � 0.700a
Lime 24.5 � 2.88a 30.3 � 0.106a

41038 | RSC Adv., 2017, 7, 41033–41042
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the soil were greatly increased aer the remediation, especially
the concentration of aggregates sized >2 mm. These results
indicated that the combined remediation measures had
positively contributed to the formation of soil stable aggre-
gates in this region, which could further support re-
establishing vegetation (Elsholtzia splendens). The stability of
the soil aggregates was closely related to the level of organic
carbon. Soil organic carbon could promote the cementation of
soil particles, whereby inorganic colloids play a dominant role
during the formation of agglomerates in bare land because of
the absence of organic matter.52 Vegetation restoration
increased the amount of litter and root exudates, thus
beneting the accumulation of organic carbon (Table 2),
especially for new organic carbon, where the new organic
carbon in soil could cement smaller aggregates to form stable
aggregates,53 which consequently improved the content of
stability aggregates.
Concentration of SOC in the wet aggregate fractions

The largest concentration of SOC was found in the aggregate
size fraction 0.25–2 mm and ranged from 18.6 to 23.3 g kg�1,
followed by those in the fractions sized >2 mm
(16.4–19.9 g kg�1), <0.053mm (10.8–12.8 g kg�1), 0.053–0.25mm
(9.24–10.9 g kg�1) in turn (Fig. 2). These results conrmed that
the concentration of SOC in >0.25 mm aggregates was greater
than that in smaller aggregates; this result was similar to John,54

who found that the SOC content in micro-aggregates was lower
than that in macro-aggregates, and the SOC content in >2 mm
aggregates was 3.62 times higher than that in <0.053 mm
aggregates in the farmland tested. In addition, the combined
remediation signicantly increased the concentration of SOC in
all the aggregate fractions compared with the control, and in the
>2 and 0.053–0.25 mm sized aggregate fractions it followed the
order: soda residue > lime > apatite > control (Fig. 2); while in
the 0.25–2 and <0.053 mm sized aggregate fractions, it followed
the order: apatite > soda residue > lime > control. This might be
. Mechanical stability aggregates (DR0.25) and water-stable aggregates
een treatments after three years (n ¼ 3, P < 0.05)

1–0.5 mm 0.5–0.25 mm <0.25 mm DR0.25

7.48 � 0.589a 17.4 � 1.23c 51.4 � 3.22a 46.7 � 2.58b
5.22 � 1.13b 22.9 � 1.16a 49.7 � 1.82ab 50.1 � 1.86ab
6.66 � 0.843ab 17.3 � 0.605c 51.4 � 2.25a 47.9 � 0.447b
7.31 � 0.397a 20.6 � 1.27b 44.0 � 3.43b 55.1 � 3.29a

0.053–0.25 mm <0.053 mm WR0.25

45.8 � 2.82a 3.76 � 0.212a 49.1 � 1.63b
38.4 � 0.855b 3.88 � 0.211a 56.8 � 1.04a
40.7 � 2.26ab 4.12 � 0.838a 52.1 � 2.96ab
38.0 � 2.63b 3.75 � 0.522a 54.8 � 2.98ab

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Concentrations of soil organic carbon (g kg�1) in different size
fractions of wet soil aggregates. Different lowercase letters indicate
significant differences between treatments after three years (n ¼ 3, P <
0.05).
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due to the larger Elsholtzia splendens biomass exhibited in the
soda residue- and lime-treated soils (Table 3), where the
increase of biomass then resulted in an increase in plant litter
and rhizosphere exudates in the soil, which further elevated the
content of organic carbon in the soil.55
Content of Cu and Cd in the wet aggregate fractions

Previous studies have shown that wet aggregates can be used to
study changes in the SOC content and microbial community
structure as well as the distribution of heavymetals in long-term
soil use.14,56 Moreover, in our study, a subtropical monsoon
climate dominates the area, with an annual average precipita-
tion of 1808 mm, therefore, it was necessary to evaluate the
water stability of the aggregates. Soil resistance against water
erosion can be well demonstrated by WR0.25.57 Thus, this study
was mainly focused on examining the content of Cu and Cd in
the wet soil aggregate fractions.

The highest concentrations of Cu and Cd were found in the
<0.053mm sized fraction, followed by the 0.25–2, >2, and 0.053–
Table 7 Concentrations of total Cu and Cd in different size aggregates of
indicate significant differences between treatments after three years (n ¼

Treatment >2 mm 0.25–2 m

Cu (mg kg�1)
Control 406 � 12.9a 437 � 37
Soda residue 472 � 5.41a 560 � 42
Apatite 462 � 16.3a 582 � 14
Lime 425 � 35.1a 524 � 50

Cd (mg kg�1)
Control 286 � 16.4c 424 � 30
Soda residue 416 � 43.4a 512 � 7.2
Apatite 378 � 38.2ab 548 � 46
Lime 295 � 32.3bc 438 � 39

This journal is © The Royal Society of Chemistry 2017
0.25 mm sized fractions (Table 7). The concentrations of Cu and
Cd in both the >2 and 0.25–2 mm sized fractions followed the
order of soda residue > apatite > lime > control, while the Cu
concentration in both the 0.053–0.25 and <0.053 mm sized
fractions followed the descending order of apatite > soda
residue > lime > control. The Cd concentration in the 0.053–0.25
mm sized fraction followed the order: soda residue > lime >
apatite > control, while in the <0.053 mm sized fraction, it fol-
lowed the order lime > apatite > soda residue > control (Table 7).
The highest mass loading concentrations of Cu and Cd were
obtained in the 0.25–2mm sized fraction (39.9–42.5% and 36.1–
39.4%), followed by the 0.053–0.25 (26.7–32.4% and 32.9–
39.2%), >2 (21.3–27.2% and 15.2–24.3%), and <0.053 mm (5.85–
6.37% and 5.56–7.06%) sized fractions, respectively (Fig. 3).

Similar to the results of Xu,58 the present study found that
the highest concentrations of heavy metals were found in the
smallest aggregates (<0.053 mm), which might be due to the
larger surface area of the small aggregates.59 The silt and clay
were the main components in the <0.053 mm sized fraction,
where metals might act as the binding agents for the clay-
polyvalent metal–organic matter complexes.60 Thus, heavy
metals could easily accumulate on their large surfaces by
adsorption, forming chelating complexes with the organic-
mineral colloidal particles in the nest fractions.61 Further-
more, the Cu and Cd concentrations in all the wet soil aggregate
fractions of the treatments were slightly increased, which might
be attributed to the higher content of total Cu and Cd in the
treated whole soil than in the control (Table 2).

In addition, although the concentration of Cu and Cd in the
<0.053 mm sized aggregates was the fundamental part, the
mass loading levels were not predominant, which was consis-
tent with the previous ndings showing there was only 2.9–
18.3% heavy metals loading in the <0.045 mm sized fraction.62

Meanwhile, the >2 and 0.25–2 mm sized fractions played
important roles as Cu and Cd reservoirs in all the soils. Notably,
the mass loading capacities of Cu and Cd in the >2 and 0.25–2
mm sized aggregates were markedly promoted aer adding the
amendments. This was due partly to the higher aggregate
content of the >2 and 0.25–2 mm sized aggregates. Meanwhile,
the content of heavy metals in the atmospheric deposition was
wet soil aggregates for different treatments. Different lowercase letters
3, P < 0.05)

m 0.053–0.25 mm <0.053 mm

.5b 241 � 3.02a 577 � 23.4b

.7a 305 � 8.82a 663 � 38.5a

.1a 323 � 25.3a 671 � 41.8a

.6ab 281 � 35.7a 640 � 7.17ab

.4c 254 � 20.3a 559 � 42.2b
8ab 373 � 44.4a 624 � 28.4ab
.7a 344 � 43.2a 691 � 39.7a
.2c 361 � 48.8a 692 � 37.3a

RSC Adv., 2017, 7, 41033–41042 | 41039
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Fig. 3 Total Cu and Cd mass loading values of four size fractions (mm).

Table 8 The correlation between the concentration and mass loading of Cu and Cd and the concentrations of SOC and soil wet aggregates.
Different lowercase letters indicate significant differences between treatments after three years (n ¼ 48, ***P < 0.001, **P < 0.01 and *P < 0.05)

Factor Cu concentration Cu mass loading Cd concentration Cd mass loading

SOC r 0.376** 0.558*** 0.008 0.256
P 0.009 <0.0001 0.956 0.078

Size of soil wet aggregates r �0.756*** 0.718*** �0.805*** 0.923***
P <0.0001 <0.0001 <0.0001 <0.0001
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high in this area, with some of the new input of heavy metals
being rst adsorbed on the surface of the micro-aggregates, and
then the ne soil particles, leading to a high concentration of
heavy metals and the formation of macro-aggregates under the
action of SOC.63 In our combination remediation, the content of
organic carbon in soil was raised because of the better growth of
plants, which subsequently promoted the transition of soil from
themicro-aggregates to macro-aggregates. This eventually led to
the transfer of heavy metals from micro-aggregates into macro-
aggregates. This may be the possible reason for the increased
mass loading levels of Cu and Cd in the >0.25 mm sized
aggregates following the chemical-plant treatments.

Moreover, previous studies have shown that SOC could affect
the transportation and distribution of heavy metals in the soil
through terrestrial ecosystems. In our present study, the
concentration and mass loading of Cu in the wet aggregates
were signicantly positively correlated with SOC
(rSOC–Cu concentration ¼ 0.376**, rSOC–Cu mass loading ¼ 0.558***,
Table 8) which indicated that the SOC might control the
distribution of Cu in the wet aggregates. However, the distri-
bution of Cd in the aggregates was not signicantly correlated
with the SOC content. These results also agreed with those of
Egli et al.,64 who found that Cu and Pb concentrations were
signicantly correlated with the labile organic carbon pools,
and the content of SOC could affect the storage capacity and
mobility of Cu and Pb in soils. Furthermore, we found a signif-
icant relationship between the size of the soil wet aggregates
and both the concentrations and mass loading of Cu and Cd
(Table 8); these results also agreed with those of Cui et al.41

Thus, we speculated that the concentration and distribution of
Cu and Cd in the wet soil aggregate fractions were not only
41040 | RSC Adv., 2017, 7, 41033–41042
controlled by the size of the soil wet aggregates, but also by the
SOC concentrations.
Conclusion

This study demonstrates the benets of combining three kinds
of amendments application and Elsholtzia splendens for
improving soil quality during the process of heavy metals
remediation of contaminated soils. The application of soda
residue, apatite, or lime could increase the soil pH and decrease
the available and exchangeable Cu and Cd concentrations in
a smelter-impacted soil. In addition, aer 3 years of the
combined remediation, the concentration of SOC in the whole
soil and in wet aggregates was dramatically improved, while the
DR0.25 and WR0.25 also were signicantly improved. The treat-
ments increased the mass loading of Cu and Cd in the >0.25
mm sized aggregates, where the distribution of total Cu and Cd
were not only signicantly related to the size of soil wet aggre-
gates, but also correlated with the SOC concentration in wet soil
aggregates. Additionally, this study reminded us that the soil's
physical indexes, such as soil aggregate stability, should be
taken into consideration in the assessment of heavy metal
contaminated soil remediation, especially for the purpose of
improving the crop yield through remediation.
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