
Introduction

The heavy metal cadmium (Cd) has long been 
recognized as a more hazardous pollutant for plants, 
animals, and humans than any other heavy metal  
[1-2]. Soil contamination with toxic heavy metals 
had been a worldwide challenge for food security 
and health as heavy metals do not degrade, adversely 
affecting the biota via the food chain [3-6]; therefore, 

the accumulation of heavy metals in soil can result in a 
decrease of soil fertility and soil microbial activities and 
biodiversity, is collectively responsible for crop losses, 
and has even more serious implications for animal and 
human health [7-8]. Studies estimate that the area of 
soil contaminated with Cd covers about 1.3*105 ha and 
accounts for 1/5 of the total farmland area in China 
[9]. And more than 11 provinces and 25 districts are 
subjected to Cd-contaminated soil. In 2007, the direct 
economic loss from farmland metal pollution reached 
$3.2 billion as calculated by the Ministry of Land 
and Resource in China [10]. Therefore, the issue of 
scientific and economic mitigation of Cd-contaminated 
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soils requires urgent clarification. Many remediation 
techniques have been applied for the removal of heavy 
metals from soils. Chemical methods of soil remediation 
may destroy soil structure and result in secondary 
pollution [11]. Therefore, more economic, effective, and 
environmentally friendly metal chelators are required. 
The enhancement of chemical immobilization by the 
addition of soil amendments is increasingly seen as 
a valuable alternative strategy that can effectively 
reduce the bioavailability of contaminants [12-13]. Two 
mechanisms are responsible for the efficiency of this 
remediation action: 1) the increase in metal sorption of 
the resulting soil+material mixture and 2) dilution of the 
contaminant concentration when large material doses 
are used [14].

A potential “green” metal chelator is chitosan (CS). 
It is the second most abundant biopolymer in the natural 
environment and is obtained from the deacetylation  
of chitin extracted from shellfish processing waste  
[15-16]. At present, CS is receiving considerable  
attention as an excellent natural adsorbent to remove 
numbers of heavy metal ions due to the presence 
of amine (-NH2) and amounts of reactive hydroxyl 
(-OH) function groups on the main chain, which act  
as chelation sites for metal ions [15, 17-18]. The largely 
spread hydroxyl and amine groups serve as effective 
chelating sites for heavy metals through ion exchange, 
adsorption, and complexation. Of these, complexation  
is the major, stable, and irreversible form [19].  
Although the adsorption of chitosan on Cd2+ and other 
heavy metal ions has been widely studied [20-21], the 
studies of chitosan on Cd2+-contaminated soils are too 
rare.

Clay minerals have larger interior and exterior-
specific surface areas, many reactive functional groups, 
and the hydration and dehydration of interlaminar 
surface [22]. The high metal adsorption capacity and 
low cost of clay minerals makes them one of the most 
common remediation options for metal adsorption 
[23-25]. They therefore have an ability to bind heavy 
metals, preventing their transportation from the soil 
into the plant. Zeolite is an important clay mineral and 
has been used in numerous studies on Cd-polluted soils 
[26-28]. Similarly, bentonite is a type of expandable 
clay composed primarily of montmorillonite and 
characterized by high permanent negative charges 
and a large surface area [29]; it is also an efficient 
adsorbent for Cd [28, 30]. Activated carbon (AC) with 
large surface area has been used for a long time as an 
efficient amendment to remediate Cd-contaminated soil; 
the capability of AC to bind Cd has been confirmed by 
Břendová et al. [31]. 

Cruciferae canola is a plant with strong absorption 
characteristics and heavy metal enrichment ability 
[32]. Brassic juncea is a variety of cruciferae canola. 
Brassica juncea was selected as the experimental 
species because of its short life stage, high biomass, 
and the hyperaccumulation ability of heavy metal [33]. 
And Brassica juncea, a widely consumed species, 

is very sensitive to the presence of toxic elements 
in soil. In addition, the great commercial value of 
Brassica juncea makes it necessary to protect it from 
Cd contamination. It has great potential applications in 
phytoremediation. Considering ecology, toxicology, and 
health, it is particularly important to study the contents 
of effective heavy metals in contaminated soil, because 
these components are easily magnified through biont. In 
order to reduce the amount of heavy metals in plants, it 
will be an effective way to improve the contaminated 
soil by heavy metals, and adding amendments into 
the soil reduces the effectiveness of heavy metals. In 
recent years, extensive research have been conducted on 
adjusting the soil parameters to reduce the effectiveness 
of heavy metal through adding a hardening agent 
(activated carbon, zeolite, bentonite, etc.) into the 
contaminated soil by heavy metal. The method of 
heavy metal pollution treatment can be widely applied 
due to the advantages of economically viable and non-
destructive soil structures [34]. In addition to reducing 
the dissolubility of heavy metals, the amendments 
can effectively reduce the bioavailability of heavy 
metals and the negative effects on health [35]. The 
objective of this study was to evaluate the efficiency of  
Cd-contaminated soil by natural and chitosan-introduced 
zeolite, bentonite, and AC in the remediation of  
Cd-contaminated soils. We determined the effects of 
these substances on soil pH, dry weight of individual 
Brassica juncea, Cd uptake of Brassica juncea, and 
bioavailable Cd.

Experimental Section

Soil and Amendments

Soil (0-20 cm depth) was collected from a greenhouse 
in Yangling, Shaanxi Province, China. Phosphate was 
applied to the soil over a period of 30 years. The soil 
was air-dried, thoroughly mixed, and passed through 
a 20-mm mesh sieve to remove gravel. The soil was 
classified as loess soil, and some of the physical and 
chemical properties were listed in Table 1. The pH 
was measured with a pH meter (FE28-Meter, Mettler 
Toledo instrument co., LTD, China) in a 1:5 (w/w)  
soil-H2O slurry. Soil organic matter content was 
determined using the potassium dichromate-outside 
heating method. Bioavailable Cd was extracted for 
2 h at room temperature with DTPA (DTPA-TEA-
CaCl2, pH = 7.3) buffer solution. Heavy metal content 
was determined using a flame atomic absorption 
spectrophotometer (Z-2000, Hitachi, Japan.).

Zeolite, bentonite, and activated carbon were 
obtained from the Zhongchuan mineral powder 
processing plant, Lingshou, Hebei province, China. 
Industrial-grade chitosan was obtained from Guangzhou 
Shengxun chemical industry co. LTD, and it had the 
following properties: yellowish-white powder with 100 
meshes, 93% degree of deacetylation, and a molecular 
weight of 2*106.
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Incubation and Pot Experiments

Different dosage (25 g, 50 g, and 75 g) amendments 
(zeolite, bentonite, AC) and chitosan-introduced 
composites (the application ratio of CS was 6%  
in chitosan-introduced composites. CS-zeolite,  
CS-bentonite, CS-AC) were thoroughly mixed with 5 kg 
of Cd-contaminated soil; subsequently, the amended soil 
and the control soil samples were packed into respective 
pots. A control treatment with no amendment was 
also prepared. All soil samples were incubated for one 
month. 

Seeds of Brassica juncea were sowed in the 
middle of the greenhouse after mixing the unpolluted 
surface soils using a rotary machine. The cultivation 
area was covered with polyethylene plastic film to 
ensure adequate moisture. After three weeks, three 
equally sized seedlings of Brassica juncea (10 cm in 
height) were transplanted into each pot. Soli water was 
maintained at 60% WHC by adding tap water daily.

Sampling Pretreatment 
and Metal Analysis 

On July 4, 2015, plant samples were harvested and 
rinsed with tap water to remove surface soil. The plants 
were then carefully washed with deionized water and 
dried of surface water. The fresh samples were weighed 

and subsequently oven-dried at 105ºC for 30 min, then 
at 70ºC until constant weight. The dried samples were 
crushed and ground to a fine powder using a high-
speed universal pulverizer (FW100, Zhongxing Weiye 
instrument co., LTD, China) and stored in plastic bags 
until analysis.

For analysis, 0.5 g of the dried plant sample was 
placed into a 100 mL beaker covered with a funnel. Then 
15.0 mL of solution containing 87% of concentrated 
HNO3 and 13% of concentrated HClO4 (v/v) was added. 
The sample was digested at 50-80ºC overnight and then 
at 180ºC for 8 h to near dryness and allowed to cool. 
The digested solution was diluted with 2% (v/v) HNO3 to 
a volume of 25.0 mL before filtration. The concentration 
of Cd in the digested plant sample was determined using 
a flame atomic absorption spectrometer at a wavelength 
of 228.8 nm [36]. Standard material, GBW-10015, was 
bought from a standard material center in Beijing, 
China to control analysis quality. The recovery rate was 
95±75%.

Statistical Analysis

All analyses were performed using SigmaPlot 
12.5(Systat Software Inc.), Excel 2000, and Origin 9.0 
software. One-way ANOVA and multiple comparisons 
(Fisher LSD Method) were used to compare the 
difference in the dry weight of individual Brassica 
juncea, Cd uptake of Brassica juncea, and bioavailable 
Cd content; significance levels were 0.01 and 0.05. Data 
represent mean values of three replicates.

Results and Discussion

Effects of Different Amendments on Soil pH 

Soil pH is an important factor of heavy metal 
adsorption as it affects the biological effectiveness of 
heavy metal ions in the soil. The pH values of different 
amendments and its chitosan composites are shown 
in Table 2. All of amendments were alkaline. Table 3 
shows the pH value effect of the soil sample treated with 
different amendments. It is well known that biological 
effectiveness of heavy metal ions in soil decreased 
with increasing soil pH [37]. And the concentration 
of heavy metals in soils was influenced by soil pH 
[38]. However, some amendments showed nonspecific 
adsorption. Heavy metal adsorption varied with 
changing soil pH values. At low soil pH we observed 
competitive adsorption between heavy metals and a high 
concentration of H+ in the soil, impeding heavy metal 
adsorption [39]. The adsorbed metal ions increased 

Table 1. Physiochemical properties of the 0-20 cm soil layer 
in the experimental area. Values represent mean ± standard 
deviation (n = 3).

Parameter Unit Value

Soil type Heavy loam

pH 7.81±0.10

Total nitrogen g kg-1 1.69±0.05

Olsen phosphate mg kg-1 303.6±8.47

Available potassium mg kg-1 722.7±14.12

Soil organic matter g kg-1 36.15±1.10

Cd mg kg-1 1.55±0.04

Available Cd mg kg-1 0.29±0.03

Fe % 3.11±0.21

Cu mg kg-1 24.6±1.98

Zn mg kg-1 69.5±3.48

Ca % 4.79±0.22

Mg % 1.28±0.02

Table 2. pH values of different amendments.

Amendments CS Zeolite Bentonite AC CS-Z CS-B CS-AC

pH 7.823 7.802 8.975 10.133 8.411 9.063 9.876
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with increasing soil pH. Zeolite, bentonite, AC, and 
their chitosan composites showed an alkaline pH; their 
application significantly affected soil pH. This, in turn, 
can reduce the biological effectiveness of heavy metals 
to a certain extent. Besides, soil has intrinsic buffer 
properties and the pH therefore remained alkaline.

Effects of Different Amendments 
on the Dry Weight of Brassica juncea

The impacts of different amendments on the dry 
weight of individual Brassica juncea plants are shown 
in Table 4, along with the ANOVA results. The results 
showed that the addition of the amendments significantly 
increased the dry weight of individual Brassica juncea 
plants. However, there were no significant differences 
between the different pots in the same dosage. Plant 
dry weight increased with increasing amendment 
dosage (25 g, 50 g, and 75 g). The highest increase in 
dry weight was observed with the addition of CS-AC, 
followed by CS-bentonite, CS-zeolite, AC, bentonite, 
and zeolite. With an amendment dose of 75 g per pot, 
individual Brassica juncea dry weight increased by 
41.91%, 39.00%, 27.64%, 35.93%, 23.78%, and 23.58% 
for CS-AC, CS-bentonite, CS-zeolite, AC, bentonite, 
and zeolite, respectively, compared with the control. 

Cadmium contamination can significantly reduce 
soil pH, negatively impacting crop growth and 
development. The addition of different soil amendments 

can improve soil pH and growth conditions, thereby 
decreasing soil Cd activity. Therefore, the adverse soil 
conditions to the growth and development of Brassica 
juncea can be alleviated, abating the negative impacts 
of excessive soil cadmium. This may explain the higher 
dry weight values for individual Brassica juncea in 
treatments with added amendments compare to control. 
The higher dry weights in chitosan composite-treated 
soils might be attributed to the introduced chitosan and 
increased soil pH [40]. One reason is that chitosan has 
a large amount of amino and hydroxyl groups with a 
high affinity for Cd ions, making it highly suitable for 
Cd removal [20, 41-43]. The Brassica juncea dry weight 
in chitosan composite-treated soil was higher than in 
soil with other amendments; these results are agreement 
with the findings of Shaheen et al. [40]. So the addition 
of different amendments had beneficial effects on the 
growth of Brassica juncea because all treatments with 
amendments had a higher dry weight than the control. 

Effects of Different Amendments 
on Cd Uptake by Brassica juncea

Table 5 shows the effects of different amendments 
on Cd uptake by Brassica juncea and the ANOVA 
results. Cadmium uptake was significantly decreased, 
albeit to different degrees, with the addition of various 
amendments. Different dosages resulted in significant 
differences in terms of Cd uptake by Brassica juncea. 

Table 3. pH value effects of the soil samples treated with different amendments.

Amendments
Added contents of different amendments(g/pot)

CK 25 50 75

Zeolite 7.786 7.883 7.874 7.872

Bentonite 7.786 7.955 7.898 7.874

AC 7.786 7.987 7.896 7.898

CS-Zeolite 7.786 7.793 7.925 7.912

CS-Bentonite 7.786 7.788 7.957 7.835

CS-AC 7.786 7.909 7.937 7.923

Table 4. Brassica juncea dry weight in soils treated with different amendments.

Amendment
Dry weight of individual Breassica jincea (g)

0 (g/pot) 25(g/pot) 50(g/pot) 75(g/pot)

Zeolite 8.058±0.41Ab 9.381±0.62Aa 9.669±0.57Aa 9.958±0.25Aa

Bentonite 8.058±0.41Ab 9.513±0.43Aa 9.894±0.88Aa 9.974±0.53Aa

AC 8.058±0.41Ab 9.611±0.58 Aab 10.545±0.45Aa 10.953±1.45Aa

CS-zeolite 8.058±0.41Ab 9.582±0.31Aa 9.913±0.54Aa 10.285±0.34Aa

CS-bentonite 8.058±0.41Ac 9.681±0.38Ab 10.331±0.38Ab 11.201±0.19Aa

CS-AC 8.058±0.41Ac 9.806±0.41Ab 11.367±0.79Aa 11.435±0.40Aa
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Table 5. Cd content of plants in soil treated with different amendments.

Fig. 1. Regression curves between Cd uptake by Brassica juncea and added amount of different soil amendments.

Amendments
The Cd content (mg/kg)

0 (g/pot) 25(g/pot) 50 (g/pot) 75(g/pot)

Zeolite 4.98±0.15 Aa 4.45±0.06 Ab 4.31±0.09 Ab 4.29±0.04 Ab

Bentonite 4.98±0.15 Aa 4.33±0.07ABCb 4.24±0.11 ABb 4.11±0.11 ABb

AC 4.98±0.15 Aa 4.38±0.06 ABb 4.17±0.07 ABb 4.05±0.14 BCb

CS-Zeolite 4.98±0.15 Aa 4.38±0.06ABb 4.12±0.16 ABb 4.01±0.15 BCb

CS-Bentonite 4.98±0.15 Aa 4.28±0.09 BCb 4.07±0.06 BCb 3.99±0.15 BCb

CS-AC 4.98±0.15 Aa 4.23±0.10 Cb 3.91±0.13 Cb 3.89±0.10 Cb
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The lower the content of Cd in Brassica juncea, the 
better the effect of the amendment-fixed Cd. The 
highest effects were found for CS-AC, followed by CS-
bentonite, CS-zeolite, AC, bentonite, and zeolite, which 
means that the effect of the fixed Cd of the amendments 
was followed by CS-AC, CS-bentonite, CS-zeolite, 
AC, bentonite, and zeolite. The effect of dosage on 
Cd uptake was also studied for various amendment 
dosages (25 g, 50 g, and 75 g). With a dosage of 75 g 
per pot, the Cd uptake by Brassica juncea was lower 
than the other dosages. Cadmium uptake decreased by 
21.89%, 19.88%, 19.48%, 18.67%, 17.47%, and 13.85%, 
respectively, for CS-AC, CS-bentonite, CS-zeolite, AC, 
bentonite, and zeolite. The results clearly show that 
remediation efficiency was better than the treatments 
without added chitosan, most likely due to the addition 
of chitosan with a large number of adsorption sites. 
Chitosan contain large numbers of chemical groups, 
such as amine and hydroxyl groups, and these groups 
have the ability to bind the Cd metals through several 
mechanisms, including chemical interactions such 
as chelation, electrostatic interactions, such as ion 
exchange, or the formation of ion pairs [44]. Besides, the 
effect of amendments on Cd uptake by Brassica juncea 
was CS>bentonite>zeolite. It may be that the AC itself 
has a larger surface area and stronger adsorption capacity 
than other two materials. The relative percentage of Cd 
desorbed from bentonite was higher than from zeolite. 
This means that bentonite has a stronger and more 
specific bonding of Cd compared to zeolite. These 
results may be attributed to the differences in the 
amendments’ characteristics and structures. Although 
natural zeolite also has good adsorption performance, 
because the channels of zeolite are often blocked by 
some impurities and uneven arrangement these faults 
limit its adsorption effect. Bentonite contains a high 
proportion of swelling clays [45] and has the tendency 
to increase in volume (swell) [46] and provide a much 
higher surface area [28].

In order to understand the effects of different 
amendments on Cd uptake by Brassica juncea, 
regression equations and the corresponding correlation 
curves were fitted and are shown in Fig. 1 (amendment 
dosage as independent variable and Cd uptake as 
dependent variable).

The relationship between Cd uptake and the addition 
of different amendments followed a reverse “parabola”-
type function (Fig. 1). Correlation coefficient (R2>0.92) 
of samples treated with chitosan was higher than that in 
samples without chitosan. With an amendment dosage 
of 50-75 g per pot, Cd uptake was the correspondingly 
lowest. Hence 50-75 g/pot amendments can be used 
for preliminary dosage to repair Cd-polluted soil. To 
sum up, the dosage of various amendments treated 
with Cd-polluted soil is appropriate for 50-75 g/pot. 
The amendment can reduce by 14% the Cd uptake by 
Brassica juncea at least. In this case, CS-AC has the 
greatest potential for reducing Cd uptake by Brassica 
juncea.

Effects of Different Amendments 
on Bioavailable Cd Content

According to the ANOVA results (Table 6), 
the addition of different amendments significantly 
decreased bioavailable Cd content compared to the 
control. Differences were also found between the 
different amendment dosages. And the results show 
that the bioavailable Cd content has a different degree-
reducing effect treated with different amendments.  
In other words, all six kinds of amendments on the heavy 
metal Cd have a certain fixed effect. With a dosage of 
75 g CS-AC per pot, bioavailable Cd content was lowest 
and significantly decreased by 27.38% compared to the 
control. Based on the results of multiple comparisons, 
adding 25 g and 50 g of CS-AC per pot did not result 
in a significant difference in terms of bioavailable Cd 
content. With a dosage of 75 g, 50 g, 75 g, 75 g, 50 g, 
and 75 g per pot for CS-AC, CS-bentonite, CS-zeolite, 
AC, bentonite, and zeolite, respectively, bioavailable 
Cd content decreased by 27.38%, 19.29%, 22.83%, 
23.22%, 15.74%, and 8.66%, respectively, compared 
to the control. Bioavailable Cd content was higher in 
treatments with the addition of chitosan compared to 
treatments without chitosan (Table 6), which has a large 
number of active sites and, consequently, a high affinity 
for Cd ions. On the other hand, activated carbon has a 
lager surface area and a strong adsorption capacity. The 
effectiveness of heavy metals was decreased through 
the following two effects: 1) The metals are directly 
adsorbed by activated carbon and 2) The addition 

Table 6. Contents of bioavailable in soil treated with different amendments.

Amendments
The bioavailable Cd content (mg/kg)

0 25 50 75

Zeolite 2.54±0.07Aa 2.46±0.09 Aa 2.38±0.04Ab 2.32±0.10Ab

Bentonite 2.54±0.07Aa 2.21±0.05Bb 2.14±0.12Bb 2.16±0.14Ab

AC 2.54±0.07Aa 2.28±0.10Bb 2.11±0.07 Bc 1.95±0.10 Bc

CS-Zeolite 2.54±0.07Aa 2.15±0.09 Bb 2.19±0.11Bb 1.96±0.09Bc

CS-Bentonite 2.54±0.07Aa 2.13±0.09Bb 2.05±0.11Bb 2.08±0.09ABb

CS-AC 2.54±0.07Aa 2.03±0.11BCb 2.01±0.10BCbc 1.85±0.08BCc
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of activated carbon can increase the content of soil 
organic carbon, thereby indirectly increasing heavy 
metal fixation [47]. Based on the above-described 
results, adding chitosan as a soil amendment results in a 
significant reduction of bioavailable Cd.

 

Conclusion

We investigated changes in soil pH, Brassica juncea 
dry weight, Cd content of Brassica juncea, and available 
soil Cd content with the addition of natural and chitosan-
introduced zeolite, bentonite, and activated carbon. 
Our results show that natural and chitosan-introduced 
zeolite and bentonite can increase soil pH and reduce 
the biological effectiveness of heavy metals to a certain 
extent. Although activated carbon has an acidic pH 
value, the soil could buffer this effect and stay alkaline. 
With increasing amendment dosage, Brassica juncea 
dry weight increased. With an amendment dosage  
of 75 g per pot, Cd uptake by Brassica juncea was 
lowest. With a dosage of 75 g, 50 g, 75 g, 75 g, 50 g, and 
75 g per pot for CS-AC, CS-bentonite, CS-zeolite, AC, 
bentonite, and zeolite, respectively, Cd uptake decreased 
by 21.89%, 19.88%, 19.48%, 18.67%, 17.47%, and 
13.85%, respectively. Similarly, bioavailable Cd content 
decreased by 27.38%, 19.29%, 22.83%, 23.22%, 15.74%, 
and 8.66%, respectively, compared to the control.

The results of this study are of considerable 
significance in demonstrating the practical application 
of chitosan in the successful remediation of  
Cd-contaminated soil. 
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