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Abstract — Phytoremediation is effective to control environmental heavy metal pollution, but the basic physiological and 
biochemical mechanism for plant absorption, transportation, and accumulation of heavy metals is not very clear, which affects 
the effectiveness and wider application of phytoremediation technology. In order to clarify the enrichment mechanism of plants 
on heavy metals and better promote the application of phytoremediation technology, the study in this paper takes Medicago 
sativa roots as experimental material. Using hydroponic culture experiment technology under the condition of single and 
composite pollution the eco-chemical mechanism of root on Pb and Cd was studied respectively. The results showed that, in the 
single pollution condition, the enrichment process of root on Pb contained the adsorption reaction, the chemical precipitation 
and the cell absorption process, but the main enrichment mechanism was different in different stages. At the beginning of 12h, 
the adsorption process dominated the enrichment process of root on Pb. After 12h the chemical precipitation and the cell 
absorption were the main enrichment way of root on Pb. The enrichment process of root on Cd contained the adsorption 
reaction and cell absorption reaction. At the beginning of 24h, the enrichment process of root on Cd gave priority to the 
adsorption reaction, after 24h the absorption process was relatively obvious. Enrichment mechanism showed the similar stage 
characteristics. In the composite pollution condition, the enrichment mechanism of root on Pb, Cd also showed the stage 
characteristics. The enrichment process of root on Pb and Cd was dominated by the competitive adsorption at the beginning of 
36h. After 36h, the enrichment mechanism of root on Pb and Cd was mainly the synergistic absorption. Whether Pb or Cd, the 
biological activity of root had certain influence on their enrichment process, showing the stronger enrichment ability of living 
root than dried root. 
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I. INTRODUCTION 

The rapid development of modern industry has brought 
great convenience to human life and also caused great 
damage to the natural environment. Heavy metal pollution in 
soil is one of more serious problem. At present there is no 
particularly effective method to solve this problem. The 
traditional leaching method and the fixed method not only 
are high-cost, but also can not fundamentally solve the 
problem. In recent years, as a new remediation technology, 
the advantage of phytoremediation technology has been 
known by more and more environmental experts, and its 
applications have become an important focus in international 
soil remediation [1-4].At present, there are many reports on 
restoring the soil polluted by heavy metal with Medicago 
sativa[5-7].However, the remediation practice is relatively 
more, while the remediation mechanism research is relatively 
weak[8,9]. This restricts the research and development of 
phytoremediation technology to some extent. Therefore, in 
order to explore the enrichment mechanism of Medicago 
sativa roots on heavy metal,using a hydroponic experiment 
technology, this research focuses on the enrichment 
mechanism of Medicago sativa roots the common heavy 
metals in Chinese soil environments, Pb and Cd. So it can 
enrich the ecological theory of soil heavy metal pollution and 
provide theoretical basis for the effective remediation of soil 
contaminated by Pb and Cd in the future. 

 
 

 

II.MATERIALS AND METHODS 

Medicago sativa seeds came from the life science 
laboratory of Ocean College, Hebei Agricultural 
University. The seed surface was sterilized 20min with 
75% alcohol, then was rinsed 5 times with tap water, 
and then was placed in sterile distilled water to clean 
6h in shaker with the speed of 144r/min. The 
Medicago sativa seeds were spread evenly in the 
stainless steel tray and were covered with gauze, then 
placed in the incubator. The incubator temperature was 
controlled at 28�, humidity 60%.When the height of 
seedlings reached 2cm, the seedlings were moved 
them into the Hoagland-Arnon culture medium[10]. 

The Hoagland-Arnon medium was selected, its 
specific components are shown in Table 1. 

TABLE 1.COMPOSITION OF Hoagland-Amon NUTRIENT 
SOLUTION 

Component(AR) content Component(AR) content 

Ca(NO3)2·4H2O 5mmol·L-1 H3BO4 50μmol·L-1 

KNO3 5mmol·L-1 MnCl2·4H2O 4.5μmol·L-1 

MgCl2·5H2O 1mmol·L-1 CuSO4·5H2O 0.3μmol·L-1 

BHKH2PO4 1mmol·L-1 ZnSO4·7H2O 3.8μmol·L-1 

EDTA-Fe 10μmol·L-1 H2MoO4·H2O 0.1μmol·L-1 

 
The Medicago sativa seedlings were cultured about 

a month in the Hoagland-Arnon culture medium. 
During the cultivation, the nutrient solution was 
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updated once every week. After one month, the seedlings 
were collected and rinsed several times with the distilled 
water. Then these seedlings were transferred into the 
Hoagland-Arnon culture medium containing CdCl2 and Pb 
(NO3)2. The Medicago sativa seedlings (6 strains) were 
transplanted on the gauze with holes, then placed on the 
450ml culture flasks containing 400ml medium so that the 
roots of the plants were immersed in the solution to start the 
culture. The concentration of Cd in culture medium was 
respectively 5, 10, 20 and 40mg/L and the concentration of 
Pb in culture medium was respectively30, 50, 100 and 
200mg/L. The concentration of Pb and Cd in composite 
processing was Cd5mg/L+Pb100mg/l, Cd10mg/L+ 
Pb100mg/L, Cd20mg/L +Pb30mg/L, Cd20mg/L +Pb50mg/L 
and Cd20mg/L+ Pb100mg/L respectively. In the study of the 
enrichment mechanism of dried root on Pb and Cd, the 
seedling roots cultured one month were placed in the 80� 
oven about one day, then soaked in the distilled water, and 
then transferred into above Hoagland-Arnon culture medium 
containing heavy metals. Culture process is consistent with 
that of the living root. The pH of all medium was 6.8-7.0 and 
each treatment had 3 replicates. 

During the whole culture process, the root samples and 
the culture medium sample were collected and measured in 
regular time. The analysis method of heavy metals in root 
tissue: after the dried root samples were grinded, the samples 
were digested with the HNO3-HClO4 (87:13, v/v) method, 
and then the concentration of Pb and Cd in root tissue was 
measured with the atomic absorption spectrophotometer. The 
analysis method of heavy metals in culture medium: 1ml 
culture medium containing heavy metals was drawn, diluted 
and then measured the concentration of Pb and Cd by the 
atomic absorption spectrophotometer. 

The experimental data was processed by Excel2003 and 
SPSS11.5. The data was analyzed with the single factor 
variance analysis(one-way ANOVA) and the multiple 
comparison method(LSD). The significant level was 0.05. 

III. RESULTS AND ANALYSIS 

A. The Enrichment Process of Root on Different 
Concentrations of Heavy Metals 

From Figure1,when the initial concentration of Pb in the 
culture medium was 30mg/L, because of the enrichment role 
of Medicago sativa root, the concentration of Pb in culture 
medium decreased gradually. After about 8h, the 
concentration of Pb in culture medium reduced to 50% of the 
initial concentration. When the initial concentration of Pb in 
the culture medium was 50mg/L, after 12h, 24h, 48h and 72h, 
the concentration of Pb in culture medium was 68.1%, 63.2%, 
55.2% and 53.3% of the initial concentration respectively. 
That is, the rapid decrease of Pb concentration in culture 
medium occurred at the beginning of 12h, but the Pb 
concentration decreased slower after12h.When the initial 
concentration of Pb was 100 mg/L, the change process of Pb 
concentration in culture medium was similar to that of 50 
mg/L. When the initial concentration of Pb was 200 mg/L, 
the roots gradually absorbed Pb from the culture medium at 
the beginning of 24h and the concentration of Pb in culture 
medium decreased gradually. However, since the roots 
adsorbed more Pb after 24h,part of the adsorbed Pb was 

released into the solution again, resulting the increase 
of Pb concentration in the culture medium. This 
showed that the decreasing Pb concentration within the 
initial 24h may be due to the surface adsorption of root. 
This adsorption relates to the root surface area, 
adsorption sites, solution concentration and other 
factors. In this experiment, we found that the higher 
the Pb concentration in solution after 24h, the higher 
the Pb content in root tissue, the lower the removal rate. 
The removal rate of Pb concentration of 30 mg/L in 
culture medium was the highest, up to 93.3%.  
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Figure 1. The enrichment process of root on Pb at different initial 

concentration 
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Figure 2. The enrichment process of root on Cd in culture liquid at 
different initial concentration 

From Figure 2, the changing trend of Cd was 
similar to that of Pb.With the passage of time, the 
removal volume of Cd in culture medium increased 
gradually. At the same time, the removal rate of Cd 
from solution was related with the initial Cd 
concentration of solution. When the initial 
concentration of Cd was 5, 10, 20 and 40mg/L, the Cd 
concentration in the culture medium was respectively 
66.7%, 75%, 79.2% and 90.1% of the initial 
concentrations after 24h enrichment. That is, with the 
increase of initial concentration, the root enrichment 
on Cd decreased significantly, Which was similar to 
the root enrichment on Pb. However, after 24h,with the 
further enrichment on root, the change of Pb 
concentration in culture medium was smaller, while 
the Cd concentration in culture medium decreased 
significantly. This shows that the root enrichment on 
Cd is slower than that of Pb.  
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B. The Effect of Root Bioactivity on Heavy Metal Enrichment 

 
Figure 3(a) is the Pb enrichment process of dried root and 

living root at the Pb initial concentration of 100 mg/L. When 
the equilibrium time were 4h, 8h and 12h, the removal Pb 
ability of dry root and living root was similar. However, after 
12h, the difference of removal Pb capacity between dried 
root and living root was obvious. This shows that the root 
enrichment on Pb in the former 12h gave priority to the 
adsorption process; thereafter the root enrichment on Pb took 
the cell absorption process and the chemical precipitation 
process as the dominant, which can be carried out only in 
living cells. During the 12h-72h of enrichment, the 
enrichmen role of dried root almost made no change in the 
Pb concentration, while the enrichmen role of living root 
made the Pb concentration decrease from 72.67 mg/L to 
63.33 mg/L, and the removal rate was more than 10%. At the 
same time, a layer of white precipitate on living roots can be 
observed in the culture liquid containing high concentration 
of Pb (100mg/L,200mg/L).After the enrichment of 72h, the 
living roots can remove 14.67mg and 27.86mg Pb from the 
culture medium at initial Pb concentration of 100 mg/L and 
200 mg/L respectively. The enrichment volum by living roots 
was 8.66mg and 19.87mg.That is,the removal volum from 
the culture medium was greater than the enrichment volum 
by living roots. For dried root, the removal volum from the 
culture medium was about equal to the enrichment volum by 
roots (Table 2).This shows that there maybe exists the 
precipitation process in the enrichment process of Pb, 
resulting in the lower concentration of Pb in culture medium. 
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Figure 3. The enrichment process of dried root and living root on Cd 
and Pb 

TABLE 2. THE ENRICHMENT VOLUM OF ROOT ON Pb AND Cd AND THE REMOVAL VOLUM OF Pb AND Cd FROM CULTURE LIQUID 

Heavy 
 metal 

the initial concentration 
of culture liquid(mg/L) root type the removal volum from 

culuture liquid(mg) 
The enrichment  

volum of root(mg) 

Pb 

100 
living root 14.67  8.66  

dried root 7.60  7.52  

200 
living root 27.86  19.87  

dried root 11.31  11.05  

Cd 

5 
living root 1.02  1.04  

dried root 0.46  0.45  

10 
living root 1.93  1.91  

dried root 0.85  0.85  

20 
living root 3.10  3.13  

dried root 1.42  1.45  

The data in the table are the average value(P＜0.05,n=3). 

 

Root bioactivity also has a greater impact on the 
enrichment of Cd in solution. From Figure 3(b), when the 
initial concentration of Cd was 20mg/L, within the first 24h, 
the removal process of Cd from culture medium by dried root 
and living root was similar. After 24h, the Cd concentration 

in the solution enriched by dried root decreased slower, 
while the Cd concentration in the solution enriched by 
living root still declined more obviously. After 48h, the 
Cdremoval rate of living root from culture medium 
reached 49%, but the Cd removal rate of dried root 
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from culture medium was only 22.5%.This explains that the 
enrichment process of Cd is related to other biological 
processes in addition to the root surface adsorption. The 
enrichment process of root on Cd may be primarily by 
adsorption in the former 24h, while the absorption process 
maybe the dominant after 24h. Whether living root or dried 
root, the total enrichment volum of root on Cd was 
approximately equal to the total removal volum of Cd from 
culture medium (Table2).This shows there is no chemical 
precipitation process in the enrichment of Cd in solution. 
This is the differences in the enrichment processes of root on 
Cd and Pb. 

C. The Effect of Pb and Cd Composite Pollution on The 
Enrichment of Root on Heavy Metal  

From Figure 4, under the condition of Pb and Cd 
coexistence, by the enrichment of root, the concentration of 
Pb in the culture liquid was higher than single treatment at 
the beginning of 36h.That is, the Pb and Cd coexistence in 
culture liquid reduced the enrichment ability of root on 
Pb.However,after 36h, the Pb and Cd coexistence in culture 
liquid enhanced the enrichment ability of root on Pb. This 
showed that in the first 36h, there may be the Pb and Cd 
selective adsorption process of root in culture liquid, 
resulting in the lower adsorption ability of root on Pb.As Cd 
combined easily with proteins to form complexes in the 
organism and easily absorbed by the organism, the migration 
ability of Cd was stronger than Pb. With the migration of Cd 
from the root surface to the internal of root, the chance of Pb 
absorbed by roots also increased. Meanwhile, Pb and Cd 
coexistence in culture liquid may accelerate the precipitation 
process outside root.  
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Figure 4. Variance of Pb concentration in the culture liquid of Pb and Cd 

coexistence. 
 

From Figure 5, when the concentration of Cd was 
20mg/L,the Pb and Cd coexistence in culture liquid 
containing high concentrations of Pb made the enrichment 
abilty of root on Cd lower.This phenomenon may be due to 
the competitive adsorption between Pb and Cd. In the culture 
liquid of Pb and Cd coexistence containing low 
concentrations of Pb (30mg/L), since the concentration of 
culture liquid was low, the adsorption surface of the root was 
relatively larger. The Pb and Cd coexistence had little effect 
on the Cd adsorption of root. In the culture liquid of Pb and 

Cd coexistence containing high concentrations of Pb 
(50mg/L, 100mg/L), because much of adsorption sites 
of root were occupied by Pb[11-13],the adsorption 
ability of root on Cd decreased. In addition, during the 
first 36h, in the culture liquid of Pb and Cd coexistence 
containing 100mg/LPb, the Cd concentration was 
greater than that containing 50mg/LPb. After 36h, the 
Cd concentration in culture liquid was contrary to the 
above. This may be due to the chemical precipitation 
of Pb outside roots. In the enrichment mechanism of 
Pb, when the Pb concentration was 100mg/L, the 
chemical precipitation process outside roots was 
relatively stronger. The co-precipitation may prompt 
the Cd removal from culture liquid. 
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Figure 5. Variance of Cd concentration in the culture liquid of Pb 

and Cd coexistence. 
 

IV. DISCUSSION 

 
The root is important organ plants with a variety of 

physiological functions. In addition, the root can 
enrich a large amount of pollutants through the 
absorption and adsorption. It plays an important role in 
remediation of contaminated soils. But its absorption 
and enrichment mechanism is unclear. At present, it is 
widely believed the root absorption on heavy metals 
may have three ways [14]. The first way is "avoid". 
When the concentration of heavy metal in the sphere is 
low, the roots can adjust their function to protect 
themselves against heavy metal toxicity, but this 
situation may rarely. The second way is that the roots 
develop the tolerance for heavy metal through the 
adaptive adjustment. The third way is that the roots 
take ome heavy metal elements as their nutrient. In this 
study, the root enrichment mechanism of Pb and Cd 
was studied. The results showed that the enrichment of 
Medicago sativa root on Pb included adsorption, 
chemical precipitation and cell absorption process, and 
the enrichment on Cd included adsorption and 
absorption process. This result is simlar to the studies 
of Hart (1998) and Ye Chunhe (2002) [8, 15]. In 
addition, the study also found that the enrichment 
mechanism of Medicago sativa root on Pb and Cd 
showed the stage characteristics. During the front 12h, 
the root enrichment process on Pb was mainly the 
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adsorption process, while the root enrichment process on Pb 
after 12h was mainly the chemical precipitation and the cell 
absorption process. The root enrichment process on Cd in the 
front 24h was dominated by the adsorption process, while the 
enrichment process after 24h took the absorption process as 
the main. This is different from the studies of Hart et al (1998) 
and Ye Chunhe and (2002) [8,15]. Hart et al (1998) argued 
that the root enrichment on Cd only depended on cells 
swallow or the combination of Cd and organics [15]. Ye 
Chunhe (2002) considered the root enrichment on Pb only 
depended on the deposition cells in cell gap [8]. The 
enrichment mechanism of roots on Pb and Cd is very 
complex, and still needs a lot of experiments to study and 
explore.  

Under the condition of Pb and Cd compound 
contamination, there was the competitive adsorption in the 
enrichment process of Medicago sativa root, resulting in the 
decrease of root adsorption and absorption capacity on Cd 
and the decrease of root absorption capacity on Pb. This is 
consistent with the studies of Mohan and Hosetti (1997)[16]. 
The compound contamination of heavy metals increased 
hazard of single heavy metal on root, and then reduced the 
root tolerance to heavy metals and the enrichment efficiency 
of root on heavy metals. In addition, the study also found that 
the enrichment of Medicago sativa roots on Pb and Cd had 
synergistic absorption effect. When the enrichment time 
exceeded 36h, the chemical precipitation of Pb outside root 
also made the removal capacity of Cd increase. This is 
consistent with the results of Niu Zhixin (2010) and Wang 
Hao (2009) [4, 17]. The enrichment mechanism of root on 
heavy metals in compound contamination still needs further 
study. 

V. CONCLUSIONS 

 
The enrichment process of root on Pb may contain the 

adsorption, slow chemical precipitation reaction and cell 
absorption process. At the beginning of 12h the enrichment 
process of root was fast reaction stage, followed by a slow 
reaction phase. The higher the initial concentration of Pb in 
solution, the higher the enrichment volum of root on Pb. Root 
biological activity had a certain impact on the enrichment 
process of Pb. When the enrichment time exceeded12h,the 
removal effect of living root on Pb was stronger than that of 
dried root, and there was the precipitation of Pb outside 
living root. 

The enrichment process of root on Cd is mainly the 
adsorption reaction and the cell absorption reaction. The 
enrichment process at beginning of 24h was the adsorption 
effect, then the absorption process was more obviously. The 
enrichment process of root on Cd was slower than Pb. Root 
biological activity had a significant effect on the enrichment 
process of Cd. The enrichment ability of living root on Cd 
was significantly higher than that of dried root. Living root 
played an important role in the migration and purification of 
Cd. 

Under the condition of Pb and Cd compound 
contamination, the enrichment process contained the 
competitive adsorption and the synergistic absorption effect. 
At beginning of 36h,the competitive adsorption was the main 

enrichment mechnism of root on Pb and Cd, resulting 
in the decrease of adsorption and absorption capacity 
of root on Cd and the decrease of adsorption capacity 
of root on Pb. After 36h, the synergistic absorption 
effect was the main enrichment mechanic of root on Pb 
and Cd, and the enrichment capacity of root on Pb and 
Cd had been enhanced to some extent. 
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