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Abstract
A pot experiment was conducted to investigate the effect of three additives – citric acid (CA), polyaspartic acid (PASP), and 
FeCl3 – on the phytoextraction efficiency of cadmium (Cd) and lead (Pb) by ryegrass (Lolium perenneL.) from artificially 
contaminated soils with different heavy metal concentrations. The results showed that as the concentration of pollutants 
increased, the TI (tolerance index) and BCF (bio-concentration factor) of ryegrass gradually increased only when FeCl3 
was applied. FeCl3 also exhibited the most significant biomass enhancement and heavy metal accumulation of ryegrass, as 
well as the highest phytoextraction efficiency in heavily-polluted soils. The overall orders of the optimal phytoextraction 
efficiency for the three additives in terms of their MER (metal extraction ratio) were: FeCl3 > PASP > CA. Therefore, FeCl3 
can be used to improve the Cd and Pb phytoextraction efficiency of ryegrass in heavily-polluted soils.
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The majority of polluted soils contain multiple pollutants, 
and the presence of a single contaminant is extremely rare. 
Cadmium (Cd), lead (Pb), copper (Cu), zinc (Zn), and arse-
nic (As) are the main pollution elements of croplands in 
China due to smelter waste discharge. Cd and Pb soil pollut-
ants were ranked as the 1st and 2nd highest, with respective 
pollution percentages of 7.0% and 1.5% (Liu et al. 2013). 
Therefore, it is important to find an efficient and adaptable 
method to remediate soils co-contaminated with Cd and Pb.

Phytoextraction is the main and most useful phytoreme-
diation technique for the removal of metals and is useful 
for in situ biotechnology applications (Lan et al. 2013). 
Hyperaccumulators have drawn much attention because 
of their ability to accumulate and tolerate a high degree of 
heavy metals (HMs) (Maxted et al. 2007). Their potential 
use in bioremediation is limited by their slow growth rate 
and low biomass (Mulligan et al. 2001). Recent research on 

phytoextraction has focused on identifying tolerant plants 
that can obtain high biomass and stable production, although 
they accumulate lower degrees of heavy metals (Komárek 
et al. 2008).

The most economical and effective approach is to iden-
tify plants that are easy to harvest, have certain heavy metal 
tolerances, fast growth, large biomass, strong adaptability, 
and those that can absorb and migrate heavy metals from 
the soil. Loliumperenne has a strong ability to recover 
and extract lead and cadmium in soil, and its adaptability, 
drought tolerance, cold resistance, tiller regeneration, fast 
growth rate, and high yield makes it popular for foraging 
metal-enriched soils (Jia et al. 2011).

Compared with conventional phytoextraction methods, 
enhanced phytoextraction has a higher metal extraction effi-
ciency from polluted soils, since chelators can solubilize 
target metals from soils (Lasat 2002) which facilitates their 
uptake by plant roots for transport to shoots (Mcgrath et al. 
2001). Non-biodegradable chelators such as ethylenediami-
netetraacetic acid (EDTA) can pollute groundwater due to 
diffusion-controlled leaching in soil, and so more attention 
should be focused on environmentally-friendly additives. 
Citric acid (CA) can form soluble complexes with metal ions 
through its carbonyl groups and is also useful for enhanced 
phytoextraction since it rapidly biodegrades to CO2 and H2O 
and a low molecular weight organic acid. Polyaspartic acid 
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(PASP) is an emerging macromolecular chelating agent 
which possesses carboxylic acid groups that can efficiently 
coordinate and form complexes with various HMs (Roqué 
et al. 2004). Furthermore, PASP degrades into environmen-
tally-friendly ammonia, CO2, and H2O.

FeCl3 forms a complex with Cd2+ and Cl− which makes 
Cd become exchangeable and easily internalized by plants 
(Guo et al. 2016). FeCl3 was selected for use as a leach-
ing agent in Cd-contaminated paddy soils based on its Cd-
extraction efficiency, cost-effectiveness, and relatively low 
environmental impact (Makino et al. 2006). Three additives 
can also reduce soil pH and increase the activity and mobil-
ity of heavy metals. Therefore, we propose the use of CA, 
PASP, and FeCl3 as potential additives to enhance and rem-
edy multiple HM-polluted soils. The aim of this study was 
to evaluate the potential of three additives to improve the 
phytoextraction of multiple HM-polluted soils using Loli-
umperenne under different pollution conditions.

Materials and Methods

PASP, CA and FeCl3 were purchased commercially (Sin-
opharm Chemical Reagent Co., Ltd, Shanghai, China). 
Ryegrass seeds were purchased from Import Grass Spe-
cies Shop in Shanghai. All other chemicals and reagents 
were analytical grade. Soil samples were collected from 
the surface (0–20 cm depth) of an arable field outside the 
west gate of the Southeast University (Nanjing, China). 
Soils were air-dried, crushed, and then passed through 
a 2-mm diameter sieve, and thoroughly mixed. Physico-
chemical parameters of soils were measured (Table 1). Cd 
as Cd(NO3)2·4H2O and Pb as Pb(NO3)2 were added to the 
soils. After metals were added, soils were equilibrated for 
20 days and subjected to five saturation cycles with deion-
ized water and air dried, and then the concentrations of Cd 

and Pb in the contaminated soil were measured. Accord-
ing to the Soil Environmental Quality Standards (SEQSs) 
of China (GB 15618-2018), the risk screening value of 
Cd and the Pb intervention value in agricultural land were 
0.6 ppm and 500 ppm. Artificially-contaminated soils were 
rated in three levels: lightly-polluted soil (0.55 ± 0.059 ppm 
Cd/408.5 ± 15.8  ppm Pb), moderately-polluted soil 
(1.26 ± 0.061 ppm Cd/949.4 ± 26.6 ppm Pb), and heavily-
polluted soil (1.72 ± 0.19 ppm Cd/1293.4 ± 9.3 ppm Pb). 
Four treatments (CK, PASP, CA, FeCl3) were independently 
applied to each polluted soil, in replicates of three. Phytoex-
traction with additive application in lightly-polluted, mod-
erately-polluted, and heavily-polluted soils were denoted as 
treatment-L, treatment-M, treatment-H, respectively, and the 
negative control was denoted as treatment-N.

The treated soils were packed into pots (1500 g per pot) 
with inner diameters of 15 cm and depths of 12 cm. Sand 
and gravel were passed over a 0.15-mm screen to help drain 
and avoid soil loss. Ryegrass seeds were soaked in distilled 
water after washing with 5% bleach for 10 min, and 20 seeds 
were spread in each pot. Deionized water (240 mL) was 
quantitatively added each week to ensure 80% soil water 
holding capacity (WHC). Three weeks after seed emergence, 
seedlings were thinned to five plants per pot with growth 
heights of approximately 10 cm. Plants were propagated 
in a greenhouse in natural sunlight under controlled condi-
tions (50-60% relative humidity; 20–25°C). A dish with an 
8 inch diameter was placed on the bottom of each pot to 
avoid cross-contamination. Fifteen days after propagating, 
PASP, CA, and FeCl3 aqueous solution treatments (10 mM) 
were applied using a hand-operated sprayer. Each treat-
ment (50 mL/pot) was applied weekly to one set of pots for 
21 days during the experiment. Fourteen days after being 
treated for 3 weeks, the potted plants were harvested for 
further analyses.

Prior to measuring, plants were cleaned with deionized 
water, and their roots were placed in a 20 mM Na-EDTA 
solution for 15 min to remove surface-adsorbed Cd2+ and 
Pb2+, and then rinsed with deionized water. Plants were 
dried in an oven at 105°C for 20 min, then at 75°C to a con-
stant weight. Biomass (dry weights) was measured using 
an AdamLab PW124 model analytical balance. Roots and 
shoots were manually pulverized in liquid nitrogen, then 
ground and passed through a 0.15 mm sieve. Rhizosphere 
soil samples were taken from the pots by dividing the 
soil into quarters, whereupon two opposite quarters were 
discarded. The quartering process was repeated until the 
desired soil sample size was obtained. Then, the soil was 
allowed to naturally dry, and the granulometric fraction 
was pulverized in a planetary ball mill (PBM-H, DECO, 
China) with agate mortars, passed through a 0.075 mm 
sieve, and oven-dried at 75°C to a constant weight. Each 
sample (0.5 g, dry weight) was added to a Teflon digestion 

Table 1   Selected physicochemical properties of the pre-contaminated 
soil

Parameter Mean ± SD (n = 6)

pH 6.59 ± 0.23
Organic matter (%) 1.05 ± 0.14
Total N (%) 0.23 ± 0.04
Available P (%)
WHC (%)

0.057 ± 0.008
20.7

Sand (%) 8.6
Silt (%) 67.8
Clay (%)
Soil texture

23.6
Silty clay loam

CEC (cmol L−1) 13.4
Cd (mg kg−1) 0.13 ± 0.02
Pb (mg kg−1) 18.1 ± 2.46
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container, and 6 mL of nitric acid (65 wt%) and 2 mL of 
hydrogen peroxide (30 wt%) were successively added. The 
mixture was digested in a METASH MWD-850 microwave 
oven.

The total concentrations of Cd and Pb in soil extracts 
and dried plant samples were determined using an 
atomic absorption spectrophotometer (SP-3803AA; 
Shanghai, China) following a previously-published 
method (Zhang et al. 2010). The Cd and Pb contents in 
standard soil materials (SRM 2710a, Montana I Soils, 
NIST) were 0.086 ± 0.023  ppm and 16.3 ± 2.4  ppm, 
respectively. The Cd and Pb contents in standard plant 
materials (GBW07602, Shrub Branches, CNAC) were 
0.32 ± 0.07 ppm and 47.5 ± 3.3 ppm, respectively. Stand-
ard reference materials were also analyzed as part of the 
QA/QC protocol, and the relative standard deviation of 
each heavy metal was less than 10%. Recovery rates of 
95 ± 5% were obtained using a series of GSS standard 
samples and a series of GSV standard samples, as well as 
the blank in each batch of soil samples.

Calculations of the translocation factor [TF = Metal 
concentration in shoots/metal concentration in roots 
(ppm)] was adopted from Trotta et al. (2006). The bio-
concentration factor (BCF), and the ratio of the metal 
concentration in the different plant organs to the metal 
concentration in the soil, were adopted from Tu et  al. 
(2002). The tolerance index [TI = biomass of an enriched 
soil (g)/biomass of a control soil (g)] was adopted from 
Baker et al. (1994). The metal extraction ratio (MER) – the 
ratio of metal accumulation in the shoots to that in the 
soil – was adopted from Mertens et al. (2005), and is cal-
culated using the following equation:

MER =

(

C
shoot

×M
shoot

C
soil

×M
soil

)

where Cshoot is the metal concentration in the harvested 
shoots, Mshoot is the shoot biomass, Csoil is the metal con-
centration in the soil, and Msoil is the mass of the potted soil.

Statistical analysis was performed using SPSS version 
16.0 for Windows software package (SPSS, Chicago, IL, 
USA). Summarized results are presented as the treatment 
means ( ± standard deviation, SD) from three replicate meas-
urements of three independent experiments. Data were tested 
at significance levels of p < 0.05 by two-way ANOVA.

Results and Discussion

A high plant biomass yield is the primary indication of suc-
cessful phytoextraction. According to Fig. 1, the change 
in the ryegrass biomass was similar under different treat-
ments, which first increased and then decreased as the pol-
lution concentration increased, reaching a maximum in 
moderately-polluted soil. Bidar et al. (2007) found that low 
concentrations of Cd2+ can promote an increase in ryegrass 
biomass by inducing the synthesis of phytochelatins (PCs) 
and stimulating the expression of stress protein genes such 
as DanJ-like proteins and heat shock proteins (HSP). Low 
concentrations of Pb2+ can also promote chloroplast enzyme 
activity and accelerate the synthesis of chlorophyll. In con-
trast, high concentrations of Cd2+ inhibit protein synthesis 
in plants, causing stunted plant growth, while Pb2+ affects 
the respiration of plants and the normal structure of orga-
nelles, and inhibits photosynthesis and mitosis of root cell. 
(Tewari et al. 2002; Alaboudi et al. 2018). It indicated that 
the concentration of heavy metals had various effects on the 
ryegrass biomass.

Compared with the control group, all ryegrass biomass 
values decreased after being treated with the three additives 
with low pollution concentrations. FeCl3 had a significantly 
negative effect, and reduced the biomass by 24.54%. The 
averaged biomass under the low pollution condition is in 

Fig. 1   Effects of additive 
application on the biomass 
of shoots and roots in Lolium 
perenne. The values shown are 
the mean ± SD (n = 3). Differ-
ent capital letters above bars 
indicate statistically signifi-
cant differences using differ-
ent treatments, and different 
lowercase letters indicate the 
same treatment with statisti-
cally significant differences at 
different contamination levels 
(p < 0.05) 0
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descending order as follows: CK > PASP > CA > FeCl3. 
However, as the concentration increased to the heavily-pol-
luted level, FeCl3 and PASP promoted the biomass slightly, 
which increased by 13.34% and 11.73%, respectively, while 
the plant biomass was still lower than the control group when 
treated with CA. The averaged biomass in heavily-polluted 
soil is in descending order as FeCl3 > PASP > CK > CA. This 
indicates that the additives had different effects on plant 
growth at varying degrees of pollution. Similar results have 
been reported which showed that the biomass response of 
S.orientalis treated with ethylenediamine disuccinic acid 
(EDDS) was different in soils contaminated with 10 ppm and 
100 ppm Cd-contamination (Lan et al. 2013). This indicated 
that, due to the positive effect of HMs and FeCl3 in mod-
erately-polluted soil, the biomass of the FeCl3-M showed a 
maximum increase of 63.6%, compared with FeCl3-L. The 
biomass and the promoting efficiency of shoots were signifi-
cantly higher than that of the roots. This difference may be 
explained by the formation of a complex between additives 
and HMs which tended to remain primarily in the roots (Sun 
et al. 2009). The stability of high-concentration complexes 
decreased, making it easy for them to re-decompose into a 
large amount of free metallic ions which affected the normal 
growth and physiological metabolism of the roots.

The tolerance index is another feature that affects the 
phytoremediation process, and values greater than the 
threshold value are important for phytoremediation studies 
(Bluskov et al. 2005). In Fig. 2, ryegrass was observed to 
be the most tolerant in heavily-polluted soils treated with 
FeCl3 and PASP, having shoot TI values of 1.19 ± 0.148 and 
1.15 ± 0.132, respectively, which reflected a net increase in 
biomass and indicated an effective Cd and Pb extraction 
ability. The averaged TI values in heavily-polluted soils are 
listed in descending order as follows: FeCl3 > PASP > CA. 
High TI values were also accompanied by high HM accu-
mulation, indicating efficient Cd and Pb transport from the 
roots to the shoots (Diwan et al. 2010) when promoted by 

FeCl3 and PASP. This possibly occurs because the stimula-
tion of tolerance mechanisms in ryegrass, such as power-
ful antioxidant defense systems (Khan et al. 2009), and a 
decrease in the root-to-shoot transport (TF) play major roles 
in Cd and Pb tolerance (Table 2). A significant decline in the 
TI was observed when treatments were applied to lightly-
polluted soils compared to CK-L, with shoot TI values near 
0.77–0.94. This indicated that additives reduced the toler-
ance of ryegrass at low contamination levels, and the poten-
tial reason is that the complex formed by Cd2+ and Pb2+ and 
additives reduced the promotion of plant biomass by low 
concentrations heavy metals. (Solis-Dominguez et al. 2007).

HM uptake is an important parameter used to understand 
the cellular response of plants and is one of the necessary 
conditions to achieve successful phytoextraction (Diwan 
et al. 2010). According to Fig. 3, the HM content of roots 
was much higher than that of the shoots. Combined with 
the low TI of the roots ( < 1) in Fig. 2, this indicated that the 
growth of the ryegrass root system was significantly inhib-
ited due to heavy metal stress. In Fig. 3a, b, the application 
of three additives under moderately- and heavily-polluted 
levels promoted the absorption of Cd and Pb in roots, and 
the Cd and Pb content of roots increased as the pollution 
level increased. This suggests that the additives may help 
ryegrass prevent metal precipitation by forming metal com-
plexes that easily enriched in the roots (Yeh et al. 2015).

In Fig. 3c, d, the three additives promoted the absorption 
of Cd of ryegrass shoots. The promoting effects of FeCl3 
increased as the pollution level increased, and the promoting 
effect of FeCl3 was the most evident in the heavily-polluted 
soil, where it increased the Cd and Pb content in the shoots 
by 157.7% and 366.05%, respectively. The averaged Pb con-
tent of shoots in heavily-polluted soil is listed in descending 
order as follows: FeCl3 > PASP > CA > CK. Earlier reports 
have also indicated that FeCl3 can provide cations capable of 
exchanging soil-adsorbed HMs and ligands to form soluble 
metal complexes which enhance the accumulation in shoots 

Fig. 2   Effects of the applica-
tion of chelants on the tolerance 
index (TI) of roots and shoots in 
Lolium perenne. The threshold 
for TI is 1. Values shown are 
the mean ± SD (n = 3). Different 
letters above the bars indicate 
statistically significant differ-
ences from the different treat-
ments at p < 0.05. An asterisk 
(*) indicates that the TI of the 
root significantly differed from 
the corresponding TI of shoots 
(p < 0.05)

FeC
l3-

N

PASP-N
CA-N

FeC
l3-

L

PASP-L
CA-L

FeC
l3-

M

PASP-M
CA-M

FeC
l3-

H

PASP-H
CA-H

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

d*
c* c*c*c*

b*b*bb b
ab*

a*

d'd'
cd'c' bc'

bc' b'b'b' b'
a'

Treatment

shoot root

To
le

ra
nc

e 
In

de
x

a'



151Bulletin of Environmental Contamination and Toxicology (2019) 103:147–154	

1 3

Table 2   Bioaccumulation factor (BCF) and translocation factor (TF) values in Loliumperenne under different treatments

a Values shown are the mean ± SD (n = 3)
b Means followed by the same letter(s) within a column for a given metal element are not significantly different across different treatments 
(p < 0.05)

Treatment Cd(BCF) Cd(TF) Pb(BCF) Pb(TF)

Shoots Roots Shoots Shoots Roots Shoots

CK-L 0.22 ± 0.011acdb 4.89 ± 0.42e 0.04 ± 0.002b 0.19 ± 0.016b 0.23 ± 0.067c 0.83 ± 0.077b
FeCl3-L 0.33 ± 0.012b 7.45 ± 0.54c 0.04 ± 0.001b 0.23 ± 0.015a 0.21 ± 0.028 cd 1.09 ± 0.101a
PASP-L 0.27 ± 0.016c 6.75 ± 0.34d 0.04 ± 0.001b 0.11 ± 0.007d 0.15 ± 0.034d 0.69 ± 0.043bc
CA-L 0.62 ± 0.054a 6.12 ± 0.47d 0.10 ± 0.001a 0.20 ± 0.004b 0.24 ± 0.026c 0.87 ± 0.094b
CK-M 0.19 ± 0.008d 5.11 ± 0.44e 0.04 ± 0.002b 0.14 ± 0.006c 0.26 ± 0.044c 0.56 ± 0.034c
FeCl3-M 0.23 ± 0.007 cd 9.92 ± 0.72bc 0.02 ± 0.001c 0.12 ± 0.003 cd 0.48 ± 0.032b 0.26 ± 0.012d
PASP-M 0.32 ± 0.012b 10.69 ± 0.94b 0.03 ± 0.001c 0.24 ± 0.011a 0.28 ± 0.043c 0.87 ± 0.083b
CA-M 0.33 ± 0.021b 8.27 ± 0.64c 0.04 ± 0.002b 0.15 ± 0.012c 0.52 ± 0.078b 0.28 ± 0.012d
CK-H 0.14 ± 0.002e 6.58 ± 0.74d 0.02 ± 0.004c 0.04 ± 0.005e 0.48 ± 0.024b 0.09 ± 0.003e
FeCl3-H 0.37 ± 0.014b 12.70 ± 1.54a 0.03 ± 0.002c 0.19 ± 0.013b 0.81 ± 0.087a 0.24 ± 0.031d
PASP-H 0.14 ± 0.005e 10.25 ± 0.95b 0.01 ± 0.004d 0.13 ± 0.009c 0.50 ± 0.034b 0.26 ± 0.041d
CA-H 0.27 ± 0.012c 7.74 ± 0.62c 0.04 ± 0.003b 0.10 ± 0.004d 0.57 ± 0.067b 0.18 ± 0.009d
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(Xiong and Feng 2001). The promoting effects of PASP first 
increased and then decreased, and the maximum Cd and Pb 
content increased by 74.54% and 66.65%, respectively at the 
medium level. This indicated that an increase in HMs can 
decrease the solubilizing capacity of PASP, which reduces 
the mobility of HMs and inhibits transportation from the 
roots to shoots (Lingua et al. 2014). The averaged Cd content 
of shoots in moderately-polluted soil is listed in descend-
ing order as follows: PASP > CA > FeCl3 > CK. The pro-
moting effect of CA in three polluted soils was relatively 
stable compared with FeCl3 and PASP. However, the Cd 
content increased by 184.6% with CA in the lightly-polluted 
soil, demonstrating that the promoting effect of CA was 
the most significant in the lightly-polluted soil among the 
three additives. The averaged Cd content in shoots in the 
lightly-polluted soil is listed in descending order as follows: 
CA > FeCl3 > PASP > CK.

BCF and TF are the defining parameters in phytoremedia-
tion and provide the basis for metal uptake, storage in the 
roots, and mobilization into aerial plant parts (Diwan et al. 
2010). In Table 2, the application of additives effectively 
promoted the BCF of Cd in roots and shoots, and the BCF 
of Cd in shoots under CA-L treatment reached a maximum 
of 0.62 ± 0.054, an increase of 181.8%. The BCF of Cd and 
Pb in the roots was far higher than that in the shoots, and 
roots had a high Cd enrichment ability (BCF > 1), reach-
ing a maximum of 12.7 ± 1.54 when treated by FeCl3-H. 
These findings agree with earlier reports which indicated 
that ryegrass is capable of accumulating Cd and Pb mainly 
in its roots, and metals were found in the cell walls and vacu-
oles, indicating that this plant species has a metal sequestra-
tion mechanism (He et al. 2013, 2014). The BCF of Cd was 
stable across the polluted concentration range, which signi-
fied that ryegrass may be efficiently used for phytoremedia-
tion across a wide and fluctuating concentration range of 
Cd contamination (Zurayk et al. 2001). As the HM content 

increased, the BCF of Pb in the roots also increased, while 
the TF gradually decreased, which indicated that ryegrass 
could potentially be used in phytostabilization to reduce the 
mobility of Pb accumulated and precipitated within the root 
zone (Zhao et al. 2016). As a non-hyperaccumulator with 
BCF and TF shoot values ( < 1), ryegrass can produce much 
higher shoot biomasses and may achieve a considerable HM 
phytoextraction efficiency (Hu et al. 2013). Since the BCF of 
Cd in shoots and roots was higher than that of Pb, ryegrass 
was the most efficient in Cd uptake and enrichment, fol-
lowed by Pb. The low BCF of Pb also illustrated that it had 
a tolerance mechanism of and exclusion to Pb (Sun et al. 
2008) which indicates that ryegrass has great phytoextrac-
tion potential for soils heavily polluted with Cd and Pb.

The MER expresses the extraction capacity as a ratio 
which takes into account the produced biomass and the 
soil volume to be cleaned more informative (Mertens et al. 
2005). According to Fig. 4, there was a very similar MER 
change between Cd and Pb, which suggested that the three 
additives potentially enhanced the combined phytoextrac-
tion of Cd and Pb by ryegrass. FeCl3, PASP, and CA have 
the most significant phytoextraction enhancement effects in 
heavily, moderately and lightly polluted soils, respectively 
(p < 0.05). The highest average MERs of CK, FeCl3, PASP, 
and CA were 0.094%, 0.21%, 0.18%, and 0.15% for Cd, and 
0.002%, 0.011%, 0.007%, and 0.005% for Pb, respectively. 
Sun et al. (2008) reported that the MERs of the Cd-hyperac-
cumulator Solanum nigrum in co-contaminated soil (10 ppm 
Cd/250 ppm As) were 0.22% for Cd and 0.006% for As, 
respectively. This suggests that the FeCl3-enhanced phytoex-
traction of Cd by ryegrass can achieve a favorable efficiency 
similar to other hyperaccumulators. The optimal MER 
of each additive is listed in descending order as follows: 
FeCl3 > PASP > CA > CK. The MER of FeCl3-H showed a 
3.4-fold increase for Cd and 13.3-fold for Pb compared to 
CK-H. For phytoremediation projects in the field, the cost 

Fig. 4   Metal extraction ratio 
(MER) of Lolium perenneL. 
under different treatments. Val-
ues shown are the mean ± SD 
(n = 3). Different capital letters 
above bars indicate statistically 
significant differences from dif-
ferent treatments, and different 
lowercase letters indicate the 
same treatment with statistically 
significant differences between 
different contamination levels 
(p < 0.05)
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of additives must be considered, and the price of additives 
are in the following order: FeCl3 < CA < PASP. These results 
indicate that FeCl3-H has potential commercial viability, and 
also demonstrated the highest enhancement in the phytoex-
traction of Cd and Pb by ryegrass.

In conclusion, the results of this study have demonstrated 
that FeCl3 can more strongly enhance the phytoextraction 
efficiency of ryegrass than PASP and CA in heavily-polluted 
soil. Three additives were shown to increase the accumula-
tion and BCF of Cd and Pb, but their enhancement effects 
in different polluted soils were affected by the HM content. 
FeCl3 had both the highest enhancement to BCF and also the 
highest biomass and tolerance in heavily-polluted soil. Based 
on the MER, the enhanced phytoextraction of ryegrass was 
similar to the phytoextraction effect of a previously-reported 
hyperaccumulator due to its high biomass of shoots, stable 
Cd enrichment, and tolerance of Pb. Therefore, ryegrass 
appears to be a promising plant for phytoextraction. Moreo-
ver, the results reflect the growth-promoting effect of addi-
tives on harvestable biomass which is essential for phytoex-
traction. While the results were based on pot experiments, 
further work would be required to verify the phytoextraction 
rates in field conditions.
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