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Abstract The concentrations of uranium, thorium, bar-
ium, nickel, strontium and lead in the samples of the tail-
ings and plant species collected from a uranium mill
tailings repository in South China were analyzed. Then, the
removal capability of a plant for a target element was
assessed. It was found that Phragmites australis had
the greatest removal capabilities for uranium (820 pg),
thorium (103 pg) and lead (1,870 pg). Miscanthus florid-
ulus had the greatest removal capabilities for barium
(3,730 pg) and nickel (667 ng), and Parthenocissus quin-
quefolia had the greatest removal capability for strontium
(3,920 pg). In this study, a novel coefficient, termed as
phytoremediation factor (PF), was proposed, for the first
time, to assess the potential of a plant to be used in phy-
toremediation of a target element contaminated soil.
Phragmites australis has the highest PFs for uranium
(16.6), thorium (8.68), barium (10.0) and lead (10.5).
Miscanthus floridulus has the highest PF for Ni (25.0).
Broussonetia papyrifera and Parthenocissus quinquefolia
have the relatively high PFs for strontium (28.1 and 25.4,
respectively). On the basis of the definition for a hyper-
accumulator, only Cyperus iria and Parthenocissus quin-
quefolia satisfied the criteria for hyperaccumulator of
uranium (36.4 pg/g) and strontium (190 pg/g), and could
be the candidates for phytoremediation of uranium and
strontium contaminated soils. The results show that the PF
has advantage over the hyperaccumulator in reflecting the
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removal capabilities of a plant for a target element, and is
more adequate for assessing the potential of a plant to be
used in phytoremediation than conventional method.
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Uranium mill tailings contains long-lived radioactive
nuclides and heavy metals (Landa 2004). Although the
uranium mill tailings is deposited in a specially designed
and constructed repository, the radioactive nuclides and
heavy metals will transport to the soil around the repository
and pose a great threat to the ecosystem, agro-system and
people’s health (Frostick et al. 2008). Therefore, it is
necessary to study the remediation techniques for the ura-
nium mill tailings contaminated soil and the tailings itself.

One of the promising strategies for treating the large-
scale low-level contamination is the use of phytoremedia-
tion technique (AbdEl-Sabour 2007). In recent years, many
researchers have studied the soil sampling and mapping of
contamination, the relative uptake of radioactive nuclides
by various plant species, and the improvement of the
uptake by adding fertilizers, organic acids or chelating
agents (Blanco Rodriguez et al. 2002; Shahandeh and
Hossner 2002; Chen et al. 2005; Huang et al. 1998). It was
found that the uptake of U and Th was mainly associated
with the iron concentration in the plant and the phosphorus
and alkaline earths in the substrate (Blanco Rodriguez et al.
2002), that sunflower and Indian mustard had the highest
capability of accumulating U among thirty-four U-accu-
mulating plant species collected from the U-contaminated
soil (Shahandeh and Hossner 2002), that Lupine (Lupinus
albus) and Ryegrass (Lolium perenne) had the highest
uptake of ***U and ***Th among the crops on uranium mill
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tailings contaminated soil (Chen et al. 2005), and that the
addition of citric acid could help to dissolve more U than
the acidification or the other amendments tested (Huang
et al. 1998).

However, the suitable plant species for phytoremedia-
tion of uranium tailings contaminated soil and the tailings
itself have not been screened out so far, and the criteria for
determining a candidate plant for the phytoremediation has
not be established.

In South China, there is a uranium mill tailings reposi-
tory. The repository has a subtropical continental climate
with an annual average temperature of 17.9°C, an annual
average rainfall of 1,452.0 mm, an annual average evapo-
ration capacity of 1,324.5 mm, and the altitude from
210.5 m to 307.0 m above sea level. It covers an area of
approximately 1.70 km? and contains approximately
1.88 x 10® t of uranium mill tailings produced by a nearby
uranium mill where the uranium ore was processed by the
acid leaching from 1960s to 1990s. This repository is a
natural laboratory for conducting research on phytoreme-
diation of uranium tailings contaminated soil and the tail-
ings itself.

The present study was to make a geo-botanical survey of
the plant species at the uranium mill tailings repository in
South China, to screen out the plant species capable of
remediating the uranium mill tailings contaminated soil
and the tailings itself, and to establish a criteria for
screening a plant candidate for phytoremediation of the
uranium mill tailings contaminated soil and the tailings
itself.

Materials and Methods

In autumn, 2009, the tailings and plant samples were col-
lected from the uranium mill tailings repository. The
sampling site was defined by a 5 m x 5 m square, and the
sample was taken at each corner and the intersection of its
diagonals (Gramatica et al. 2006).

The dominant plant species were collected from the five
plots at each sampling site. The whole plant was collected
for the herbaceous plant, and the leaf and stalk were
obtained for the ligneous plant. The plant samples were
divided into the shoot (including seed, leaf and stalk) and
the root, and they were gently washed with de-ionized
distilled water for 3 min to remove the tailings particles
adhered. Six specimens of each plant species were mixed
to give a composite sample. The tailings sample was col-
lected from the corresponding plant sampling site. In the
laboratory, the plant and tailings samples were kept drying
at room temperature for 2 weeks.

A subsample of each plant tissue and tailings was kept
drying at 105°C for 24 h to reduce the bound water. All the

data in this paper were on this dry weight basis (105°C).
They were sealed in the clean polyethylene container and
stored in a refrigerator for analysis. The weight of each
plant tissue was precisely obtained by a scale before it was
ground to powders using Wiley Mills.

The dried powders of plant and tailings samples were
analyzed for the total concentrations of U, Th, Ba, Pb, Ni
and Sr, respectively, using an ICP-MS (ELAN® DRC-e,
Perkinelmer, American) at the State Key Lab of Ore
Deposit Geochemistry, Guiyang Institute of Geochemistry,
Chinese Academy of Sciences, China. The method was
described by Liang et al. (2000).

The analytical reagent-grade HF and HNO; were puri-
fied by sub-boiling distillation to give the low reagent
blank and the corresponding low analytic limit of detec-
tion. The 18 MQ/cm?® grade water was used in this exper-
iment which was prepared by a Millipore purification
system. Every PTFE bomb was cleaned with 8 mL of
3.6 M HNOj; and heated to 100°C and kept boiling for 1 h
before use.

The characteristics of the uranium mill tailings sample
were analyzed according to NY/T 1121 (2006). For each
tailings sample, 0.050 g of the sample was taken and
digested with HNO;3; and HF. The method was described by
Liang et al. (2000).

For each plant sample, 0.100 g of the sample was put in
a PTFE bomb and 2 mL of 15.2 M HNO; added in it. After
that, the bomb was sealed and stood for overnight. Then the
bomb was opened and kept on an electric oven at 150°C
until the solution was boiled to dryness. After the bomb
cooled, 2 mL of 15.2 M HNO; and 0.2 mL of 21.8 M HF
were added in it. Again, the bomb was sealed, heated to
190°C, and kept heating at that temperature for 20 h. After
that, 1 mL of 15.2 M HNO; was added in the bomb, and
the solution was boiled to dryness. After the bomb cooled,
I mL of 500 ng/mL Rh internal standard solution was
added in it. The final residue in the bomb was re-dissolved
by adding 1 mL of 7.8 M HNOs;. Finally, the bomb was
resealed, heated to 130°C, and kept heating at that tem-
perature for 3 h. After it cooled, the digestion was diluted
to 10 mL by adding distilled de-ionized water. The reagent
blank was treated in the same way as the sample.

The stock solutions in the concentration of 1,000 mg/L
of U, Th, Sr, Ba, Ni and Pb were prepared using the pure
metals or pure metal oxide. The detection limit for each
element was calculated by both the sum of background and
three times of its standard deviation. The range of the
detection limit was 0.001-0.005 pg/L. for Th and U,
0.01-0.2 pg/L. for Ni, Sr, Ba, and Pb, respectively. The
accuracies of the ICP-MS analyses are estimated to be
better than +5% (relative) for the elements determined.
The recoveries for the target elements in this study from
fortified sample were 97.6%—110.5%.
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The transfer factor (TF), which is defined as the ratio of
target element concentration in the plant to that in the
tailings, can be used as an index for the accumulation of a
target element in the plant and its transfer from the tailings
to the plant (Whicker et al. 1999).

Phytoremediation factor (PF) is defined as:

Phytoremediation factor(PF)
= Target element concentration in the plant shoot
x biomass of the plant shoot/target element

concentration in the tailings

In this equation, the shoot refers to the ground tissue of
the plant including the seed, leaf, and stalk. The
phytoremediation factor can be used as an index for the
capability of a plant to accumulate the target element
from the tailings.

Results and Discussion

The characteristics of the uranium mill tailings are pre-
sented in Table 1. The pH value of the tailings ranged from
5.49 to 5.86, indicating that it was a media with weak
acidity. The concentrations of U, Th, Sr, Ba, Ni and Pb in
the tailings sample at each sampling site are presented in
Table 2. It is obvious that there is a great difference
between the minimum and maximum values of the con-
centrations of the determined elements in the tailings.
Three explanations for this may be given. First, the tailings
had the acid nature, this resulted in the dissolution of 6
target elements from the tailings and they could transport
with the help of the rainfall from one site to another.

Table 1 Characteristics of the tailings deposited in the uranium mill
tailings repository in South China

Mill tailings characteristic

SiO, 70.65%—74.89%
Grain size <0.5 mm

Fe 1.80%—-2.10%

Al 2.85%-3.25%

Ca 3.35%-3.56%

Mg 0.14%-0.17%

P 0.082%—-0.093%

B 0.0008%-0.0012%
Mo 0.0063%-0.0071%
clI- 0.024%-0.031%
S0, 0.026%-0.035%
NO;~ 0.28%-0.32%
Total C 2.86%-4.52%

pH 5.49%-5.86
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Second, the tailings was deposited at the repository during
different periods from 1963 to 1994, and this resulted in the
different releasing rates for 6 target elements. Third, plant
species growing on different sampling sites had different
uptake activities for 6 target elements.

To screen the candidates for phytoremediation of ura-
nium mill tailings containing 6 target elements, 15 domi-
nant plant species belonging to 9 families were collected
from the uranium mill tailings repository in South China
(Table 2). Among the plant samples collected, Cyperus iria
accumulated the highest concentration (36.4 pg/g) of U in
the shoot. Juncellus serotinus accumulated the highest
concentrations of Th (3.66 ng/g), Ba (179 pg/g) and Ni
(25.2 pg/g) in the root. Juncellus serotinus accumulated
the highest concentration of Pb (91.0 ng/g) in the shoot.
Parthenocissus quinquefolia was one species which accu-
mulated the largest amount of Sr (190 pg/g) in the shoot,
but the lowest concentrations of other metals. Although the
hyperaccumulators for U and Sr have not been defined so
far, Baker and Brooks (1989) defined the hyperaccumulator
for metals in two ways. First, the concentration of an ele-
ment accumulated in an organism can be higher than that in
the soil. Second, the amount of an element accumulated in
an organism can be greater than that in other organisms
investigated. Based on this view, Cyperus iria and
Parthenocissus quinquefolia have satisfied the criteria for a
hyperaccumulator for U and Sr, respectively. The highest
concentration of Pb in the shoot of Juncellus serotinus was
91.0 pg/g, but this value did not satisfy the criteria for a
hyperaccumulator for Pb (Baker and Brooks 1989). These
results suggested that different plant species had different
accumulation characteristics for a target element.

The potential of a plant to be used in phytoremediation
does not merely depend on the concentration of a target
element in the plant (Verma et al. 2007). It has been pro-
posed that the plant with low dry biomass would share a
low resultant capability of removing an element and not
be suitable for phytoremediation though the concentration
of the target element would be very high in this plant
(Robinson et al. 1997). The dry biomass of the plant is
considered as an important factor. In the present study, the
removal capabilities of the plant samples collected for a
target element was assessed by multiplying the concen-
tration of the target element in the plant with the its dry
biomass. The results are shown in Table 3. Phragmites
australis had the greatest removal capabilities for U, Th
and Pb. Miscanthus floridulus had the greatest removal
capabilities for Ba and Ni, and Parthenocissus quinquefolia
had the greatest removal capability for Sr.

The concentration of a target element in the tailings is
another important factor that determines the time duration
it takes to complete the phytoremediation. For preliminary
search of a plant for phytoremediation, the transfer factor is
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Table 3 The average biomass and the removal capabilities of the plants collected for U, Th, Ba, Ni, Sr and Pb in the uranium mill tailings

repository in South China

Species Plant Biomass (g) The removal capability for the target elements (pg/plant)
pat U Th Ba Ni Sr Pb

Paspalum paspaloides Shoot 1.90 £ 0.15 16.6 &+ 1.37 2.61 + 0.23 131 £ 11.2 8.12 £ 0.75 33.2 +2.88 103 + 8.66
Root  0.40 £ 0.06

Miscanthus floridulus Leaf 53.50 £6.25 102 £ 159 563 £+ 10.2 3.73E3 £ 551 667 + 111 769 £ 109 1.09E3 £ 159
Stalk 49.80 + 8.24
Root  15.20 £ 3.63

Vitex negundo Leaf 16.20 £ 1.32 38.0 £4.25 13.5 £ 1.40 1.72E3 £ 220 65.0 & 7.64 427 £ 51.5 337 £ 39.5

var. cannabifolia

Stalk 21.60 £ 3.65

Paspalum orbiculare Shoot 2.40 £ 0.56 17.6 +3.96 5.71 £ 1.31 253 £ 58.4 16.8 £ 3.57 38.8 £ 8.60 153 £ 35.2
Root  0.60 £ 0.03

Phytolacca acinosa Seed  2.70 £ 0.03 43.6 +3.16 3.68 £+ 0.21 761 £ 58.7 103 £ 7.81 589 + 48.9 150 + 10.3
Stalk 24.30 £ 2.18

Artemisia capillaris Shoot 17.80 & 1.95 16.7 & 1.83 5.16 £ 0.57 328 £ 359 80.1 £+ 8.78 157 £ 17.2 197 £ 21.6

Euphorbia hirta Shoot 5.60 £ 0.46 13.5 + 1.08 2.06 &+ 0.16 545 £ 443 12.8 £ 1.04 73.9 + 598 102 £ 8.23
Root  0.80 £ 0.06

Broussonetia papyrifera Leaf 18.80 +2.36 51.2 +£ 645 103 £ 1.29 1.72E3 £ 217 94.7 £ 11.9 2.27E3 + 286 562 £ 70.8
Stalk 28.50 + 3.61

Phragmites australis Seed 128 £0.05 820 & 114 103 & 14.1 2.98E3 + 408 379 £ 53.0 2.20E3 &+ 297 1.87E3 + 264
Leaf 13.60 £ 1.65
Stalk 37.00 £ 5.32
Root  5.62 £+ 0.36

Cynodon dactylon Shoot 0.68 £ 0.02 1.05 & 0.03 0.17 £ 0.01 13.2 £ 0.39 2.22 + 0.07 447 £ 0.13 5.62 £ 0.17

Kyllinga brevifolia Seed 0.22 £0.01 7.18 £ 0.89 3.32 &+ 0.49 121 £ 17.5 13.5 £ 1.67 254 £ 3.19 347 £ 4.84
Leaf  1.30 £ 0.20
Root  0.22 £ 0.01

Cyperus iria Shoot 1.26 £ 0.13 46.2 +4.76 3.42 £+ 0.35 112 £ 11.2 269 £ 2.74 61.1 £ 6.26 73.0 £ 7.38
Root  0.14 £ 0.01

Juncellus serotinus Shoot 1.42 4+ 0.13 28.8 +2.62 3.98 £ 0.36 237 £21.5 150 £ 1.34 36.8 = 3.33 145 £ 13.2
Root  0.23 £ 0.02

Cibotium barometz Shoot 3.64 £ 0.26 37.1 £2.62 2.72 + 0.19 57.7 £ 4.07 29.7 £2.12 40.2 + 2.84 315 £222
Root  0.86 £ 0.06

Parthenocissus quinquefolia Leaf 18.50 &+ 2.19 30.5 + 3.60 3.93 + 0.45 567 £ 67.0 30.5 £ 3.60 3.92E3 + 462 173 £ 20.3
Stalk  5.60 £ 0.64

Minimum 0.14 £ 0.01 1.05 £ 0.03 0.17 &£ 0.01 13.2 £ 0.39 222 £ 0.07 447 £0.13 5.62 £ 0.17

Maximum 53.50 £ 6.25 820 £ 114 103 + 14.1 3.73E3 £ 551 667 &= 111 3.92E3 £+ 462 1.87E3 £ 264

one of the criteria for identification of the plant that can
further be used to improve its removal capability for a
target element by various breeding techniques (Whicker
et al. 1999). As shown in Table 4, Cyperus iria had a
higher TF for U (5.48), than the reported U accumulated
plants (Shahandeh and Hossner 2002; Chen et al. 2005).
But, the relatively small amount of biomass in Cyperus iria
may be a limiting factor for phytoremediation in this study
(Tables 2, 3). TFs for other plant species were smaller than
one. The factors such as the concentration of a target

@ Springer

element, speciation and pH of the tailings, the plant age
and ecotype may modify the uptake and ratio of the content
of the element in the plant shoot to that in the plant root
(Florijn et al. 1993; Jiang and Singh 1994; Tu et al. 2002).

In sum, phytoremediation of the tailings depends on
three parameters including the plant biomass, the target
element concentration in the plant, and the target element
concentration in the tailings. In order to further assess the
potential of a plant for phytoremediation, a novel coeffi-
cient is proposed and termed as phytoremediation factor
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Table 4 Transfer factor (TF) and Phytoremediation factor (PF) of the plants collected for U, Th, Ba, Ni, Sr and Pb in the uranium mill tailings

repository in South China

Species TF PF
6] Th Ba Ni Sr Pb U Th Ba Ni Sr Pb

Paspalum paspaloides 0.27 0.24 0.17 0.31 0.17 0.24 0.59 0.48 0.35 0.57 0.36 0.52
Miscanthus floridulus 0.04 005 0.01 0.23 0.05 0.03 358 430 072 250 5.73 2.70
Vitex negundo var. cannabifolia 0.04 0.04 0.01 0.07 0.09 0.03 1.63 1.53 0.39 2.63 3.59 0.98
Paspalum orbiculare 0.15 0.10 0.12 0.21 0.14 0.12 0.42 0.28 0.36 0.56 0.39 0.35
Phytolacca acinosa 0.04  0.01 004 014 023 0.01 1.10  0.19 1.11 3.86 6.34 0.35
Artemisia capillaris 0.02  0.01 0.03  0.17 0.10  0.03 042  0.26 0.48 3.00 1.69 0.46
Euphorbia hirta 0.10 0.03 022 013 0.15 0.06 044  0.14 1.23 0.71 0.77 0.28
Broussonetia papyrifera 0.04 0.01 0.09 0.10 0.60 0.03 1.71 0.58 4.49 4.86 28.2 1.40
Phragmites australis 0.31 0.16 0.19 0.06 025 0.19 16.6 8.68 10.0 3.61 13.8 10.5
Cynodon dactylon 0.03 0.02 0.07 0.03 0.04  0.05 0.02  0.02 0.05 0.02 0.03 0.03
Kyllinga brevifolia 046  0.11 0.18 0.17 030 032 0.61 0.19 0.31 0.23 0.44 0.50
Cyperus iria 548 013  0.21 0.39 1.11 1.28 7.61 0.17 0.27 0.53 1.51 1.67
Juncellus serotinus 0.41 028 037 0.01 0.17 057 0.57  0.36 0.51 0.01 0.22 0.83
Cibotium barometz 048 0.03 0.03 023 022  0.03 1.08  0.06 0.06 0.98 0.56 0.07
Parthenocissus quinquefolia 0.05 0.01 0.04 0.21 1.06 0.26 1.13 0.20 0.90 5.10 25.4 6.32

(PF). This factor is the ratio of the total amount of a target
element accumulated in the plant shoot to the concentration
in the tailings at the site where the plant grows. The PFs of
the plant samples collected were calculated and presented
in Table 4. As shown in Table 4, Phragmites australis has
the highest PFs for U, Th, Ba and Pb, respectively.
Miscanthus floridulus has the highest PF for Ni. Brous-
sonetia papyrifera and Parthenocissus quinquefolia have
the relatively high PF for Sr compared with other plants
collected. PF extends the conventional definition of
hyperaccumulator, and it can easily be obtained. Although
the concentration of a target element in a plant does not
satisfy the criteria for a hyperaccumulator, the plant may
also be considered as the candidate for phytoremediation if
it has relatively high biomass. Therefore, PF may provide a
novel reference for identification of a plant capable of
remediating the tailings and soil contaminated by the
radioactive nuclides and heavy metals on a large scale. It is
necessary that further studies should be performed to
improve this factor, since the plant biomass at a unit area of
land is not considered in this factor at present.

Conclusions

1. The concentrations of the U, Th, Ba, Ni, Sr and Pb in
the plant species vary greatly and depend on the
accumulation characteristics of the plants and the
concentrations of the elements in the tailings from
sampling sites where the plants grow.

2. The phytoremediation factor (PF) is proposed for the
first time in this paper. It takes into consideration the
concentration of a target element in a plant, the plant
shoot biomass, and the concentration of the target
element in the tailings or soil surrounding the root of
the plant. The parameter can be used to indicate the
removal capability of the plant for the target element
from the tailings or soil as well as the adaptability of
the plant to the environment.

3. Based on the PF, Phragmites australis would be the
candidate for phytoremediation of U, Th, Ba and Pb
contaminated soil, Miscanthus floridulus, the candidate
for phytoremediation of Ni contaminated soil, and
Broussonetia papyrifera and Parthenocissus quinque-
folia, the candidates for phytoremediation of Sr
contaminated soil in the future.
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