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a b s t r a c t

A new soil remediation option, combining the soil washing process using pure water followed by the
compost-assisted phytoextraction, is evaluated using silt loams contaminated with plating wastewa-
ter containing Cu, Ni, and Cr. Plants utilized in this study are the rapeseeds, sunflowers, tomatoes, and
soapworts. Phytoextraction operation was carried out in pot experiments over a period of 4 months.
Metal concentrations in roots and shoots of plants were analyzed upon completion of each pot experi-
eywords:
hytoremediation
oil washing
eavy metals
ompost

ment. Hypothesis testing was employed in assessing the significance of difference in the experimental
data. Results indicated that the rapeseed, a hyperaccumulator, is most effective in extracting metals
from the compost-amended silt loams. The fast-growing sunflowers and tomatoes are comparable to
rapeseeds in accumulating metals despite their relatively low metal concentrations in tissues. Bioaccu-
mulation coefficients obtained for all plants are less than one, indicating that phytostabilization rather

he do
reen remediation than phytoextraction is t

. Introduction

Soil contamination by heavy metals has been a serious problem
orldwide. Various techniques such as excavation, solidification,

tabilization, soil washing, electroremediation, and phytoremedi-
tion have been employed to mitigate the impact of heavy metals
n the soil environment [1]. Among these techniques, phytore-

ediation, including phytostabilization and phytoextraction, is
onsidered to be highly cost-effective and not harmful to physical,
hemical, and biological characteristics of the soil. In phytoextrac-
ion, heavy metals are removed through uptake and subsequent
ranslocation from roots to the above-ground parts of the plants
2,3]. Although phytoextraction is an attractive alternative, it still
as drawbacks emerged from recent practices, including the long
reatment time to achieve specific objectives [4,5] and unfavor-
ble soil characteristics such as highly acidic soils that can limit
ts performance [6]. Thus, techniques to shorten the uptake time
or plants, and to add amendments to parent soils with the pur-
ose for effective plants growth have become two important tasks

n optimizing phytoremediation.

In order to speed up the phytoextraction process, various chela-

ors have been utilized in soils to assist rapid metal translocation
rom soil to plants [7,8]. Although non-biodegradable chelators
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E-mail address: mhsung@thu.edu.tw (M. Sung).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.03.113
minant mechanism at this simulated final-phase condition.
© 2011 Elsevier B.V. All rights reserved.

such as EDTA (ethylenediaminetetraacetic acid) are effective in
increasing phytoextraction efficiency by solubilizing heavy met-
als, they also cause groundwater pollution problems since the
amounts of metals leached out of the root zone are much greater
than ones extracted by roots [9,10]. In recent years, less effec-
tive but biodegradable chelators such as NTA (nitrilotriacetate) and
EDDS (S,S-ethylenediaminedisuccinic acid) have been used as alter-
natives [7,11]. In addition to chelators, composts have also been
added in soils to assist phytoremediation. Their effects on proper-
ties of clay soils [12–14] as well as on plants growth [15,16] have
both been examined. Compost-assisted phytoextraction in contam-
inated soils that are inimical to vegetation such as barren soils and
mine tailings has also been conducted. For instance, in mine tailings
restoration it was found that when the clay loams were amended
with composted biosolids, willows growing in the medium demon-
strated effective phytoextraction of Mn, Cu, and Cd [17]. Composts
can not only supply nutrients to plants, but also create loose and
ventilated soils for plants growing in hostile soils.

Metals in soils can distribute in various chemical pools ranging
from water soluble, residual, precipitated, to various recalcitrant
forms that are bound to carbonate, Fe and Mn oxides, and organic
matter [18]. Metals in soluble or weakly adsorbed pools are con-
sidered as having higher phytoavailability than those in strongly

adsorbed or occluded forms [19]. In fact, in modeling plant uptake
of metals from soils, it has normally been assumed that the roots
can only absorb ions from soil solution [20]. For adsorbed or pre-
cipitated metals, they have to dissolve to the soil solution prior to

dx.doi.org/10.1016/j.jhazmat.2011.03.113
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mhsung@thu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2011.03.113
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heir absorption by the roots. Consequently, in an effective field
hytoextraction process the plants would first absorb soluble met-
ls initially present in soil solution, and then extract adsorbed or
recipitated metals on the soil surface. At the final-phase of a typ-

cal phytoextraction operation, the root system would be in a soil
nvironment of minimum soluble metals. The phytoextraction effi-
iency at this phase is important since it determines the overall
uration of the process. However, our knowledge in this aspect is
till lacking since most studies of phytoextraction so far focused
erely on the initial stage when soluble metals were readily avail-

ble.
Soil washing with various chemical solutions has been a popu-

ar and effective technique in remediation. However, a follow-up
nit designed to treat the final washing solution is always neces-
ary. When a chelator such as EDTA is employed as the washing
olution, an intense treatment unit, such as the advanced oxida-
ion process, would be required to breakdown the complex. In this
tudy, we proposed a new green remediation option that combined
he soil washing process using pure water and the phytoremedi-
tion process. The polluted soils were washed with pure water
rst to remove soluble metals, and were subsequently phytore-
ediated. Since no chelators were added, the metal-containing
ashing solution can be treated by a simple unit such as metal
recipitation by alkalization, or by other recent green technologies
uch as metal sequestration with calcite [21]. The time required to
omplete the entire remediation is shortened compared to a stan-
ard phytoremediation process. For clayey soils that are originally
ot suitable for plants, natural soil amendments such as composts
ould be added to assist the plants growth, further making this
reen remediation option viable to unfavorable soils. Although this
s an attractive method, the performance of metal absorption by
lants under the environment of minimum soluble metals had
ever been evaluated.

The goal of this study is to understand the performance of
he compost-assisted phytoextraction of contaminated silt loams
evoid of soluble heavy metals, obtained by mild soil washing using
ure water. The washed soils are assumed to represent the late-
hase soil conditions in a typical phytoextraction process. Field silt

oams contaminated by plating waste water are used in this inves-
igation. Specific objectives of this study are: (1) to understand the
ffects of composts on phytoextraction in inimical silt loams, (2)
o mimic the phytoextraction performance at the late phase of a
hytoextraction process, and (3) to determine the concentration
nd mass of heavy metals that plants are able to accumulate dur-
ng the operations. Plants tested in this study include tomatoes
Solanum lycopersicum), sunflowers (Helianthus annuus), rapeseeds
Brassica napus), and soapworts (Saponaria officinalis). The first two
re frequently used as fast-growing species, the third one is a hyper-
ccumulator [22], and the last one is a perennial species that has
ot been tested for phytoextraction before.

. Materials and methods

.1. Soils and composts

Field soils used in this study are from a site right next to a plating
lant in southern Taiwan. This site is known to contamination with
r, Ni, and Cu, which are all ingredients used in plating. Collected
oil samples were first dried in the air for two weeks, crushed, and
ieved through a 2.0 mm screen to remove stones and undesirable
ebris. After this pretreatment procedure, the soils were put into a

ank and deionized water of pH 7 was added as mild washing solu-
ion at the soil to water mass ratio of 1:100. An impeller mixer was
laced in the tank to start washing soils by mixing. The washing
rocess was completed after 24 h. Then, the soils were separated
Materials 190 (2011) 744–754 745

from the water, dried in the air for another two weeks, and then
saved for later pot experiments. The compost was obtained using
wasted tea leaves as the main carbon source and swine manure
as the nitrogen source by mixing at a mass ratio of 20 to 1. The
composting process was carried out in the high rate composter
maintaining at 60 ◦C for 30 days. The mature compost had a C/N
ratio close to 9. The compost was dried in air, ground, and then
passed through 2.0 mm screen prior to use.

2.2. Pot experiments

Four different test soils were prepared by mixing 0%, 5%, 10%,
and 15% of compost, based on dry weight, into the washed soils. The
pot used in the experiments had a diameter of 8.5 cm and a height
of 7.0 cm. A total of 170 g of dry test soil was used in each pot. The
experiments were carried out in triplicate pots. Seeds of sunflowers,
tomatoes, and rapeseeds were first cultivated in peat moss for about
one to two weeks until their seedlings emerged. Then they were
transferred to pots filled with test soils. As to soapworts, they did
not start from seeds, but from grown ones by transferring a single
root system to each test pot. All prepared pots were placed out-
doors regularly, but were kept indoors on rainy days. A total of 15
rainy days was recorded during the growing period of four months.
Each pot was watered three times a day with the mist sprayer. The
volume sprayed was kept at minimum so as not to cause any sig-
nificant infiltration. After growing for four months, the whole plant
in each pot was taken out of the soil, and the root was cleaned and
cut. Subsequently, both the roots and shoots were drying in a 50 ◦C
oven for three days, weighed on the balance, and were then ground
into powders for further chemical analyses. Pot experiments using
uncontaminated garden soils were also conducted as controls to
understand the background accumulation levels of these metals in
plants.

2.3. Chemical analysis

Conventional aqua regia digestion method [23] was used to
determine concentrations of heavy metals in test soils, roots, and
shoots. In digestion, a well-mixed sample of 3 g was first mixed
with 28 mL of aqua regia in a 250 mL beaker. Then the beaker was
connected to a reflux system, which was kept at the room tem-
perature for 16 h and then under boiling for 2 h to complete the
extraction. After the digestion, the supernatant was filtered and the
filtrate was analyzed by FAA spectrophotometer (Z-5300, Hitachi
Co., Japan) for Cu, Ni, and Cr. For the organic matter determina-
tion using the Walkley–Black method [24], 0.5 g of the sample was
mixed with 5 mL of 0.5 N K2Cr2O7 plus 5 mL of concentrated H2SO4
in a 250 mL beaker for oxidation. The concentration of organic mat-
ter was then determined by back titration of the remaining K2Cr2O7
with 0.5 N ferrous sulphate. The cation exchange capacity (CEC)
was determined by the standardized method of extraction with
ammonium acetate [25]. The total nitrogen was determined by
the Kjeldahl method [26]. The available phosphate and potassium
were determined by the colorimetric method [27] and the FAA
spectrophotometer [28], respectively. Extractants used for phos-
phate and potassium were concentrated H2SO4 and Bray’s reagent,
respectively.

2.4. Statistical analysis

Once the means as well as standard deviations of metal concen-
trations accumulated in plants from the aforesaid triplicates were

obtained, the inter-species and intra-species difference between
two selected means was statistically assessed. The two-sample t-
test for independent samples was used for the hypothesis testing.
Prior to performing the t-test, the equality of the two variances
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as assessed by the F-test. If the two variances were equal, the
-test scheme with equal variances would be employed; other-
ise the scheme with unequal variances would be adopted. In

-test, we test the hypothesis H0: � = 0 versus H1: � /= 0, where
represents the difference between two means. For a selected

ype of plant, the t-test was first conducted between a control pot
nd a pot with a specific content of compost. Then, the test was
ontinued between other selected pairs until all possible pairs of
omparisons were made. Since there were three different compost
ontents (i.e., 5%, 10%, and 15%), the entire intra-species compar-
sons would include: (i) control vs. 5%, (ii) control vs. 10%, (iii)
ontrol vs. 15%, (iv) 5% vs. 10%, (v) 5% vs. 15%, and (vi) 10% vs. 15%.
hese six comparisons were carried out for three different met-
ls and four different plant species. For inter-species comparisons,
ifferent types of plants growing in identical soil conditions were
ompared. All of the hypothesis testing was performed using the
riginPro 8 software (OriginLab Corp., USA).

. Results and discussion

.1. Test soil properties

Table 1 shows results of physical and chemical properties of
he control, original, washed, and test soils, plus the pure com-
ost. It is seen that the original soils contained 2% clay, 64% silt,
nd 34% sand. Their texture thus belongs to silt loam. They are
everely contaminated with heavy metals of Cu (783 mg/kg), Cr
2033 mg/kg), and Ni (626 mg/kg). The soils also have low nutri-
nt contents of available phosphorous (14 mg/kg) and potassium
106 mg/kg). After soil washing using pure water, readily soluble

etals are removed and concentrations of Cu, Cr, and Ni remained
n the soils are 467, 2009, and 383 mg/kg, respectively. It is evident
hat there is a high removal efficiency of approximately 40% for
u and Ni, but nearly none removal of Cr, by mild soil washing. It

s also seen in Table 1 that the garden soils used for controls also
ontain these three heavy metals. But their concentrations are all
ithin the reasonable ranges of uncontaminated soils since aver-

ge Cu, Cr, and Ni concentrations in natural soils are 30, 100, and
0 mg/kg, respectively [29]. As to the compost, it contains a rela-
ively high amount of Cu when compared with the control/garden
oils, whereas the Ni and Cr contents are much lower. Since the
oncentrations of Cu, Ni, and Cr in tea leaves are generally in the
g/kg range [30], most of these metals are assumed to come from

he manure. The Cu content found in some poultry manure could
e as high as 300 mg/kg [31], which supports our assumption for
he origin of metals in compost. The contribution of metals from
he compost in test soils can be calculated using data in Table 1.
or Cu under the 15% of compost addition, less than 1% of Cu in test
oils comes from the compost. Thus, it is safe to neglect the contri-
ution of metals from the compost in various test soils. Moreover,

t should be noted that the original silt loams are acidic (pH 3.6).
fter soil washing, their pH increases to about 5.1. The addition of
ompost, having a pH of 7.1, further brings alkalinity to the final
est soils to raise the pH values to between 5.4 and 6 as shown in
able 1. The effects of pH are twofold. In one part, plants can only
row healthy in their optimal pH range. In the other part, soil pH
an affect species of metals available for extraction. The addition
f compost also adds potassium, phosphorous, and nitrogen to the
oils, which are all essential nutrients for plants.

Although the total metal contents of Cu, Ni, and Cr in the washed
oils are determined, their speciation still needs to be elucidated.

or Cu and Ni, they are quite stable in the forms of Cu2+ and Ni2+

nder normal soil conditions. However, for Cr it could exist in both
rivalent, Cr(III), and hexavalent, Cr(VI), forms. In an oxidizing envi-
onment, Cr(VI) occurs as dichromate (Cr2O7

2−) and HCrO4
− when
Fig. 1. Solubility plot of Cu, Ni, and Cr as a function of pH. Concentrations of two Cr
species (Cr3+ and Cr(OH)2

+) are also shown.

pH > 5.8, and as chromate (CrO4
2−) in neutral or alkaline solutions.

Cr(VI) is more mobile than Cr(III) since it is much more soluble than
Cr(III) and is often repelled by negatively charged soil particles [32].
Consequently, the slight removal of Cr from soil washing implies
that most of the Cr is in the Cr(III) oxidation state. The removal by
washing could become much higher if it is in the Cr(VI) state. A sol-
ubility plot (Fig. 1) considering Cu2+, Ni2+, Cr3+, plus their hydroxide
complexes (e.g., Cu2+, CuOH+, Cu(OH)2

0, Cu(OH)3
−, Cu(OH)4

2−,
Ni2+, NiOH+, Ni(OH)2

0, Ni(OH)3
−, Cr3+, CrOH2+, Cr(OH)2

+, Cr(OH)3
0,

and Cr(OH)4
−) and precipitates (e.g., Cu(OH)2(s), Ni(OH)2(s), and

Cr(OH)3(s)) was constructed using stability constants of Cu and Ni
from Martell’s handbook [33] and Cr from the literature [34]. As
shown in Fig. 1, when the pH is between 5 and 6 it is evident that
Ni is very soluble, concentrations of its hydroxide complexes are
extremely low, and the dominant species is Ni2+. As to Cu and Cr,
they are much less soluble than Ni. At the pH of 5.5, the solubility
of Cu is around 400 mg/L, and that of Cr is about 40 mg/L. Using the
above data of Cu (467 mg/kg) and Cr (2009 mg/kg) concentrations in
the washed soils and assuming a hypothetical water content of 10%
(w/w) in soils when they are used in growing plants, we estimate
concentrations of Cu and Cr in the soil solution to be 4670 mg/L
and 20,090 mg/L, respectively, if they are all in the soluble forms.
These estimates are significantly higher than the calculated solu-
bility. Therefore, Cu and Cr in the silt loams would exist mainly as
their precipitates (i.e., Cu(OH)2(s) and Cr(OH)3(s)), and their maxi-
mum soluble concentrations would be their solubility as indicated
above. For Cu, the dominant species in the soluble form is still Cu2+

between pH 5 and 6. As to Cr, the dominant species in this pH range
include Cr3+ and Cr(OH)2

+, whose pH dependent distribution is also
shown as light dashed lines in Fig. 1. In fact, pH 5 is the border line
for these two species. When pH is greater than 5, Cr(OH)2

+ is the
most important soluble species of Cr.

Although a rigorous sequential extraction procedure was not
carried out, the soil pools these metal ions are associated with could
still be inferred. With respect to Ni, suppose 383 mg/kg of Ni in the
washed silt loams are all in the form of soluble Ni2+. It is equal to
a concentration of 38.3 mg/100 g or 1.07 meq/100 g by dividing the
molecular weight of Ni (58.7 g/mol) and multiplying its equivalence
(2 eq/mol). It is evident that the CEC of the washed silt loams, which
is 10.1 meq/100 g, is much greater than the Ni2+ concentration of
1.07 meq/100 g. Thus, the potential for Ni2+ to constitute parts of the

2+
CEC is high. In other words, Ni in the silt loams can be reasonably
assumed to be in the exchangeable form. As to Cu and Cr, after
completing calculations analogous to Ni just above by using the
previously simulated soluble concentrations (i.e., 400 mg/L for Cu
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Table 1
Physical and chemical properties of the control, original, washed, and test soils used in this study.

Parameter Control soil Original soil Washed soil COMa 5% COMa 10% COMa 15% COMa

Clay (<0.002 mm), % 7 2 1 – – – –
Silt (0.002–0.05 mm), % 42 64 58 – – – –
Sand (0.05–2 mm), % 51 34 41 – – – –
CEC, meq/100 g 11.3 12.4 10.1 229 17.4 25.9 63.1
pH (H2O) 8.4 3.59 5.13 7.1 5.67 5.42 5.95
Total N, % 0.137 0.164 0.055 3 0.232 0.382 0.538
Available P, mg/kg 24.9 13.9 10.2 410 24.9 55.2 78.2
Available K, mg/kg 34.3 106 107 10,223 709 1129 1320
C/N ratio – – – 9 – – –
Total Cu, mg/kg 10.9 783 467 23.4 445 438 419
Total Cr, mg/kg 24.4 2033 2009 6.56 1980 1953 1929
Total Ni, mg/kg 22.3 626 383 6.47 346 327 295

0 94 3.43 5.31 9.21
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Fig. 2. Cu concentrations (mg/kg) measured in the tissues (roots and shoots) of four

Cr is extracted more efficiently than the other two metals. Sev-
eral reasons contribute to Cr’s high extraction efficiency. First, due
to the relatively high charge state of Cr3+, once they are in the
Organic matter, % 0.875 0.174 0.4

a COM stands for compost.

nd 40 mg/L for Cr), their equivalent concentrations in the silt loams
ecome 1.26 meq/100 g and 0.23 meq/100 g, respectively. Both of
hese are also much less than the CEC value, suggesting that soluble
u and Cr ions could also be in the exchangeable forms.

Preliminary pot experiments using the washed silt loam alone
i.e., 0% of compost addition) to grow sunflowers, tomatoes, soap-
orts, and rapeseeds all failed after two weeks of trial test. These
lants withered and died mainly as a result of improper medium,
haracterized by water-logged and low-ventilation conditions.
fter the washed silt loam was amended with 5%, 10%, and 15%

w/w) of compost to form the test soils, plants growing in them
ere all healthy over the two weeks of trial test. These recipes
ere then employed in the following long-term pot experiments.

able 2 shows the final dried biomass of each plant after harvesting.
n general, plants are able to produce higher biomass under higher
ompost ratios. For the rapeseeds, they produce a larger biomass
hen growing in compost-amended soils than in the control soils.

he sunflowers produce a comparable mass as the control under
he highest compost ratio of 15%. As to tomatoes and soapworts,
he biomass they produce in compost-amended soils is much less
han the control soils. The production of less biomass when growing
n the test soils implies that metal toxins have some effects on the
rowth of these three plants (i.e., sunflowers, tomatoes, and soap-
orts). The rapeseeds, a hyperaccumulator, are the only one that

an withstand the toxins during growth. In fact, compost amend-
ents are effective measures of soil modification by creating a

entilated soil structure, raising the pH values, and supplying addi-
ional nutrients, which are all critical to plants growth. Although the
rowth of plants in terms of biomass behaved differently, compost-
mended soils are able to sustain plants growth so that they could
xtract or stabilize contaminants.

.2. Heavy metal concentrations in plant tissues

Figs. 2–4 show the concentrations of Cu, Ni, and Cr, respectively,
ccumulated in the entire plant tissues, including shoots and roots,
f four different plants growing in the controlled soils, i.e., soils free
f contaminants, and in three test soils after four months. Data in
hese figures are the mean value of triplicates, shown together with
heir standard errors as error bars. In general, plants in compost-
mended soils can accumulate higher concentrations of metals
han plants in the control soils, an indication that phytoextraction
s working to some degrees. The ranges of total metals in these
our different plants are: (i) 15–60 mg/kg for Cu, (ii) 25–90 mg/kg
or Ni, and (iii) 25–150 mg/kg for Cr. From Table 1, it is seen that

oth the CEC and the organic matter increase in the test soils after
dding the compost. A higher CEC could lead more metal ions to be
n the exchangeable sites. A higher organic matter content essen-
ially adds more ligands to form metal complexes. Both of these
different types of plants growing in uncontaminated controlled soils and in three
compost-amended silt loams in triplicate pots. The growing times for each plant are
shown in Table 2.

two effects have the potential to promote the dissolution of metal
hydroxide precipitates.

The higher mean concentration of Cr in plants implies that
Fig. 3. Ni concentrations (mg/kg) measured in the tissues of four different types of
plants growing under various conditions.
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Table 2
Average biomass of plants and percentage of metals accumulated in roots and shoots of plants under various soil conditions.

Biomass (g)a Cu Ni Cr

Root Shoot Root Shoot Root Shoot

Rapeseed
(162 days)

Control 0.55 45 55 37 63 0 0
0% Compost 0 0 0 0 0 0 0
5% Compost 1.07 80 20 56 44 87 13
10% Compost 1.26 75 25 50 50 100 0
15% Compost 1.14 74 26 55 45 91 9

Sunflower
(120 days)

Control 2.40 25 75 31 69 0 0
0% Compost 0 0 0 0 0 0 0
5% Compost 1.02 96 4 71 29 100 0
10% Compost 2.17 84 16 64 36 100 0
15% Compost 2.20 84 16 48 52 100 0

Tomato
(150 days)

Control 4.68 (97 days) 37 63 30 70 0 0
0% Compost 0 0 0 0 0 0 0
5% Compost 1.92 79 21 44 56 96 4
10% Compost 3.13 81 19 38 62 100 0
15% Compost 3.20 72 28 43 57 100 0

Soapwort
(102 days)

Control 2.41 (138 days) 90 10 75 25 0 0
0% Compost 0 0 0 0 0 0 0
5% Compost 0.53 91 9 69 31 85 15
10% Compost 1.27 93 7 77 23 100 0
15% Compost 1.52 84 16 70 30 98 2

a This is the averaged dry mass of a whole plant, including its root and shoot, after gro
column unless specified together with the biomass itself.
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icance for the following comparisons in the rapeseeds’ group: R10
ig. 4. Cr concentrations (mg/kg) measured in the tissues of four different types of
lants growing in various conditions.

xchangeable sites it is not easy to remove them by mild soil wash-
ng. As seen in Table 1, the soil washing process removes about
8% of CEC from the original contaminated soils. The other 82%
f ions retained are those strongly adsorbed, and the Cr3+ ions
ould occupy a significant portion of them. The second reason is
hat some Cr(III) could be oxidized by oxygen or Mn oxide in soils
o become Cr(VI), which is much more soluble. It has been found
hat with the presence of a high concentration of K in soils, the
r uptake for plants can be promoted significantly [35]. This is
ainly because the K salts of Cr(VI) have a very high solubility.
s shown in Table 1 that the K contents in soils increase drasti-
ally as a result of compost addition, these K ions can effectively
romote the dissolution of Cr(VI) so that they become extractable.
dditionally, it is also observed that data for Cr generally have
igher standard errors than Cu and Ni. This is probably because
he Cr uptake is complicated by aforesaid dissolution mecha-

isms, which create more uncertainties. For Ni and Cu, they have
ore soluble ions ready for uptake by plants. Thus, the dissolu-

ion mechanism is not critical and less uncertainty is involved.
wing for a specific period of time, which is indicated in the parenthesis of the first

This is why smaller error bars are found for the data of Ni and
Cu.

3.3. Statistical assessments

Tables 3–5 compile, in matrix form, the results of hypothesis
testing for Cu, Ni, and Cr, respectively. Each value in the table rep-
resents the comparison between a specific experimental condition
in the column and in the row. Both the t-value as well as the p-value
(in parenthesis) are listed in the tables. For example, the value for
the first column (i.e., RC) and first row (i.e., R5) in Table 3 is the
testing between the rapeseed in the control soils and the rapeseed
in contaminated silt loams amended with 5% compost. The p-value
is the probability to accept the null hypothesis (i.e., two means are
equal or � = 0). Thus, a high p-value suggests the acceptance of the
null hypothesis, meaning the two means are equal. On the other
hand, a low p-value suggests the rejection of the null hypothesis,
and implies that the two means are significantly different. In the
following assessments, p-values of 0.9 and 0.1 are used as the basis
for acceptance and rejection of the null hypothesis, respectively.

3.3.1. Test soils vs. control soils
As mentioned above from Figs. 2–4 that plants grown in various

compost-amended soils are able to accumulate a higher metal con-
centrations in tissues than plants grown in control soils, this point
is further confirmed by the hypothesis testing. In Table 3 for the
metal of Cu, its concentration in rapeseeds grown in control soil
(i.e., RC) is significantly lower than in test soils with three different
compost additions (i.e., R5, R10, and R15) since all of the p-values
are much smaller than 0.1. Such trends are generally true for the
other three types of plants. However, it should be pointed out that
the p-values for some conditions (i.e., SFC vs. SF10, and SW5 vs.
SWC) are slightly greater than 0.1.

3.3.2. Intra-species comparisons
From Table 3 and Fig. 2 for Cu, it is seen that there is no signif-
vs. R5, R15 vs. R5, and R15 vs. R10. In analogous comparisons for the
sunflowers (SF) and soapworts (SW), there is also no significance.
But for tomatoes (T), the following results are valid: T5 = T10, and
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Table 3
Statistical t-values and the corresponding p-values (in parentheses) from hypothesis testing between various pairs of data in Fig. 2 (Cu concentrations in plants).

Rapeseed Sunflower Tomato Soapwort

RC R5 R10 R15 SFC SF5 SF10 SF15 TC T5 T10 T15 SWC SW5 SW10 SW15

R5 −4.54 0.49 −0.34
(0.09)c (0.649) (0.754)

R10 −11.37 −0.767
(3.4e−4)c (0.486)

R15 −3.719
(0.021)c

SF5 2.236 −6.136 0.77 −0.892
(0.089)c (3.6e−3)c (0.484) (0.423)

SF10 0.387 −2.069 −1.039
(0.718) (0.107)c (0.357)

SF15 2.302 −3.071
(0.083)c (0.037)c

T5 2.77 3.83 −16.53 0.0458 −4.94
(0.069)c (0.031)c (4.8e−4)c (0.966)d (0.039)c

T10 6.65 1.595 −3.94 −1.52
(2.7e−3)c (0.186) (0.017)c (0.226)

T15 2.69 2.45 −6.899
(0.075)c (0.091)c (0.006)c

SW5 −0.817 −1.473 −1.41 −2.122 −1.517 −1.69
(0.459) (0.2146) (0.252) (0.101)c (0.204) (0.166)

SW10 2.21 0.849 −1.043 −2.295 −0.529
(0.092)c (0.4436) (0.356) (0.083)c (0.625)

SW15 2.59 0.603 −2.25 −3.872
(0.061)c (0.579) (0.109)c (0.018)c

Note: R = rapeseed; SF = sunflower; T = tomato; SW= soapwort; C = control; the number following the plant abbreviation represents the compost content.
c Two means are significantly different.
d Two means are the same.
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Table 4
Statistical t-values and the corresponding p-values (in parentheses) from hypothesis testing between various pairs of data in Fig. 3 (Ni concentrations in plants).

Rapeseed Sunflower Tomato Soapwort

RC R5 R10 R15 SFC SF5 SF10 SF15 TC T5 T10 T15 SWC SW5 SW10 SW15

R5 −12.27 −1.605 −0.948
(2.5e−4)c (0.184) (0.397)

R10 −11.187 −0.0197
(3.6e−4)c (0.9852)

R15 −5.157
(6.7e−3)c

SF5 0.9736 −9.741 −0.817 −5.603
(0.3854) (6.2e−4)c (0.459) (4.9e−3)c

SF10 0.648 −2.656 −1.597
(0.552) (0.056)c (0.185)

SF15 3.539 −3.557
(0.024)c (0.024)c

T5 2.79 1.579 −12.153 −2.707 −5.932
(0.068)c (0.2124) (1.2e−3)c (0.073)c (9.6e−3)c

T10 4.53 1.225 −4.579 −1.36
(0.011)c (0.287) (0.010)c (0.245)

T15 3.996 0.453 −6.58
(0.016)c (0.674) (2.7e−3)c

SW5 −0.173 −1.205 −3.388 −15.76 −0.942 −10.08
(0.871) (0.2946) (0.043)c (9.5e−5)c (0.399) (5.4e−4)c

SW10 0.245 −0.294 −1.614 −2.989 −2.021
(0.818) (0.783) (0.182) (0.040)c (0.1133)

SW15 3.716 −0.043 −0.672 −5.139
(0.021)c (0.968)d (0.539) (6.8e−3)c

Note: R = rapeseed; SF = sunflower; T = tomato; SW= soapwort; C = control; the number following the plant abbreviation represents the compost content.
c Two means are significantly different.
d Two means are the same.
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Table 5
Statistical t-values and the corresponding p-values (in parentheses) from hypothesis testing between various pairs of data in Fig. 4 (Cr concentrations in plants).

Rapeseed Sunflower Tomato Soapwort

RC R5 R10 R15 SFC SF5 SF10 SF15 TC T5 T10 T15 SWC SW5 SW10 SW15

R5 −0.315 −0.351
(–)c (0.768) (0.742)

R10 −0.1197
(–)c (0.911)d

R15
(–)c

SF5 1.168 −0.105 −1.354
(0.307) (–)c (0.921) (0.247)

SF10 0.877 −0.693
(0.43) (–)c (0.527)

SF15 1.67
(0.171) (–)c

T5 1.51 3.22 0.688 −0.71
(0.229) (0.049)c (–)c (0.541) (0.529)

T10 3.313 0.763 −1.188
(0.036)c (0.488) (–)c (0.30)

T15 2.317 0.966
(0.081)c (0.389) (–)c

SW5 −0.23 −1.749 −2.092 −0.488 −1.947
(0.829) (0.155) (0.128) (–)c (0.651) (0.123)

SW10 −0.293 −1.015 −3.04 −2.349
(0.784) (0.367) (0.038)c (–)c (0.079)c

SW15 1.314 −0.775 −2.541
(0.259) (0.481) (0.064)c (–)c

Note: R = rapeseed; SF = sunflower; T = tomato; SW= soapwort; C = control; the number following the plant abbreviation represents the compost content.
c Two means are significantly different; some t- and p-values are unavailable due to the occurrence of zero concentrations in the controls.
d Two means are the same.
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Fig. 5. Average mass (mg) of Cu extracted by various plants in a pot.
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5 > T15. Also, from Table 4 and Fig. 3 for Ni, it is observed that
15 = R10, SF5 > SF15, T5 > T10, T5 > T15, and SW5 > SW15; from
ata in Table 5 and Fig. 4 for Cr, it is observed that R15 = R10,
F10 = SF5, and SW5 > SW10. A common trend found in the above
eries of comparisons is that plants quite often can have the high-
st metal concentrations in their tissues when growing under the
owest compost ratio (i.e., 5%). Due to the effect of dilution, the soil

etal concentration decreases when the compost ratio in the test
oil increases as shown earlier in Table 1. On the contrary, the nutri-
ional level as well as the degree of metal dissolution increases as
he compost ratio increases. Thus, plants growing in the soil with a
ow compost ratio are, in fact, exposed to an environment of rela-
ively high total metal concentration, low nutritional level, and low
egree of dissolution. Presumably, plants would accumulate more
etals in a soil with a high metal concentrations, high nutrition

evel, and high degree of dissolution. However, when the compost
s added to a soil, the nutritional level and degree of dissolution is
aised but the metal concentration in the soil is inevitably diluted.
onsequently, these pertinent factors have opposite effects on the
erformance of metal uptake. As seen above that several plants
ave the highest uptake under the lowest compost ratio of 5%, this
uggests that the soil metal concentration in these groups is the
ontrolling factor. In other words, the minimum compost ratio of
% is enough to improve the soil structure, to provide enough nutri-
ion, and to solubilise metal precipitates, so that plants can perform
ffective extraction. Any more addition of the compost only further
ilutes the metal concentration in the soils, resulting in less effec-
ive extraction. This is particularly true for Ni since except for the
apeseeds all other three plants reach their highest concentrations
t the 5% compost ratio (Fig. 3 and Table 4).

.3.3. Inter-species comparisons for Cu
With respect to Cu, the following inter-species comparisons

or the rapeseeds are of significance: R5 > SF5, R15 > SF15, R5 > T5,
10 > T10, R15 > T15, R10 > SW10, and R15 > SW15. Thus, rapeseeds
enerally have better performance over the other three plants. As
o the sunflowers, the only two comparisons that are of signifi-
ance are: SF5 > T5, and SF15 > T15. The p-value for the comparison
etween SF10 and T10 is 0.186 (Table 3), a little greater than
he critical value of 0.1. Thus, in most conditions sunflowers out-
erform the tomatoes. Finally, it is significant that SW15 > T15.
onsequently, for all plants under the 15% compost addition, the
omatoes have the lowest Cu concentrations.

.3.4. Inter-species comparisons for Ni
From Table 4, it is seen that the rapeseeds at a 15% compost ratio

utperform the other three plants at the same ratio: R15 > SF15,
15 > T15, and R15 > SW15. Therefore, if the compost is added at
he highest ratio, the rapeseeds are the most favourable plant with
espect to Ni uptake. On the other hand, at the lowest ratio of 5%,
oapworts have a significantly higher Ni concentration than the
omatoes (i.e., SW5 > T5), which have fast-growing characteristics.
n fact, at the ratio of 5% and 10% the p-values found for the null
ypothesis are 0.871 and 0.818, respectively, which are both close
o the critical value of 0.9. Consequently, at these low and middle
atios (i.e., 5% and 10%) soapworts are as effective as the rapeseeds,
hich is a hyperaccumulator. However, soapworts are not that

ompetitive as the Ni concentration in soils drops since R15 > SW15
s described above.

.3.5. Inter-species comparisons for Cr
From Table 5 with respect to Cr, the following comparisons are
alid for the rapeseeds: R10 > T10, and R15 > T15. Meanwhile, the p-
alues to accept the equality of Cr concentrations in soapworts and
apeseeds at the ratio of 5% and 10% are 0.829 and 0.784, respec-
ively, which are close to 0.9. This behaviour is very close to that for
Fig. 6. Average mass (mg) of Ni extracted by various plants in a pot.

the Ni uptake observed above. Thus, the soapworts also have the
potential to compete with rapeseeds in the uptake of Cr. Moreover,
at the 10% and 15% ratios, soapworts have significantly higher Cr
concentrations than tomatoes (i.e., SW10 > T10, and SW15 > T15).

3.4. Mass of heavy metals in plants

As mentioned in the experimental section, the plant tissue
weight is also an item we recorded for each sample during exper-
iment. Thus, the total mass of each metal that each plant is able
to accumulate can be calculated. Figs. 5–7 show results of the final
mass of Cu, Ni, and Cr, expressed as mg per pot, in an entire plant.
Unlike data for metal concentrations in plants (Figs. 2–4), standard
errors in these figures are large. This is primarily because plants
produce different body weights during growth. This adds more
uncertainty to these data and generates large standard errors. A
rule of thumb in estimating statistical significance is to check the
gap between the top and the bottom of two error bars. If the gap
equals two times the means of two error bars, the p-value is approx-
imately 0.05 in the case of triplicates [36]. Using this method as a
quick check, we find that most comparisons in these data are of low
significance. Thus, the rigorous hypothesis testing is not conducted

on these data.

Recall from the inter-species comparisons that the rapeseeds
generally are able to accumulate a higher Cu concentration in their
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Table 6
Bioaccumulation coefficients of Cu, Ni, and Cr for four plant species under various
compost contents.

Compost content Cu Ni Cr

Rapeseed
5% 0.12 0.27 0.068

10% 0.11 0.24 0.059
15% 0.14 0.27 0.058

Sunflower
5% 0.067 0.24 0.035

10% 0.097 0.20 0.038
15% 0.060 0.096 0.022

Tomato
5% 0.037 0.19 0.015

10% 0.037 0.11 0.021
15% 0.026 0.086 0.012
Fig. 7. Average mass (mg) of Cr extracted by various plants in a pot.

issues than the tomatoes and sunflowers. But such advantage of
he rapeseeds no longer exists when the total mass of accumulation
s used as the basis of comparison as shown in Fig. 5. This trend is
lso valid for Ni, and some cases of Cr. The major difference, in terms
f metal extraction behaviour, between rapeseeds and the other
wo plants (i.e., tomatoes and sunflowers) is that rapeseeds are a
ype of hyperaccumulator, whereas tomatoes and sunflowers are
oth fast-growing species. Thus, fast-growing plant species do have
he capability to increase their biomass fast enough to extract a
omparable amount of metals that a hyperaccumulator can extract
espite their lower metal concentrations in the tissues. As to the
oapworts, although their extraction capability, in terms of plant
issue concentration, is comparable to the hyperaccumulator (i.e.,
apeseeds) with respect to Ni and Cr (Figs. 3 and 4), the overall
asses of Cr accumulation fall to the same range of the other three

lant species. As to the mass of Ni, its mean value is generally lower
han the other three plants. This low accumulation by soapworts
s mainly due to their slow growth behaviours. Although this is a
rawback of soapwort, it should be reminded that it is a perennial
lant and is capable of performing the long-term phytoextraction
peration.

.5. Distribution of heavy metals in plants

Whether accumulated metals are translocated to the shoots or
emained in the roots of the plants is also a subject of impor-
ance. Table 2 shows the average percentage of distribution of
arious metals in the shoots and roots of four plants growing
n the compost-amended soils. From observing data in Table 2,
t is evident that the percentage of metals accumulated in the
oots is highly dependent on both metal and plant species. The
mpirical metal order of Cr > Cu > Ni in the roots can be gener-
lized. In the phytoextraction of Cr, over 95% of the metal is
oncentrated in the roots for nearly all conditions. Seven of these
amples even have accumulated all of the Cr in their roots, as
hown in the columns for Cr in Table 2. Among them, five sam-
les are from the sunflowers and tomatoes, which are both fast
rowing plant species. In the phytoextraction of Cu, most root
ccumulations are over 80%. Rapeseeds and tomatoes demonstrate
elatively lower Cu accumulation in the roots than sunflowers and
oapworts. As to Ni, a significantly higher shoot accumulation is

bserved compared to Cr and Cu for most plants. For example,
i distributions in the shoots for the rapeseeds and tomatoes are
pproximately 50% and 40%, respectively. For sunflowers, the per-
entage of Ni in the shoots essentially increased from 30% at the
Soapwort
5% 0.030 0.27 0.076

10% 0.061 0.22 0.064
15% 0.051 0.097 0.031

5% compost ratio to about 50% at the 15% compost ratio. Thus,
metal contents in plant shoots have a strong dependence on the
compost ratio. The high nutritional level under a high compost
ratio condition could stimulate more metal distribution in the
shoots.

As mentioned earlier, the fast growing species (i.e., sunflowers
and tomatoes), could be as competitive as the hyperaccumulator
(i.e., rapeseeds) in terms of the extraction of the mass of heavy
metals. However, in field operations, the heavy metal content in the
shoots is an important parameter to consider as well since shoots
but not roots are to be harvested after a crop cycle. Thus, the com-
petitiveness of the sunflowers becomes lowered since heavy metals
in their shoots are relatively low. On the contrary, the competitive-
ness of the tomatoes is raised as a result of its capability to extract
more heavy metals to the shoots. Between the two fast growing
species, tomatoes would have better performance than sunflow-
ers in field operations. Undoubtedly, the rapeseeds still outperform
other types of plants after taking into accounts of all pertinent
factors.

3.6. Bioaccumulation coefficients

The bioaccumulation coefficient is defined as the ratio of the
heavy metal concentration in the plant tissues to the heavy metal
concentration in the soil medium. Table 6 shows the bioaccumu-
lation coefficients of Cu, Ni, and Cr for four plant species under
various compost contents. All these coefficients are less than one,
implying a very low efficiency of phytoextraction. In fact, all of the
coefficients for Cr are even lower than 0.1 despite of the relatively
high uptake of around 100 mg/kg in some plants. In addition, from
Table 6 it is evident that the rapeseeds, a known hyperaccumula-
tor, have larger bioaccumulation coefficients for all metals under
various compost contents than other plants. These low bioaccu-
mulation coefficients observed characterize the final phase of a
phytoremediation process. Although phytoextraction at this phase
is still active, the amount of metals plants can extract is relatively
low. Consequently, the process that has become more important at
this phase is phytostabilization rather than phytoextraction.

4. Conclusions

Compost amendments are found to be effective in assisting the
growth of rapeseeds, sunflowers, tomatoes, and soapworts in silt
loams, and in performing the phytoextraction of Cu, Ni, and Cr
from water-washed silt loams that are initially too hostile for plants
to grow. The addition of composts has the advantages in creating

a better soil structure, raising the pH, solubilising metal precipi-
tates, and supplying nutrients so that plants could start growing
and extracting heavy metals. All of the four plants we tested are
able to accumulate three heavy metals to various degrees beyond
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heir background levels. From intra-species comparisons, it is found
hat the 5% compost ratio is the most favourable condition to accu-

ulate a high metal concentration in plants. In addition, from
nter-species comparisons, it is found that the rapeseeds outper-
orm most other plants in maintaining high metal concentrations in
issues, and soapworts, which have not been tested before, can be as
ffective as the rapeseeds. When the total mass of metals in plants
s compared, it is found that the two fast-growing plants we tested
i.e., sunflowers and tomatoes) are as competitive as the hyperac-
umulator (i.e., rapeseeds). During field operations when the heavy
etal contents in the shoots are of importance, tomatoes are more

rominent than the sunflowers since they are able to translocate
ore metals to the shoots. Moreover, the relatively small bioac-

umulation coefficients obtained from this simulated late-phase
hytoremediation test suggest that phytostabilization rather than
hytoextraction is more important. In summary, washing contami-
ated silt loams with pure water removes most soluble metals and
uickly transformed soils into a late-phase condition of a typical
hytoremediation process so that the treatment time was signifi-
antly shortened. In future field operations, other environmentally
enign treatment processes for the waste solution, generated from
ild soil washing, can be incorporated.
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