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Abstract 
 
A pot experiment was conducted to evaluate the growth and metal accumulation in water spinach (Ipomoea aquatica) established 
on a 30-year old active firing range soil amended with chicken manure (CM) and coconut tree sawdust (CTS) at application rates 
of 0%, 1% and 3% (w/w). Both amendments increased biomass yield and reduced plant metal uptake. The bioconcentration 
factor (BCF) and transportation factor (TF) values of the metals were in the order of Zn > Cu > Pb. The ammonium acetate 
extractable metals in soil decreased significantly (p < 0.05) following CM and CTS treatments. It was estimated that the off-take 
value of Zn could be reduced from 10.01 kg/ha (zero treatment) to 6.60 kg/ha (CM 3% w/w) and 3.17 kg/ha (CTS 3% w/w). No 
toxicity symptoms were observed in water spinach over the pot experiment. Therefore, chicken manure and coconut tree sawdust 
are two promising agents for immobilizing heavy metals in contaminated land. 
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1. Introduction 
 
Soil contamination by heavy metals is a 

worldwide environmental problem. For example, in 
2005 metals were the main contaminants affecting 
6000 sites in Denmark (Jensen et al., 2009). 
Meanwhile, Sun et al. (2009) reported that about 
14,000,000 ha sites in China were contaminated by 
heavy metals, particularly As and Cd. Besides their 
natural occurrence in the parent rocks, specific 
sources of heavy metals in soils are from 
anthropogenic activities such as mining, industry and 
agriculture (Sawidis et al., 2014; Kamari, 2011).  

Activities associated with firing ranges have 
also contributed to elevated levels of heavy metals in 
soil. Typical military-grade bullets are mainly 

composed of Pb-alloy slugs enclosed with Cu-alloy 
jackets (Dermatas et al., 2004; Moon et al., 2013). 
Metal particulates originating from multiple impacts 
of bullet fragments during range operations can be 
oxidized and transformed into compounds that can be 
mobilized (Chrastný et al., 2010; Jorgensen and 
Willems, 1997; Landsberger et al., 1999;). Moon et 
al. (2013) measured 11,885 mg/kg Pb in military 
firing range soil collected from Busan Metropolitan 
City, Korea. Topsoil samples collected from a firing 
range in New Mexico, USA was reported to contain 
9,600 mg/kg Pb (Parra et al., 2008). An analysis on 
metal concentrations in firing range soil of the Small 
Arms Training Area, Aiken, USA by Wilde et al. 
(2005) found 3,282 mg/kg Pb and 1,762 mg/kg Cu. 
Undoubtedly, this scenario may pose a great risk to 
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the environment especially food chain and water 
supplies. 

A range of remediation strategies exist for 
metal contaminated soils. Physical and chemical 
treatments such as excavation and landfill, thermal 
treatment, acid leaching and electro-reclamation are 
effective at lowering risk (EPA, 2006; Jiang et al., 
2009; Kashem et al., 2010). However, these 
techniques are expensive and would be more ideal 
for relatively small contaminated sites (Basta and 
McGowen, 2004; Debela et al., 2012). One 
promising remediation technique is the in situ 
stabilization whereby an amendment is incorporated 
into a contaminated soil in order to immobilize heavy 
metals and reduce the dose(s) received by plants 
(receptors) without set-aside effects (Hosseini et al., 
2013; Hartley and Lepp, 2008). This technique 
decreases the hazard potential of the contaminated 
soil by converting the contaminants into their least 
soluble, mobile or toxic form (Holm, 2001; 
Karbassim et al., 2014). Amendments may bind, 
adsorb or co-precipitate metal contaminants, 
reducing metal mobility and availability. Addition of 
organic matter to metal contaminated soil has been 
employed to aid their revegetation by improving 
fertility and decreasing the plant-availability of heavy 
metals (Abbott et al., 2001; Kumpiene et al., 2007; 
van Herwijnen et al., 2007). Organic amendments 
can decrease heavy metals bioavailability, shifting 
them from ‘plant-available’ forms, that is extractable 
with water or neutral salts such as calcium chloride, 
to fractions associated with organic matter, 
carbonates or metal oxides (Walker et al., 2004; 
Geebelen et al., 2006). In addition, the presence of 
functional groups on the surface of organic 
amendments would provide binding sites for heavy 
metals.  

Soil stabilization using low-cost materials has 
been considered as a cost-effective technique for soil 
remediation. Numerous amendments have been 
proposed and tested for soil stabilization, including 
agricultural and industrial by-products. Lee et al. 
(2013) studied metal immobilization in a 
contaminated rice paddy soil using eggshell waste. 
The addition of eggshell wastes at 5% (w/w) was 
reported to reduce the toxicity characteristics 
leaching procedure (TCLP) of Cd and Pb by 67.9 and 
93.2%, respectively. Moon et al. (2013) reported that 
amending a firing range soil with biochar at an 
application rate of 20% (w/w) reduced TCLP Pb 
leachability by 90%. Nwachukwu and Pulford (2009) 
amended a contaminated soil with green waste 
compost, peat and wood bark at the rates of 1%, 10% 
and 20% (w/w). They reported that Pb concentration 
in the shoots of perennial ryegrass (Lolium perenne) 
decreased significantly with amendment treatments. 
Li et al. (2012) treated a contaminated soil using 
tannery sludge char. The immobilization efficiencies 
of Zn, Cu and Ni by tannery sludge char amendment 
were reported to be 84.2, 100.0 and 40.0%. A study 
by Fang et al. (2012) has shown that phosphate rock 
tailing and triple superphosphate fertilizer were able 

to reduce CaCl2-extractable Pb and Zn by 55.2-
73.1% and 14.3-33.6%, respectively. Castaldi et al. 
(2009) studied metal uptake of pea and wheat 
cultivated on a contaminated soil treated with red 
mud, zeolite and lime at an application rate of 10% 
(w/w). The addition of amendments was found to 
reduce Cd, Pb and Zn accumulation in plant shoots 
and roots. 

Intensive production of poultry meat and 
wood-based products has generated large amount of 
wastes, especially manure and sawdust. It is 
estimated that about 44.4 million tons of poultry 
manure was produced in the USA in 2008 
(McDonald et al., 2009). Meanwhile, approximately 
591,300 tons of broiler manure waste is generated 
annually in New Zealand (Bolan et al., 2010). Both 
low-cost materials are important sources of 
micronutrients for crop production and organic 
matter for improving physical and biological fertility 
of soil (Dikinya and Mufwanzala, 2010; Stirling et 
al., 2012).  

A number of studies have reported the 
potential of manure as an immobilizing agent for 
heavy metals in soil. Walker et al. (2004) reported 
that amending a metal contaminated soil with cow 
manure increased the growth of Chenopodium album 
L. and reduced shoot concentrations of Cu, Mn and 
Zn. Sato et al. (2010) evaluated Cd phytoavailability 
in soils as affected by application of chemical 
fertilizer and three types of animal waste compost 
(AWC), derived from cattle, swine and poultry 
wastes. They reported that the Cd concentration in 
spinach grown on soil amended with AWC was 34-
38% lower than in plants cultivated on chemical 
fertilizer-treated soil. The effectiveness of 
stabilization strategy depends on the nature of the 
contaminants, physical and chemical characteristics 
of the amendment, and type of soil. Han et al. (2012) 
studied Cd uptake by rice plants grown on three 
different soils treated with pig manure at the rates of 
1% and 3% (w/w). Grain Cd concentrations were 
reported to exceed the Chinese National Food 
Quality Standard of 0.2 mg/kg most often on the 
loam, intermediate frequency on the silt loam, and 
least often on the sandy loam. Manure application in 
metal contaminated soil may not always reduce metal 
availability. Schwab et al. (2007) investigated heavy 
metal leaching from mine tailings amended with 
composted cattle manure, aged cattle manure and 
composted yard waste at an application rate of 90 
tonne/ha. They found that all amendments increased 
the amount of heavy metal leached from the tailings, 
as compared to untreated mine tailings. 

As discussed by Nwachukwu and Pulford 
(2009), Lee et al. (2013) and Fang et al. (2012), it is 
necessary to assess the potential of amendments for 
soil remediation in pot experiments, prior to full scale 
field studies. Such information should be considered 
when applying amendments on a real contaminated 
site, and therefore, costly future mistakes can be 
avoided (Lee et al., 2009; van Herwijnen et al., 
2007).  
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The overall aim of this work was to evaluate 
the potential of chicken manure and coconut tree 
sawdust as immobilizing agents for the remediation 
of metal contaminated soil. The objectives of this 
work were: (1) to evaluate the ability of chicken 
manure and coconut tree sawdust to immobilize 
heavy metals in a contaminated soil; and (2) to study 
the effects of both amendments on plant growth and 
plant metal uptake. 

 
2. Materials and methods 

 
2.1. Soil and amendments 

 
Soil sample was collected from a 30-year old 

active firing range in Selangor, Malaysia. The soil 
samples were taken at the surface layer of up to 25 
cm depth using a stainless steel trowel. The samples 
were air-dried for 1 week, thoroughly mixed and 
passed through a 2 mm mesh sieve. The soil textural 
analysis was performed using the pipetting method as 
described by Gee and Bauder (1986). The soil 
consists of sand (79%), silt (16%) and clay (5%). The 
soil pH was measured in deionised water with a 
soil:solution ratio of 1:2.5 using a pH meter (Orion 2-
Star, Thermo Scientific, USA). The electrical 
conductivity (EC) of soil was measured in soil and 
water suspension at a ratio of 1:5 (w/v) using an EC 
meter (Orion 3-Star, Thermo Scientific, USA). The 
Nelson-Sommers method (Nelson and Sommers, 
1996) was used to determine the soil organic matter 
(OM), while the Kjeldahl distillation procedure 
(Mremner, 1996) was used to determine the total N. 
The cation exchange capacity (CEC) was determined 
using the ammonium-saturation and distillation 
method (Sumner and Miller, 1996). 

The total Cu, Pb and Zn concentrations in the 
soil was determined by aqua regia extraction. In ten 
replicates, 9 mL of HCl (6.0 mol/L) and 3 mL of 
HNO3 (69%) were added to 0.25 g of soil. The soil-
aqua regia mixture was left overnight for 
equilibration. Soil samples and blanks were digested 
at 125 ºC for 3 h. The digests were filtered through 
Whatman No. 50 hardened filter paper into 50 mL 
volumetric flasks and made up to volume with 
deionized water. In addition to the total fraction, the 
bioavailable fraction of metals in soil was also 
determined using ammonium acetate (1.0 mol/L, pH 
7) at a soil:extractant ratio of 1:10. The mixtures 
were agitated on an orbital shaker for 1 h at room 
temperature and were then filtered into sample 
containers. 

In this study, two organic amendments namely 
chicken manure (CM) and coconut tree sawdust 
(CTS) were tested. Chicken manure was collected 
from a chicken farm in Klang, Selangor, while 
coconut tree sawdust was obtained from a saw-mill 
in Banting, Selangor. The chicken manure was sun 
dried to kill any germs available which could hinder 
the growth of crop. The coconut tree sawdust was 
air-dried for 1 week. The dried amendments were 
ground before analysis and use. In order to measure 

metal content in amendments, CM and CTS were 
digested separately using 15 mL of nitric acid (69%) 
at 110 ºC for 3 h. The characteristics of the soil and 
amendments are summarized in Table 1. 

 
Table 1. Characteristics of the soil and amendments used 

in the study 
 

Characteristic Soil Chicken 
manure 

Coconut tree 
sawdust 

pH 4.91 8.75 6.82 

EC (dS/m) 2.15 7.3 1.8 
OM (%) 1.3 87.6 72.9 

Total-N (g/kg) 0.8 62.7 25.5 

CEC (cmolc/kg) 11.2 23.5 116.4 

Pb (mg/kg)a 2544 <0.05 < 0.05 

Cu (mg/kg)a 763 47 12 

Zn (mg/kg)a 318 105 35 

Pb (mg/kg)b 1137 - - 

Cu (mg/kg)b 292 - - 

Zn (mg/kg)b 135 - - 
a Total fraction. b Bioavailable fraction. 

 
2.2. Pot experiments 

 
Pots with a diameter of 14.0 cm and a height 

of 12.0 cm were filled with 400 g of soil. CM and 
CTS were added separately to the soil at 0%, 1% and 
3% (w/w), in six replicates. The soils were left to 
equilibrate for two weeks. As the soil has a poor 
plant nutrient content, ¼ strength Hoagland’s nutrient 
solution (Watson et al., 2003) was added to each pot 
thrice a week at application rate of 20 mL. The 
Hoagland’s nutrient solution was applied to the soils 
for two weeks only (equilibration period). The 
addition of nutrient solution was discontinued when 
the pot experiment began.  

After two weeks, each pot was tipped out and 
remixed to ensure homogeneity and to prevent the 
soil samples from becoming anaerobic. Water 
spinach (Ipomoea aquatica) seed was sown two 
weeks after addition of amendments. The pots were 
arranged in a randomized block design. The water 
content of the soils was adjusted to obtain 70% of the 
water holding capacity by adding deionized water 
daily, avoiding prolonged water logging. Plants were 
allowed to grow under natural lighting and 
temperature for 8 weeks. Mean daily temperature and 
humidity were monitored with a digital thermometer. 
At the end of the pot experiment, the soil pH and 
ammonium acetate extractable metal content in the 
soil were determined, as previously described.  

 
2.3. Harvest and digestion of plant tissue 

 
The plants were harvested after 8 weeks of 

growth. The aerial parts were cut at 1.0 cm above the 
soil surface to avoid contamination by soil using a 
pair of scissors, which was wiped after each use. 
Roots were carefully extracted from the soil and 
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washed thoroughly with deionized water to remove 
soil particles. Plant tissues were dried in an oven at 
70ºC for 48 h. After two days, the dry weight of plant 
tissue was measured. The dried shoots and roots were 
milled separately using a grinder. 

In triplicate, 0.25 g milled plant tissue was 
ashed in a furnace at 450 ºC for 3 h. In a 50 mL tall 
form beaker, 12 mL of HNO3 (69%) was added to the 
ashed sample. The plant sample was left overnight in 
the fume cupboard for equilibration. Samples and 
blanks were then digested on a hot plate at 110 ºC for 
3 h, allowed to cool and then filtered through 
Whatman No. 50 hardened filter paper into 25 mL 
volumetric flasks. The solutions were made up to 
volume using deionized water. A Perkin-Elmer 
AAnalyst 400 Atomic Absorption Spectrometer was 
used to measure the concentration of heavy metals in 
plant tissue digests and soil extracts. 

 
2.4. Standard and certified reference materials 

 
Standard reference plant materials (SRM 

1573a Tomato Leaves – National Institute of 
Standards & Technology, USA, and SRM 1575 Pine 
Needles – National Bureau of Standards, USA) and 
certified reference soil material (LGC 6135 Hackney 
Brick Works Soil – Laboratory of the Government 
Chemist, UK) were used to verify the accuracy of 
metal determination. Reference materials were 
treated and analyzed using the same procedures 
applied for plant tissue and soil samples. The 
recovery rates were within 92-105% for soil and 88-
94% for plant tissue, respectively (Table 2).  

 
Table 2. Metal concentrations in reference materials 

 
Reference 
material 

 Pb Cu Zn 

LGC 6135 Certified 391 ± 16 316 ± 41 105 ± 5 
 Measured 358 ± 6 300 ± 12 110 ± 7 

 Recovery (%) 91.6  94.9 104.8 

     

SRM 1573a Certified - 30.9 ± 0.7 4.7 ± 0.1

 Measured - 27.6 ± 1.3 4.4 ± 0.6

 Recovery (%) - 89.3 93.6 

     

SRM 1575 Certified 10.8 ± 0.5 - 3.0 ± 0.3

 Measured 9.5 ± 0.9 - 2.7 ± 0.8

 Recovery (%) 88.0 - 90.0 

Values represent mean of three replicates ± standard deviation. 
 
2.5. Statistical analysis 

 
All statistical analyses were performed using 

Minitab 15 Statistical Software (Minitab Inc., PA, 
USA). The data were analyzed using the general 
linear model of one-way analysis of variance 
(ANOVA), followed by Tukey’s test at a significance 
level of p = 0.05 to determine least significant 
difference (LSD) for the comparison of means. 
Correlation was by Pearson’s coefficients at p < 0.05. 

3. Results and discussion 
 

3.1. Plant growth and biomass yield 
 

In this study, water spinach seeds were also 
planted on compost and received no amendment, in 
six replicates. This enabled a direct comparison in 
terms of growth performance of water spinach grown 
on untreated contaminated soil (zero treatment) and 
uncontaminated soil (compost). The water spinach 
seeds germinated three days after sowing and no 
obvious difference in plant growth was observed up 
to two weeks of the pot experiment. Plants grown on 
compost were observed to be healthier than plants 
cultivated on untreated contaminated soil.    

CM and CTS treatments have resulted in 
healthy appearance on the water spinach leaves, 
whereby the leaves were both longer and greener as 
compared to plants grown on untreated contaminated 
soil. The growth progress of plants grown on zero 
treatment soil was found to be slower than plants 
grown on soil received amendments. However, no 
toxicity symptom such as a reddish or burnt 
appearance was apparent on leaves of untreated water 
spinach. This suggests that water spinach is a robust 
plant species and has great tolerance to high metal 
concentrations. Table 3 presents the dry biomass 
yield of water spinach after 8 weeks of growth. 

 
Table 3. Biomass yield of water spinach 

 

Dry weight (g/pot)  
Treatment Shoot yield Root yield 

Compost* 14.88 4.06 

Zero 3.41 a 1.36 a 
CM 1% 6.39 c 2.92 c 
CM 3% 10.75 d 3.47 d 
CTS 1% 4.56 b 2.05 b 
CTS 3% 6.12 c 2.69 b 
LSD 1.05 0.68 
*Plants grown on compost only (uncontaminated soil). Values 
represent mean of 6 replicates. Letters a, b, c and d show the 
significant differences between the soil treatments, where letter a 
represents the lowest mean. Different letters indicate significant 
statistical differences (Tukey’s test at p < 0.05). 
 

As expected addition of CM and CTS to 
contaminated soil increased biomass yield. From 
Table 3, it is clear that the shoot and root yields 
increased with the rates of amendment application. A 
pronounced effect was obtained for CM treatment at 
3% (w/w), of which the shoot yield for this treatment 
was found to be higher than zero treatment by a 
factor of 3.2. CM 1% and CTS 3% (w/w) treatments 
gave almost similar shoot yield, with 179-187% 
increment in biomass production. The highest 
percentage of increment in root yield was achieved 
with CM 3% (w/w) treatment, followed by 
application of CM at 1% (w/w). Although there was 
an increase in the root yield following application of 
the CTS, statistical analysis revealed no significant 
difference was obtained between the CTS 1% and 
CTS 3% (w/w) treatments. 
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CM and CTS were beneficial as growing 
media through improvement of soil fertility and 
provision of plant nutrient. CM amendment resulted 
in higher biomass yield than CTS. This can be 
explained by the fact that CM contains higher 
nutrient and organic matter than CTS. As presented 
in Table 1, the nitrogen content measured in CM was 
62.7 g/kg meanwhile 25.5 g/kg nitrogen was 
determined in CTS. The organic matter content in 
CM and CTS was estimated as 87.6% and 72.9%, 
respectively. Lower yields of shoot and root obtained 
for zero treatment plants can be attributed to metal 
toxicity. 

In many cases biomass yield has significant 
linear response to application rates of amendment. 
Walker et al. (2004) obtained a significant linear 
response for dry matter production of C. album to 
incorporation rates of cow manure added to metal 
contaminated soil. Li et al. (2008) reported that 
amending a metal contaminated paddy soil with a 
higher application rate of pig manure resulted in a 
greater yield of rice grain. A different observation 
was reported by Chiu et al. (2006), who studied the 
effect of pig manure compost and sewage sludge 
amendment on the growth of common reed plant 
cultivated on Pb/Zn mine tailings. They noted that 
application of manure compost at 5% and 10% (w/w) 
did not significantly affect the shoot yield of 
common reed, whereby the dry matter production 
was found to be rather similar to that of plants grown 
on untreated mine tailings.  

 
3.2. Metal concentration in plant tissue 

 
The concentrations of Zn, Pb and Cu in plant 

tissues after 8 weeks of growth+ are given in Figs. 1 
and 2.  

It is apparent that CM and CTS treatments 
reduced metal concentrations in shoots and roots of 
water spinach. In general, shoot and root metal 
concentrations decreased with the rates of 
amendments application. Marked reductions in metal 
concentrations were achieved following CTS 
treatment at 3.0% (w/w). 

From Fig. 1, although CM treatments reduced  
Zn shoot concentration, there was no significant 
difference between 1% and 3% (w/w) treatments. 
Application of CM at 1% (w/w) decreased Pb shoot 
concentration by only 9%, as compared to plants 
grown on untreated contaminated soil. Meanwhile, 
CM 3% and CTS 1% (w/w) treatments were found to 
have similar effects in reducing Pb shoot 
concentrations. CM 1% (w/w) had the least 
immobilizing effect whereby the concentration of Cu 
in water spinach shoots was reduced from 10.5 
mg/kg (zero treatment) to 9.9 mg/kg. In the case of 
metal root concentrations (Fig. 2), no significant 
decrease was observed after amending contaminated 
soil with CM at 1% (w/w). A significant decrease (p 
< 0.05) in metal root concentrations was obtained for 
CM 3%, CTS 1% and CTS 3% (w/w) treatments. The 
addition of CM increased soil pH from 4.91 to 7.73, 

reducing metal availability for metal uptake in water 
spinach tissues. The pH value of CM was determined 
as 8.75 (Table 1). A similar observation in soil pH 
increase following CM application was also reported 
by Pitman and Singh (1993) and Hue (1992). The 
increase in soil pH can be attributed to ion exchange 
mechanisms which occur when terminal OH- of Al or 
Fe2+ hydroxyl oxides are replaced by organic anions 
which are decomposed products of the CM such as 
malate, citrate and tartrate (Dikinya and Mufwanzala, 
2010; Hue, 1992). In addition, the presence of basic 
cations in the CM released upon microbial 
decarboxylation can also increase soil pH (Bolan et 
al., 2010; Pitman and Singh, 1993). The effect of CM 
application on soil pH is greatly influenced by the 
nature of the soil.  

For example, Dikinya and Mufwanzala (2010) 
noted that the addition of CM did not change the pH 
of the Luvic Calcisol, meanwhile a substantial 
increase was observed for Ferralic Arenosol and 
Vertic Luvisol. It is known that organic matter 
consists of humic substances, which are able to form 
stable metal chelates (Walker et al., 2004). This 
reduces the solubility of heavy metals in soil. As 
discussed by Kumpiene et al. (2008) and Moon et al. 
(2013), amendments with functional groups are 
particularly effective at immobilizing metal due to 
their ability to bind or complex metal. 

In order to identify the presence of certain 
functional groups and chemical bonds on CTS, as 
well as to understand the nature of metal binding by 
CTS, Fourier Transform Infrared (FTIR) analysis 
was carried out. 
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Fig. 1. Metal concentrations in water spinach shoots after 8 
weeks of growth. Values represent mean of 18 replicates ± 

standard deviation. Different letters indicate significant 
statistical differences (Tukey’s test at p < 0.05). CM 1: 
Chicken manure 1% (w/w), CM 3: Chicken manure 3% 

(w/w), CTS 1: Coconut tree sawdust 1% (w/w), and CTS 3: 
Coconut tree sawdust 3% (w/w). 
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Fig. 2. Metal concentrations in water spinach roots after 8 
weeks of growth. Values represent mean of 18 replicates ± 

standard deviation. Different letters indicate significant 
statistical differences (Tukey’s test at p < 0.05). CM 1: 
Chicken manure 1% (w/w), CM 3: Chicken manure 3% 

(w/w), CTS 1: Coconut tree sawdust 1% (w/w), and CTS 3: 
Coconut tree sawdust 3% (w/w) 

 

FTIR analysis was performed on a Thermo 
Nicolet 6700 FTIR Spectrometer using the KBr disc 
technique. A broad absorption band observed at 3327 
cm-1 in Fig. 3 corresponds to the stretching vibration 
of O-H. The FTIR spectrum of CTS exhibits 
characteristic frequencies of C=O stretching vibration 
for carbonyl group at 1718 cm-1. The NH2 scissoring 
vibration was observed at 1596 and 1506 cm-1. 
According to Crews et al. (1998), the absorption 
band at 1232 cm-1 corresponds to the C-N stretching 
vibration. The C-O stretching vibration for primary 
alcohol groups appeared at 1029 cm-1 (Williams and 
Fleming, 1995). Interaction of CTS with heavy 
metals led to a shift in wave number from 3327 cm-1 
to 3271 cm-1 for O-H stretching vibration and from 
1718 cm-1 to 1723 cm-1 for C=O stretching vibration.  

A significant change in absorption intensity of 
C=O, NH2, C-N and C-O stretches was observed.  

 

It is   evident   from   FTIR   analysis  that OH 
and NH2 functional groups are available on the 
surface of CTS. FTIR spectra suggest that metal 
binding affects all chemical bonds associated with O 
and N atoms. Hence, it is reasonable to speculate that 
O and N atoms are indeed the main binding sites for 
metal on CTS, whereby both atoms can bind metal 
ions through complexation. 

 

 
 
Fig. 3. FTIR spectra of CTS before and after metal binding 

 
It is clear that application of amendments to 

contaminated soil may influence the behavior of 
plant in accumulating metals. This behavior is mainly 
affected by several factors such as the nature of the 
soil, amendment and metal contaminant, application 
rate of amendment and plant species. Correlations 
between metal concentrations in soil and metal 
concentrations in plant tissues were made using two 
extractants, namely EDTA and ammonium acetate 
(NH4OAc) (Table 4). 
 It was found that ammonium acetate gave 
significant correlations between metal concentrations 
in soil and metal concentration in plant tissues. In 
contrast, EDTA exhibited poor correlations. The poor 
correlation between EDTA extractable metal 
concentrations and plant tissue metal concentrations 
may be because EDTA is a good extractant for metal 
associated with organic matter, which may not be 
available for uptake by plants (Nwachukwu and 
Pulford, 2009). 
 
3.3. Bioconcentration factor (BCF) and translocation 
factor (TF)  

 

 The bioconcentration factor is defined as the 
ratio of metal concentration in plant shoots to metal 
concentration in soil (McGrath and Zhao, 2003). 

 

Table 4. Correlations between metal concentrations in soil and metal concentrations in plant tissue of water spinach 
 

Shoot tissue Root tissue  
Extractant 

 

 
Metal Correlation 

coefficient 
p-value Correlation 

coefficient 
p-value 

Pb 0.011 NS - 0.408 NS 

Cu 0.026 NS - 0.192 NS 

EDTA 

Zn 0.039 NS - 0.064 NS 
Pb 0.385 0.003* 0.571 0.002* 

Cu 0.514 0.002* 0.328 0.001* 

NH4OAc 

Zn 0.746 0.000* 0.620 0.004* 
n = 65, NS: Not significance, Pearson’s correlation coefficient and significance at p < 0.05). 

c 
c 

b 
b 

a 

c bc 

b b 

a 

a 

b 
ab 

bc c 
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As discussed by Yoon et al. (2006), BCF is a 

measure of the ability of a plant to accumulate metals 
from soil. Plants with a BCF value of greater than 1 
are suitable for phytoextraction (Ruiz et al., 2009). In 
this study, the influence of CM and CTS treatments 
on BCF values of the metals was determined and the 
values are given in Table 5.  

 
Table 5. BCF values for Pb, Cu and Zn 

 

BCF Treatment 
Pb Cu Zn 

Zero 0.19 d 0.22 d 1.15 d 

CM 1% 0.15 d 0.17 c 0.63 c 

CM 3% 0.12 c  0.14 b 0.58 bc 

CTS 1% 0.08 b 0.11 ab 0.44 b 

CTS 3% 0.05 a  0.08 a 0.27 a 

LSD 0.03 0.04 0.15 

Values represent mean of 18 replicates. Letters a, b, c and d show 
the significant differences between the soil treatments, where letter 
a represents the lowest mean. Different letters indicate significant 
statistical differences (Tukey’s test at p < 0.05). 
 

The BCF value of Zn for plants cultivated on 
zero treatment soil was calculated as 1.15, suggesting 
that water spinach has great potential for 
phytoextraction of Zn from contaminated soil. CM 
1% and 3% (w/w) treatments had similar effects on 
Zn accumulation, whereby the BCF value of Zn was 
found to decrease from 1.15 (zero treatment) to 0.63 
(CM 1%) and 0.58 (CM 3%), respectively. The 
application of CM at the rate of 1% (w/w) did not 
significantly (p < 0.05) reduce Pb uptake in water 
spinach. Overall, the ability of water spinach to take 
up metals from contaminated soil decreased with the 
addition of amendments. The decrease in metal 
accumulation can be attributed to metal binding to 
functional groups of amendments and reduction in 
metal availability in soil, as discussed in the 
preceding section.  

The concentration of metal in plant shoot and 
soil greatly affects the BCF value. In this study, the 
BCF values of Zn were found to be higher than the 
BCF values computed for Pb and Cu (Table 5). This 
can be explained by the fact that more Zn was 
measured in the plant shoots as compared to Pb and 
Cu (Fig. 1). In addition, the total concentration of Zn 
in the contaminated soil (318 mg/kg) was lower than 
the 2544 mg/kg measured for Pb. 

The translocation factor is defined as the ratio 
of metal concentration in plant shoots to metal 
concentration in roots (Ruiz et al., 2009), and is a 
measure of the ability of a plant to translocate metals 
from the roots to the shoots (Yoon et al., 2006). From 
phytoremediation viewpoint, an efficient 
phytoextraction strategy should have high TF values 
because metals must be in the aerial parts of the 
plants so that they can be removed at harvest (Pulford 
and Dickinson, 2006; Vamerali et al., 2010). The 
effects of CM and CTS treatments on the TF values 
of the metals are given in Table 6.  

Water spinach grown on contaminated soil 
received no amendment gave a TF value of 1.09 for 
Zn. According to Baker and Brooks (1989) and 
Cunningham et al. (1995), plants with a TF value of 
1 are efficient in transporting metals from the root 
tissue to the shoot tissue. Therefore, phytoextraction 
of Zn using water spinach is feasible. However, 
amending contaminated soil with CM and CTS 
reduced the translocation of metals in water spinach, 
especially with CTS at application rate of 3% (w/w). 
Following CTS 3% (w/w) treatment, the BCF value 
of Zn decreased significantly (p < 0.05) from 1.09 
(zero treatment) to 0.14. There was no great 
difference in the TF value of Pb for plants grown soil 
treated with CM 3% and CTS 1 % (w/w). 

 
Table 6. TF values for Pb, Cu and Zn 

 

Values represent mean of 18 replicates. Letters a, b, c and d show 
the significant differences between the soil treatments, where letter 
a represents the lowest mean. Different letters indicate significant 
statistical differences (Tukey’s test at p < 0.05). 
 

In general, the BCF and TF values of Pb, Cu 
and Zn showed a similar trend following the 
immobilization treatments. This suggests that both 
amendments had a similar effect on metal 
accumulation and transport in water spinach tissue. 
Based on the BCF and TF values, metal uptake in 
water spinach tissue is in the order of Zn > Cu > Pb. 
Zn and Cu are essential micronutrients for plant 
growth. Therefore, the transport and accumulation of 
Zn and C were found to be higher than Pb. Unlike Zn 
and Cu, Pb normally causes toxic effect to plants 
(Kashem et al., 2010; Vamerali et al., 2010). The 
toxic effect of Pb on chlorophyll synthesis, 
photosynthetic activity and antioxidant enzymes has 
been discussed by Kim et al. (2003). Overall, the 
trend obtained for BCF and TF values corroborates 
the trend observed for metal concentration in plant 
roots (Fig. 2). Pb was the metal most measured in 
plant roots and the least transported from the root to 
the shoot of water spinach.  

There are two main mechanisms holding Pb in 
plant roots, namely binding of Pb to ion exchange 
sites on the root cell walls and extracellular 
precipitation (Jarvis and Leung, 2002). It is known 
that plants have different abilities to take up and 
translocate heavy metals in their tissues. For 
example, maize and sunflower had preference of Zn 
> Cu > Pb (Ruiz et al., 2009). Meanwhile, Yoon et al. 
(2006) reported the order of Pb > Cu > Zn for 

TF  
Treatment Pb Cu Zn 

Zero 0.14 d 0.25 d 1.09 d 

CM 1% 0.11 c 0.19 c 0.60 c 

CM 3% 0.07 b  0.15 b 0.52 bc 

CTS 1% 0.08 b 0.11 ab 0.40 b 

CTS 3% 0.04 a  0.09 a 0.14 a 

LSD 0.03 0.05 0.26 
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Cyperus esculentus and Cu > Zn > Pb for Rubus 
fruticosus.  

 
3.4. Off-take values 

 

The effect of the application of CM and CTS 
on metal uptake in water spinach was further 
evaluated in terms of off-take value. The off-take 
value considers both metal concentration in plant 
tissues and biomass yield, and has been regarded as 
an important parameter in evaluating the 
effectiveness of amendments for metal 
immobilization (Kamari, 2011). The off-take value 
was calculated per pot (mg/pot) and per hectare 
(kg/ha). The estimation in kg/ha was based on a 
conversion factor of pot area to hectare. The amount 
of Pb, Cu and Zn removed by water spinach from 
contaminated soil is given in Table 7.  

From Table 7, it is observed that application 
of CM and CTS reduce the removal of Pb, Cu and Zn 
by water spinach. The influence of amendments was 
less apparent for Pb uptake because Pb was the metal 
least extracted by plants. At the end of the pot 
experiment, it is estimated that 0.07 mg/pot of Pb, 
0.36 mg/pot of Cu and 3.85 mg/pot of Zn were 
removed from the untreated contaminated soil.  

Amending contaminated soil with CM and 
CTS at the rate of 3% (w/w) decreased the off-take 
value of Zn from 10.01 kg/ha (zero treatment) to 6.60 
and 3.17 kg/ha, respectively. The reduction in the 
off-take values of metals can be attributed to the 
immobilization effect of the chicken manure and 
coconut tree sawdust. 
 

3.5. Bioavailable fraction of metals 
 
The uptake of heavy metals by plants is 

mainly influenced by their bioavailable fraction 
rather than by the  total amount  in soil ( Vamerali  et  

 

al., 2010; Pulford and Dickinson, 2006).  
Therefore, the effect of the application of CM 

and CTS on bioavailable fraction of Pb, Cu and Zn in 
contaminated soil was investigated using ammonium 
acetate as extractant. The ammonium acetate 
extractable metals in soils after 8 weeks of the pot 
experiment are given in Table 8. Amending 
contaminated soil with CM and CTS decreased the 
bioavailability of metals significantly (p < 0.05), 
particularly at application rate of 3% (w/w). A lesser 
effect in reducing the metal bioavailability was 
obtained when amendments were applied at 1% 
(w/w). The decrease in bioavailable fraction of heavy 
metals after the pot experiment can be attributed to 
immobilization effect of the amendments and uptake 
by plants. Since plants were watered with deionized 
water daily, metals may have leached from the soil to 
the pot saucer. Therefore, leaching may have also 
contributed to the decrease in metal concentration of 
soil. Table 8 also presents the percentage decrease in 
the ammonium acetate extractable metals in the soil 
after the pot experiment.  

The untreated contaminated soils (controls) 
show a decrease in bioavailable fraction of heavy 
metals. This could be due to the changes in the 
chemical form of the metal that are not related to the 
amendments during the pot experiment. It is apparent 
that CTS 3% (w/w) was the best treatment in 
lowering bioavailable fraction of metals, meanwhile 
CM 1% (w/w) was the least effective treatment in 
immobilizing metals.  

 

4. Conclusions 
 
Results from this study highlight the potential 

of chicken manure and coconut tree sawdust as 
immobilizing agents for the remediation of metal 
contaminated land. Pot experiment however is only 
one aspect of such utilization.  

Table 7. Removal of Pb, Cu and Zn from contaminated soil using water spinach 
 

Off-take (mg/pot) Off-take (kg/ha) 
Treatment 

Pb Cu Zn Pb Cu Zn 

Zero 0.07 0.36 3.85 0.18 0.94 10.01 

CM 1% 0.06 0.27 3.29 0.16 0.70 8.55 

CM 3% 0.06 0.20 2.54 0.16 0.52 6.60 

CTS 1% 0.05 0.22 2.08 0.13 0.57 5.41 

CTS 3% 0.04 0.18 1.22 0.10 0.47 3.17 
 

Table 8. Ammonium acetate extractable metals in soils 
 

Concentration (mg/kg) Decrease (%)  
Treatment 

Pb Cu Zn Pb Cu Zn 
Zero 1050 c 274 d 129 d 4.1 6.2 4.4 

CM 1% 1005 c 251 cd 101 c  11.6 14.0 25.2 

CM 3% 821 b 187 c 80 b 27.8 35.9 40.7 

CTS 1% 986 b 149 b  65 b 13.3 49.0 51.9 

CTS 3% 644 a 103 a 34 a 43.4 64.7 74.8 

LSD 65 46 21    

Values represent mean of 18 replicates. Letters a, b, c and d show the significant differences between the soil treatments, where letter a represents 
the lowest mean. Different letters indicate significant statistical differences (Tukey’s test at p < 0.05). 
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 The effectiveness of chicken manure and 
coconut tree sawdust as soil amendments rely on 
their stability in the soil-water environment. It is 
necessary to study the biodegradation of both 
amendments and their effect on metal bioavailability. 
 

Acknowledgments 
The authors thank Ministry of Education Malaysia and 
Universiti Pendidikan Sultan Idris Malaysia for providing 
research grants (RACE 2012-0150-108-62 and GPU 2013-
0120-102-01). We thank Mr. Mohd Zurin, Mr. Mohd 
Hashimi, Miss Siti Nor Farina and Mrs. Johana for their 
assistance. 
 

References 
 
Abbott D.E., Essington M.E., Mullen M.D., Ammons J.T., 

(2001), Fly ash and lime-stabilized biosolid mixtures 
in mine spoil reclamation: simulated weathering, 
Journal of Environmental Quality, 30, 608-616. 

Baker A.J.M., Brooks R.R., (1989), Terrestrial higher 
plants which hyperaccumulate metallic elements – A 
review of their distribution, ecology and 
phytochemistry, Biorecovery, 1, 81-126. 

Basta N.T., McGowen S.L., (2004), Evaluation of chemical 
immobilization treatments for reducing heavy metal 
transport in a smelter-contaminated soil, 
Environmental Pollution, 127, 73-82. 

Bolan N.S., Szogi A.A., Chuasavathi T., Seshadri B., 
Rothrock Jr. M.J., Panneerselvam P., (2010), Uses and 
management of poultry litter, World’s Poultry Science 
Journal, 66, 673-698. 

Castaldi P., Melis P., Silvetti M., Deiana P., Garau G., 
(2009), Influence of pea and wheat growth on Pb, Cd, 
and Zn mobility and soil biological status in a polluted 
amended soil, Geoderma, 151, 241-248. 

Chiu K.K., Ye Z.H., Wong M.H., (2006), Growth of 
Vetiveria zizanioides and Phragmities australis on 
Pb/Zn and Cu mine tailings amended with manure 
compost and sewage sludge: A greenhouse study, 
Bioresource Technology, 97, 158-170. 

Chrastný V., Komárek M., Hájek T., (2010), Lead 
contamination of an agricultural soil in the vicinity of 
a shooting range, Environmental Monitoring and 
Assessment, 162, 37-46. 

Crews P., Rodriguez J., Jaspars M., (1998), Organic 
Structure Analysis, Oxford University Press, New 
York, 28-40. 

Cunningham S.D., Berti W.R., Huang J.W., (1995), 
Phytoremediation of contaminated soils, 
Biotechnology, 13, 393-397. 

Debela F., Thring R.W., Arocena J.M., (2012), 
Immobilization of heavy metals by co-pyrolysis of 
contaminated soil with woody biomass, Water, Air, & 
Soil Pollution, 223, 1161-1170. 

Dermatas D., Menouno N., Dutko P., Dadachov M., Arienti 
P., Tsaneva V., (2004), Lead and copper 
contamination in small arms firing ranges, Global 
NEST Journal, 6, 141-148. 

Dikinya O., Mufwanzala N., (2010), Chicken manure-
enhanced soil fertility and productivity: Effects of 
application rates, Journal of Soil Science and 
Environmental Management, 1, 46-54.  

EPA, (2006), In Situ Treatment Technologies for 
Contaminated Soil, EPA 542/F-06/013, U.S. 
Environmental Protection Agency, Washington D.C., 

On line at: z https://clu-
in.org/download/remed/542f06013.pdf.   

Fang Y., Cao X., Zhao L., (2012), Effects of phosphorus 
amendments and plant growth on the mobility of Pb, 
Cu, and Zn in a multi-metal-contaminated soil, 
Environmental Science and Pollution Research, 19, 
1659-1667. 

Gee G.W., Bauder J.W., (1986), Particle Size Analysis, In: 
Methods of Soil Analysis. Part I. Physical and 
mineralogical methods, Klute A., Page A.L. (Ed.), 
ASA-SSAA, Madison, Wisconsin, USA, 383-411. 

Geebelen W., Sappin-Didier V., Ruttens A., Carleer R., 
Yperman J., Bongué-Boma K., Mench M., van der 
Lelie N., Vangronsveld J., (2006), Evaluation of 
cyclonic ash, commercial Na-silicates, lime and 
phosphoric acid for metal immobilization purposes in 
contaminated soils in Flanders (Belgium), 
Environmental Pollution, 144, 32-39. 

Han C., Wu L., Tan W., Zhong D., Huang Y., Luo Y., 
Christie P., (2012), Cadmium distribution in rice 
plants grown in three different soils after application 
of pig manure with added cadmium, Environmental 
Geochemistry and Health, 34, 481-492. 

Hartley W., Lepp N.W., (2008), Arsenic and heavy metal 
mobility in iron oxide-amended contaminated soils as 
evaluated by short- and long-term leaching tests, 
Environmental Pollution 156, 1030-1040. 

Holm P.E., (2001), Soil Remediation, In: Environmental 
Soil Chemistry, Hansen H.C.B. (Ed.), Matej Bel 
University, Banská Bystrica, Slovakia, 30-45. 

Hosseini H., Shirani H., Hamidpour M., Karimi R.R., 
Shamshiri M.H., Hosseini M.S., Dashti H., (2013), 
Effects of natural and modified montmorillonite on 
plant availability of Cd(II) and Pb(II) in polluted soils, 
Environmental Engineering and Management Journal, 
12, 2079-2086.  

Hue N.V., (1992), Correcting soil acidity of a highly 
weathered ultisol with chicken manure and sewage 
sludge, Communication in Soil Science and Plant 
Analysis, 23, 241-264. 

Jarvis M.D., Leung D.W.M., (2002), Chelated lead 
transport in Pinus radiata: an ultrastructural study, 
Environmental and Experimental Botany, 48, 21-32. 

Jensen J.K., Holm P.E., Nejrup J., Larsen M.B., Borggaard 
O.K., (2009), The potential of willow for remediation 
of heavy metal polluted calcareous urban soils, 
Environmental Pollution, 157, 931-937. 

Jiang C., Sun H., Sun T., Zhang Q., Zhang Y., (2009), 
Immobilization of cadmium in soils by UV-mutated 
Bacillus subtilis 38 bioaugmentation and NovoGro 
amendment, Journal of Hazardous Materials, 167, 
1170-1177. 

Jorgensen S.S., Willems M., (1997), The transformation of 
lead pellets in shooting range soils, AMBIO, 16, 11-15. 

Kamari A., (2011), Chitosans as soil amendments for the 
remediation of metal contaminated soil, PhD Thesis, 
University of Glasgow, Scotland, U.K. 

Karbassim A., Nasrabadi T., Rezai M., Modabberi S., 
(2014), Pollution with metals (As, Sb, Hg, Zn) 
pollution in agricultural soil located close to Zarshuran 
gold mine, Iran, Environmental Engineering and 
Management Journal, 13, 151-120. 

Kashem M.A., Kawai S., Kikuchi N., Takahashi H., 
Sugawara R., Singh B.R., (2010), Effect of Lherzolite 
on chemical fractions of Cd and Zn and their uptake 
by plants in contaminated soil, Water, Air, & Soil 
Pollution, 207, 241–251. 



 
Kamari et al./Environmental Engineering and Management Journal 13 (2014), 9, 2219-2228 

 

 2228 

Kim I.S., Kang K.H., Johnson-Green P., Lee E.J., (2003), 
Investigation of heavy metal accumulation in 
Polygonum thunbergii for phytoextraction, 
Environmental Pollution, 126, 235-243. 

Kumpiene J., Lagerkvist A., Maurice C., (2007), 
Stabilization of Pb- and Cu-contaminated soil using 
coal fly ash and peat, Environmental Pollution, 145, 
365-373. 

Kumpiene J., Lagerkvist A., Maurice C., (2008), 
Stabilization of As, Cr, Cu, Pb and Zn in soil using 
amendments - A review, Waste Management, 28, 215-
225. 

Landsberger S., Iskander F., Basunia S., Barnes D., 
Kaminski M., (1999), Lead and copper contamination 
of soil from industrial activities and firing ranges, 
Biological Trace Element Research, 71-72, 387-396. 

Lee S-H., Lee J-S., Choi Y.J., Kim J-G., (2009), In situ 
stabilization of cadmium-, lead-, and zinc-
contaminated soil using various amendments, 
Chemosphere, 77, 1069-1075.  

Lee S.S., Lim J.E., El-Azeem S.A.M., Choi B., Oh S-E., 
Moon D.H., Ok Y.S., (2013), Heavy metal 
immobilization in soil near abandoned mines using 
eggshell waste and rapeseed residue, Environmental 
Science and Pollution Research, 20, 1719-1726. 

Li F., Bade R., Oh S., Shin W.S., (2012), Immobilization of 
heavy metals in a contaminated soil using organic 
sludge char and other binders, Korean Journal of 
Chemical Engineering, 29, 1362-1372. 

Li P., Wang X., Zhang T., Zhou D., He Y., (2008), Effects 
of several amendments on rice growth and uptake of 
copper and cadmium from a contaminated soil, 
Journal of Environmental Sciences, 20, 449-455. 

McDonald J.M., Ribaudo M.O., Livingston M.J., Beckman 
J., Wang H., (2009), Manure Use for Fertilizer and for 
Energy – Report to Congress, U.S. Department of 
Agriculture, Washington, D.C. 

McGrath S.P., Zhao F-J., (2003), Phytoextraction of metals 
and metalloids from contaminated soils, Current 
Opinion in Biotechnology, 14, 277-282. 

Moon D.H., Park J-W., Chang Y-Y., Ok Y.S., Lee S.S., 
Ahmad M., Koutsospyros A., Park J-H., Baek K., 
(2013), Immobilization of lead in contaminated firing 
range soil using biochar, Environmental Science and 
Pollution Research, 20, 8464-8471. 

Mremner J.M., (1996), Total Carbon, Organic Carbon, and 
Organic Matter, In: Method of Soil Analysis: 
Chemical Methods, Sparks D.L. (Ed.), American 
Society of Agronomy, Madison, USA, 1085-1121. 

Nelson D.W., Sommers L.E., (1996), Nitrogen-Total, In: 
Method of Soil Analysis: Chemical Methods, Sparks 
D.L. (Ed.), American Society of Agronomy, Madison, 
USA, 1201-1229. 

Nwachukwu O.I., Pulford I.D., (2009), Soil metal 
immobilization and ryegrass uptake of lead, copper 
and zinc as affected by application of organic 
materials as soil amendments in a short-term 
greenhouse trial, Soil Use and Management, 25, 159-
167. 

Parra R., Ulery A.L., Elless M.P., Blaylock M.J., (2008), 
Transient phytoextraction agents: Establishing criteria 
for the use of chelants in phytoextraction of 
recalcitrant metals, International Journal of 
Phytoremediation, 10, 415-429. 

Pulford I.D., Dickinson N.M., (2006), Phytoremediation 
Technologies Using Trees, In: Trace Elements in the 

Environment, Prasad M.N.V., Sajwan K.S., Naidu R. 
(Eds.), Taylor & Francis, Boca Raton, Florida, USA, 
383-403. 

Ruiz E., Rodríguez L., Alonso-Azcárate J., Rincón J., 
(2009), Phytoextraction of metal polluted soils around 
a Pb-Zn mine by crop plants, International Journal of 
Phytoremediation, 11, 360-384. 

Sato A., Takeda H., Oyanagi W., Nishihara E., Murakami 
M., (2010), Reduction of cadmium uptake in spinach 
(Spinacia oleracea L.) by soil amendment with animal 
waste compost, Journal of Hazardous Materials, 181, 
298-304. 

Sawidis T, Halley J.M., Llupo S., Bellos D., Veros D., 
Symeonidis L., (2014), Nickel and iron concentrations 
in plants from mining area Pogradec, Albania, 
Environmental Engineering and Management Journal, 
13, 861-872. 

Schwab P., Zhu D., Banks M.K., (2007), Heavy metal 
leaching from mine tailings as affected by organic 
amendments, Bioresource Technology, 98, 2935-2941. 

Stirling G.R., Smith M.K., Smith J.P., Stirling A.M., 
Hamill S.D., (2012), Organic inputs, tillage and 
rotation practices influence soil health and 
suppressiveness to soilborne pests and pathogens of 
ginger, Australasian Plant Pathology, 41, 99-112. 

Sumner M.E., Miller W.P., (1996), Cation Exchange 
Capacity and Exchange Coefficients, In: Method of 
Soil Analysis: Chemical Methods, Sparks D.L. (Ed.), 
American Society of Agronomy, Madison, USA, 
1031-1075. 

Sun Y-B., Zhou Q-X., Liu W-T., An J., Xu Z-Q., Wang L., 
(2009), Joint effects of arsenic and cadmium on plant 
growth and metal bioaccumulation: A potential Cd-
hyperaccumulator and As-excluder Bidens pilosa L., 
Journal of Hazardous Materials, 165, 1023-1028. 

Vamerali T., Bandiera M., Mosca G., (2010), Field crops 
for phytoremediation of metal-contaminated land - A 
review, Environmental Chemistry Letters, 8, 1-17. 

van Herwijnen R., Laverye T., Poole J., Hodson M.E., 
Hutchings T.R., (2007), The effect of organic 
materials on the mobility and toxicity of metals in 
contaminated soils, Applied Geochemistry, 22, 2422-
2434. 

Walker D.J., Clemente R., Bernal M.P., (2004), Contrasting 
effects of manure and compost on soil pH, heavy 
metal availability and growth of Chenopodium album 
L. in a soil contaminated by pyritic mine waste, 
Chemosphere, 57, 215-224.  

Watson C., Pulford I.D., Riddell-Black D., (2003), 
Development of a hydroponic screening technique to 
assess heavy metal resistance in willow (Salix), 
International Journal of Phytoremediation, 5, 333-
349. 

Wilde E.W., Brigmon R.L., Dunn D.L., Heitkamp M.A., 
Dagnan D.C., (2005), Phytoextraction of lead from 
firing range soil by Vetiver grass, Chemosphere, 61, 
1451-1457. 

Williams D.H., Fleming I., (1995), Spectroscopic Methods 
in Organic Chemistry. 5th Edition, The McGraw-Hill 
Companies, London, 20-35. 

Yoon J., Cao X., Zhou Q., Ma L.Q., (2006), Accumulation 
of Pb, Cu, and Zn in native plants growing on a 
contaminated Florida site, Science of the Total 
Environment, 368, 456-464. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


