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The immobilisation of heavy metals in the soil of a 25-year-old active firing range using durian (Durio
zibethinus L.) tree sawdust (DTS), coconut coir (CC) and oil palm empty fruit bunch (EFB) was inves-
tigated. The immobilisation effects were evaluated in terms of metal accumulation in water spinach
(Ipomoea aquatica) and soil metal bioavailability. A pot experiment was conducted by amending the
firing range soil with DTS, CC and EFB at application rates of 0%, 1% and 3% (w/w), respectively.
All amendments increased the biomass yield and reduced the uptake of heavy metals in the plant tissue.
Zn had the highest values of Bioconcentration Factor (BCF: 0.301-0.865) and Translocation Factor (TF:
1.056-1.883). Pb was the least-accumulated and transported metal in the plant tissues, with the BCF and
TF values of 0.019-0.048 and 0.038-0.116, respectively. The bioavailable fraction of heavy metals in the
firing range soil decreased following the application of the three agricultural wastes studied. DTS, CC and
EFB did not cause toxicity symptoms in the water spinach over the pot experiment. Therefore, DTS, CC
and EFB are considered promising immobilising agents for the remediation of metal-contaminated land.

Keywords: agricultural wastes; contaminated soil; heavy metals; immobilisation; bioavailability; metal
uptake

1. Introduction

Soil contamination by heavy metals is a serious environmental issue worldwide. For example,
approximately 20 million hectares of arable land that accounts for 20% of the total agricultural
land area in China were identified as being affected with heavy metals in 2011.[1,2] The concen-
tration of heavy metals in soil has increased tremendously due to rapid global industrialisation.
Anthropogenic activities such as mining, wastewater irrigation, biosolid and manure application
along with inadequate management of pesticides and chemicals in agriculture have significantly
contaminated soil and groundwater.[3,4]

Firing range activities have also contributed to elevated concentrations of heavy metals in
soil. Cu- and Pb-alloy jackets and slugs are the main components of a firing bullet.[5,6] During
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shooting operations, metal particulates are produced and deposited on the soil surface. These
metal particulates can be transformed into mobilised compounds that can pose a threat to soil
and groundwater.[7-9]

Unlike organic contaminants, heavy metals are not biodegradable. Therefore, the heavy metals
will persist for a long period of time in soils. Their presence in soil may pose a great risk to the
food chain and water supplies.[10] Living organisms are exposed to the risk of heavy metals
toxicity if the concentration in soil exceeds the threshold values.[11] For example, a high intake
of Pb by a human can cause kidney damage, anaemia and miscarriage for pregnant women.[12]
Additionally, an excess of Zn can contribute to chlorosis in plant leaves as well as the inhibition
of seed germination and plant growth.[13]

Several remediation strategies are available to clean-up metal-contaminated soils. However,
due to logistics and high operational cost issues, many of these techniques are not practical for
implementation. An in situ stabilisation technique is deemed a promising alternative to remediate
metal-contaminated soil as the technique is cost-effective and does not generate secondary envi-
ronmental problems.[14,15] Stabilisation is a conversion process for contaminants from their
original form to a physically and chemically more stable form, which is likely less mobile, less
soluble and less toxic.[16,17] Through this technique, a soil amendment is added to contami-
nated soil to enhance geochemical processes such as precipitation, sorption, ion-exchange and
redox reactions.[18,19] The soil amendment will help to reduce the solubility and bioavailability
of the heavy metals in the soil. Using soil amendment will, therefore, reduce the accumulation
of toxic metals in the plant tissues.[15]

The effectiveness of various low-cost materials, such as chicken manure biochar,[20] phos-
phate fertiliser,[21] red mud,[22] sugar cane biochar [23] and zeolites,[24] to stabilise contam-
inated soil has been investigated. The utilisation of these amendments has exhibited several
advantages including being less expensive than the chemical stabilisation technique. In addition,
the materials are also abundant, renewable and eco-friendly.

This study aims to evaluate the applicability of durian tree sawdust (DTS), coconut coir (CC)
and oil palm empty fruit bunch (EFB) as immobilising agents for the remediation of metal-
contaminated soil. Our previous investigation showed that the agricultural wastes studied were
able to reduce the concentration of Cu, Pb and Zn in soil solutions.[25] In this study, water
spinach (Ipomoea aquatica) was used as an indicator to determine the efficacy of the amendments
in immobilising heavy metals in a firing range soil. Durian DTS, CC and EFB were chosen as
potential soil amendments due to their availability in large quantities in Malaysia.

2. Materials and methods

2.1. Preparation of soil and amendments

A 25-year-old active firing range in Selangor, Malaysia, was selected as the sampling site. Soil
samples were taken at the surface layer (up to 25 cm in depth) using a stainless steel trowel. The
samples were air-dried for 1 week and were thoroughly mixed and passed through a 2 mm mesh
sieve. A pipetting method described by Gee and Bauder [26] was applied for the soil textural
analysis. The soil consisted of sand (76%), silt (17%) and clay (7%). Soil pH was measured
in deionised water at a ratio of 1:2.5 (w/v) (soil:solution) by using a pH meter (Orion 2-Star,
Thermo Scientific, Massachusetts, USA). Furthermore, the electrical conductivity (EC) of the
soil was measured in deionised water at a ratio of 1:5 (w/v) (soil:solution) by using an EC meter
(Orion 3-Star, Thermo Scientific, Massachusetts, USA). The organic matter (OM) content (%)
in the soil was calculated from measured loss-on-ignition,[27] while the total N was determined
using Kjeldahl’s distillation procedure.[28] The ammonium saturation and distillation method as
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Table 1. Characteristics of the soil and amendments used in the study.

Characteristic Soil DTS CcC EFB
pH 491 6.75 5.82 6.79
Moisture content (%) 5.2 13.6 21.5 38.9
Electrical conductivity (dS/m) 2.15 2.5 1.8 1.2
Organic matter (%) 1.3 47.4 65.6 88.7
Total nitrogen (g/kg) 0.8 65.6 26.7 9.52
Cation-exchange capacity (cmolc/kg) 11.2 96.4 130.6 78
Total Pb (mg/kg) 2562 <0.05 <0.05 <0.05
Total Cu (mg/kg) 771 47 12 12
Total Zn (mg/kg) 315 105 35 35
Available Pb (mg/kg) 1137 ND ND ND
Available Cu (mg/kg) 288 ND ND ND
Available Zn (mg/kg) 146 ND ND ND

ND, not detected.

described by Sumner and Miller [29] was used to determine the cation-exchange capacity (CEC)
of the soil.

The total fraction of Cu, Pb and Zn in the soil was determined by hot aqua regia extraction.
In 10 replicates, 9 mL of HCI (6.0 mol/L) and 3 mL of HNO; (69%) were added to 0.25 g of the
soil. The soil-aqua regia mixture was left overnight for equilibration. The soil samples and blanks
were digested at 125°C for 3 h. The digests were filtered and diluted up to volume (50 mL) with
deionised water. In addition to the total fraction, the bioavailable fraction of Cu, Pb and Zn in the
soil was also determined using ammonium acetate (1.0 mol/L, pH 7) and EDTA (0.05 mol/L, pH
7.0) at a ratio of 1:10 (w/v) (soil:extractant). Based on our previous results (data not shown for
reference), the mixtures were agitated on an orbital shaker at room temperature for 1 h and were
then filtered into sample containers.

In this study, three low-cost materials were tested. DTS was supplied by Jati Cemer-
lang Sawmill (Selangor, Malaysia), CC was purchased from APA Green Horticulture (Perak,
Malaysia) and EFB was collected at Changkat Asa Oil Palm Estate (Perak, Malaysia). The
amendments were rinsed with deionised water, air-dried and ground using a laboratory jar mill.
The ground materials were then kept in self-sealing sample bags prior to analysis. To measure
the metal content in the amendments, the materials (DTS, CC and EFB) were digested separately
by using 15 mL of concentrated HNO3(69%) at 110°C for 3 h. The characteristics of the soil and
the amendments are summarised in Table 1.

2.2. Pot experiment

Approximately 300 g of soil sample was added to a pot with a 12.0cm height and a 14.0cm
diameter. The soils were amended separately with the amendments at three rates of application:
0%, 1% and 3% (w/w). Each treatment was carried out in six replicates. The soils were then left to
equilibrate for two weeks. During equilibration, the soils were mixed several times to maintain
homogeneity and to avoid anaerobic conditions. The water spinach (Ipomoea aquatica) seed
was then sown in each pot. The pots were placed outdoors in a nursery and arranged on a bench
in a randomised block design. They were watered daily with deionised water, and the water
holding capacity (70%) of the soil was monitored throughout the pot experiment. Plants were
allowed to grow under natural lighting and temperature. Mean daily temperature and humidity
were monitored with a digital thermometer. At the end of the 8-week pot trial, amendments were
collected, immersed in deionised water and dried prior to analysis. The soil pH and ammonium
acetate extractable metal content in the soil were determined, as previously described.
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2.3. Plant tissues analyses

The plants were harvested after 8 weeks of growth. Plant shoots were cut with scissors at
approximately 1.0 cm above the soil surface to avoid contamination by soil. Plant roots were
washed thoroughly with deionised water to remove soil particles. The cleaned shoots and roots
of the water spinach were then cut into small pieces. The plant tissues were dried in an oven at
70°C for 48 h. The dry biomass yield of each tissue was measured. The dried plant tissues were
milled separately using a grinder.

In triplicate, 0.5 g of the plant tissues was ashed at 450°C in a muffle furnace for 3 h. Approx-
imately 12 mL of concentrated HNO3 (69%) was added to the ashed sample, and the mixture
was left overnight to equilibrate. After equilibration, the samples and blanks were digested on a
hot plate at 110°C for 3h in a fume hood. The samples were left to cool at room temperature,
filtered and made up to 50 mL. A Perkin—Elmer AAnalyst 400 Atomic Absorption Spectrometer
was used to measure the concentration of heavy metals in the soil extracts and plant digests.

2.4. Standard and certified reference materials

Certified reference soil material (LGC 6135 Hackney Brick Works Soil) and standard reference
plant materials (SRM 1573a Tomato Leaves and SRM 1575 Pine Needles) were used to verify
the accuracy of the metal determination. The reference materials were treated and analysed using
the same procedures applied for plant tissues and soil samples. The recovery rates were within
89-105% for soil and 87-96% for plant tissue, respectively.

2.5. Statistical analysis

A statistical analysis was performed using Minitab Software 17 (Minitab Software 17 (Minitab
Inc., Pennsylvania, USA)). The experimental data were analysed by one-way analysis of vari-
ance (ANOVA). The least significant difference (LSD) between the means of the treatments was
verified using Tukey’s test at a significance level of p = 0.05, while correlation was determined
by Pearson’s coefficients at p < 0.05.

2.6. Characterisation study

A Hitachi SU 8020 UHR Field Emission Scanning Electron Microscope (FESEM) equipped
with a Horiba Energy Dispersive X-ray (EDX) Spectrometer was used to analyse the surface
morphology and the elemental composition of the amendments. To avoid electron charging, the
amendments were first coated with platinum using an Automatic Platinum Sputter Coater System
(Quorum Q150RS). The surface morphology was observed at different magnifications.

Fourier Transform Infrared (FTIR) analysis was performed using a Thermo Nicolet 6700 FTIR
Spectrometer. KBr discs were prepared at a ratio of 1:100 (w/w) (amendment:IR-grade KBr) in
an agate mortar. The FTIR analysis was carried out in a wavenumber range of 500-4000 cm ™

over 30 cumulative scans and with a resolution of 4cm™!.

3. Results and discussion

3.1. Plant growth and biomass yield

In this study, water spinach seeds were also cultivated on compost that received no amendments
in six replicates. The growth performance of the water spinach grown on untreated contaminated
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Table 2. Effect of agricultural wastes application on biomass yield of water spinach.

Dry weight (g/pot)

Treatment Shoot yield Root yield
Compost 743 £ 0.5 3.17 £ 0.3
Control 2.33a + 0.4 0.93a + 0.6
DTS 1% 2.84bc + 0.3 0.98a = 0.2
DTS 3% 4.72¢ £ 0.1 1.84c £ 0.8
CC 1% 3.26b £+ 0.2 1.13b £+ 0.3
CC3% 5.13¢ + 0.7 1.92¢ + 0.1
EFB 1% 337b £ 0.2 1.35bc = 0.5
EFB 3% 6.43d £+ 0.3 2.20d + 0.2
LSD 091 0.25

Values represent mean of six replicates. Letters a, b, ¢ 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).

soil (zero treatment) and the water spinach grown on uncontaminated soil (compost) was com-
pared. The water spinach seeds germinated five days after sowing, and no obvious difference in
plant growth was observed up to three weeks of the pot experiment. Plants grown on compost
exhibited a healthier appearance than plants cultivated on untreated contaminated soil.

A significant difference in plant growth was observed after three weeks of the pot experi-
ment. Soil that received the amendment treatment produced plants with bigger and greener leaves
while smaller leaves were obtained from plants that were grown on untreated contaminated soil.
In addition, the plants that were cultivated on the zero treatment soil showed a slower growth
progress than the plants grown on the treated contaminated soil. However, no toxicity symp-
toms such as reddish or burnt appearance were apparent on the leaves of water spinach that were
grown on the untreated contaminated soil in the pot experiment, suggesting that water spinach is
a robust plant species and has a high tolerance to elevated metal concentrations.

The dry biomass yield of the water spinach after 8 weeks of growth is presented in Table 2. As
expected, the addition of DTS, CC and EFB to the contaminated soil increased the biomass yield
of the water spinach. As shown in Table 2, the shoot and root yields increased with the rates of the
amendment application. The application of amendments at 1% (w/w) gave almost similar shoot
yield, with 140-165% increment in shoot production. The EFB treatment at 3% (w/w) resulted
in a pronounced production effect, with the shoot yield for this treatment found to be higher by
a factor of 2.8 than the zero treatment. The least production effect was obtained for DTS at 1%
(w/w) where the root yield for this treatment showed no great difference from the root yield of the
zero treatment plants. The order of treatment efficiency on the biomass production (total shoot
and root) was EFB 3% (w/w) > CC 3% (w/w) > DTS 3% (w/w) > EFB 1% (w/w) > CC 1%
(w/w) > DTS 1% (w/w) > zero.

Overall, EFB was the best amendment to promote biomass yield, followed by CC and DTS.
This trend is closely related to the organic matter and moisture content in the amendments. For
example, the organic matter content for EFB, CC and DTS was determined as 88.7%, 65.6%
and 47.4%, respectively (Table 1). The three amendments studied were beneficial as growing
media through the improvement of soil moisture and fertility. Amending the contaminated soils
with DTS, CC and EFB increased the water holding capacity of the soils by 52%, 65% and 83%,
respectively.

3.2. Metal uptake by water spinach

Figures 1 and 2 present the concentrations of Cu, Pb and Zn in the plant tissues after 8§ weeks of
the pot experiment. The water spinach accumulated more metals in its roots than in its shoots. For
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Figure 1. Metal concentration 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).

example, for the zero treatment plants, the concentrations of Cu, Pb and Zn in the plant shoots
were determined to be 27, 24 and 52 mg/kg (Figure 1), respectively. Meanwhile, 156 mg/kg of
Cu, 70 mg/kg of Pb and 263 mg/kg of Zn were measured in the root tissue of the zero treat-
ment plants (Figure 2). Amending the contaminated soil with DTS, CC and EFB reduced the
metal concentrations in the shoots and roots of the water spinach. The metal concentrations of
the shoots and roots decreased with the rates of the application of the amendments. Marked
reductions in metal uptake were achieved following an EFB application at 3% (w/w).

As shown in Figure 1, although the DTS treatments reduced Zn shoot concentration, there
was no significant difference between the 1% and the 3% (w/w) treatments. The concentration
of Zn in plant shoots that received 0%, 1% and 3% (w/w) of DTS was determined as 53, 46 and
42 mg/kg, respectively. The CC application caused a significant reduction in Pb shoot concen-
tration, which decreased from 24 to 15 mg/kg. However, no large difference was observed when
CC was applied at 1% and 3% (w/w).

As presented in Figure 2, the application of DTS had reduced the concentration of Cu and
Zn in the plant roots. A greater reduction was obtained when DTS was applied at 3% (w/w).
A different effect was observed for Pb root concentration where the DTS treatments at 1% and
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Figure 2. Metal concentration 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).

3% (w/w) showed no significant difference in Pb reduction. Compared to the zero treatment
plants, Pb root concentration was reduced from 71 to 62 mg/kg (1% DTS) and 60 mg/kg (3%
DTS). A similar trend was observed for Zn root concentrations following the CC treatments.
The addition of CC at 1% and 3% (w/w) reduced Zn concentration in the plant roots by 13% and
16%, respectively, compared to the plants grown on the untreated contaminated soil.

As discussed by Venegas et al. [14] and Armelin et al. [21], different amendments may cause
similar effects in reducing metal accumulation in plant tissues. As observed from Figure 1, the
DTS 3% (w/w) and CC 1% (w/w) treatments had similar effects in reducing Cu shoot con-
centrations. Meanwhile, a similar pattern of Cu accumulation in the roots of the water spinach
was obtained following the DTS and CC applications (Figure 2).While there was a significant
reduction in Pb root concentration after the CC 3% (w/w) and EFB 1% (w/w) treatments, the
statistical analysis revealed no significant difference between these two treatments (Figure 2). In
the case of Zn, the ability of the water spinach to take up Zn was similar when the contaminated
soil was treated with DTS and CC at 1% (w/w) (Figures 1 and 2). Generally, of all the amend-
ments studied, EFB showed a consistent effect in reducing metal concentrations in plant shoots
and roots.
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Table 3. Effect of agricultural wastes application on bioconcentration factor (BCF) values of Cu, Pb and Zn.

Treatment Cu Pb Zn
Control 0.196d £+ 0.2 0.062¢ + 0.6 1.169d £ 0.7
DTS 1% 0.088¢c + 0.4 0.048b £+ 0.3 0.865¢cd + 0.3
DTS 3% 0.073b £+ 0.1 0.044b + 0.4 0.616bc + 0.5
CC 1% 0.064ab + 0.8 0.035ab £ 0.7 0.793¢ £ 0.5
CC 3% 0.057ab + 0.6 0.026a + 0.2 0.524b + 0.2
EFB 1% 0.042a + 0.9 0.029a + 0.8 0.450ab + 0.6
EFB 3% 0.035a + 0.7 0.019a + 0.3 0.301a + 0.1
LSD 0.015 0.011 0.208

Values represent mean of 18 replicates & standard deviation. Letters a, b, ¢ 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).

3.3. Bioconcentration factor

The ability of water spinach to accumulate metal in the shoot from a contaminated soil was
further evaluated using the Bioconcentration Factor (BCF). BCF is defined as the ratio of the
metal concentration in plant shoots to the metal concentration in soil.[30,31] BCF represents the
availability of heavy metals in a soil that can be taken up by a plant.[30,32] In general, plants
will have a BCF value of less than one. However, some plant species are able to extract and
accumulate a large amount of metal in their shoots.[10] These plants species usually have a BCF
value of more than 1. Therefore, they are classified as hyperaccumulator plants and are suitable
for a phytoextraction remediation strategy.[31,33]

Table 3 lists the BCF values of Cu, Pb and Zn for the water spinach. The BCF of Zn determined
for the zero treatment (untreated contaminated soil) was found to be higher than 1, suggesting that
water spinach has a pronounced natural ability to accumulate Zn in its shoots. Therefore, the use
of water spinach for the phytoextraction of Zn is feasible. The amendment treatments reduced the
Cu, Pb and Zn uptake by the water spinach. For example, the application of DTS, CC and EFB
at 3% (w/w) significantly (p < 0.05) reduced the BCF value of Zn from 1.169 (zero treatment)
to 0.616, 0.524 and 0.301, respectively. Meanwhile, the BCF value of Cu decreased from 0.196
(zero treatment) to 0.073, 0.057 and 0.035 following the DTS, CC and EFB application at 3%
(w/w), respectively.

From Table 3, the BCF values estimated for the treatments were in the order Zn > Cu > Pb.
As defined earlier, BCF value is highly dependent on metal concentrations in plant shoots and
soil. Based on the plant tissue analysis (Figure 1), Zn was considered the metal most deter-
mined in the plant shoots. As shown in Table 1, the total concentration of Zn in the soil sample
(315 mg/kg) was much lower than the concentrations measured for Pb (2562 mg/kg) and Cu
(771 mg/kg). Therefore, Zn had the highest BCF value. The low accumulation of Pb in the water
spinach shoots can be related to the low solubility of the metal in soil, thus limiting its extraction
via plant roots. Overall, the 3% EFB (w/w) treatment resulted in the best effect in reducing Cu,
Pb and Zn accumulation in the water spinach shoots.

3.4. Translocation factor

Translocation factor (TF) refers to the ratio of metal concentration in shoots to metal concen-
tration in roots.[30,34] TF represents the ability of a plant to translocate metals from the root
to the shoot. The effects of the amendment treatments on the TF values of the metals are pre-
sented in Table 4. As shown in Table 4, the plants grown from the zero treatment have a TF
value of 2.7737 for Zn. Plants with a TF value of greater than 1 are efficient in transporting
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Table 4. Effect of agricultural wastes application on translocation factor (TF) values of Cu, Pb and Zn.

Treatment Cu Pb Zn
Control 0.158d £+ 0.2 0.129d £+ 0.6 2.737d £+ 0.1
DTS 1% 0.124¢cd £ 0.5 0.116¢d £+ 0.2 1.883¢ + 0.3
DTS 3% 0.101c + 0.9 0.093¢c + 04 1.549bc + 0.8
CC 1% 0.088bc £ 0.6 0.080bc £ 0.7 1.520b £ 0.7
CC3% 0.063ab + 0.4 0.077b £+ 0.5 1.306ab + 0.2
EFB 1% 0.079b £ 0.8 0.061ab + 0.9 1.244a + 0.5
EFB 3% 0.054a + 0.3 0.038a + 0.2 1.056a + 0.9
LSD 0.023 0.025 0.425

Values represent mean of 18 replicates & standard deviation. Letters a, b, ¢ 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).

metals from the root tissue to the shoot tissue.[33] This characteristic is important for in situ
phytoextraction strategy.[10,31] The TF values of Cu, Pb and Zn decreased after the amendment
treatments. The decrease in metal transport can be related to metal binding to functional groups
of amendments.[6,17] Great reductions were obtained when the amendments were applied at 3%
(w/w). For example, the TF value of Zn decreased from 2.737 (zero treatment) to 1.549, 1.306
and 1.056 following DTS, CC and EFB applications at 3% (w/w).

The order of TF values estimated for the treatments was found to be Zn > Cu > Pb, in agree-
ment with the order of BCF values. Zn was the metal that was transported the most from the roots
to the shoots. Both Cu and Zn are well known to be the essential micronutrients for plant growth.
Cu and Zn are major components for several electron transport enzymes involved in catalysing
the redox reaction in mitochondria and chloroplasts.[32] Therefore, plants tend to translocate
both elements from the roots to the shoots. Low translocation of Pb might be due to its toxic
effect on plants. Kanwal et al. [35] and Kim et al. [36] discussed the toxic effect of Pb on chloro-
phyll synthesis, photosynthetic activity and antioxidant enzymes. According to Jarvis and Leung
[37] and Cabello-Conejo et al. [33], extracellular precipitation and binding of Pb to ion-exchange
sites of the root cell walls are the two main mechanisms that hold Pb in plant roots. A study on
metal accumulation in perennial ryegrass tissue by Kalis et al. [38] found that Pb is retained at
the root surface of a plant better than Cd, Cu, Ni and Zn.

Plants have different abilities to translocate metal. For example, Stipa barbata was reported
to translocate Zn better than Cu.[39] A similar trend was obtained by Ruiz et al. [34] for maize
and sunflowers, whereby the order of TF values was reported as Zn > Cu > Pb. In contrast,
Lakshmi et al. [13] reported the order of Pb > Zn for Brachiaria ramosa.

3.5. Bioavailability of heavy metals in the soil

As discussed by Naidu and Bolan,[40] the accumulation of toxic metals in plant tissues is influ-
enced mainly by the bioavailable fraction and not the total fraction. The bioavailable fraction
is defined as the mobile fraction of contaminants that are readily available for uptake by plants,
animals and humans.[11] Figure 3 presents the bioavailability of Cu, Pb and Zn in the firing
range soil after 8 weeks of the pot experiment. The applications of the amendments reduced the
ammonium extractable metals in the soils. For example, the bioavailability of Cu was reduced
by 28%, 51% and 62% following the DTS 3% (w/w), CC3% (w/w) and EFB 3% (w/w) treat-
ments, respectively. DTS and CC caused similar effects in reducing the bioavailable fraction of
Pb, while the statistical analysis revealed no significant difference between the two treatments.
For example, the bioavailability of Pb decreased from 1137 mg/kg (before treatment) to 745 and
693 mg/kg following the DTS 3% and CC 3% (w/w) treatments, respectively. In the case of Zn,
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Figure 3. Ammonium acetate extractable metals in soil after 8 weeks of pot experiment. Values represent mean of 18
replicates + standard deviation. Different letters indicate significant statistical differences (Tukey’s test at p < 0.05).

the amendment treatments at 3% (w/w) reduced the ammonium acetate extractable Zn in the
soil significantly. The reduction in the bioavailability of metals in soils can be related to the
immobilising effect of the amendments and uptake by the plants.

The effectiveness of a stabilisation or immobilisation strategy may also rely on soil pH.[10,23]
The influence of soil pH on the immobilisation of heavy metals in a contaminated soil was
assessed by measuring the soil pH before and after the amendment treatments (pot experiment).
The addition of DTS, CC and EFB to the contaminated soils increased the pH of the firing range
soil by 0.3-0.5 units (data not shown). A slight increase in the pH value of the firing range soil
suggests that soil pH is not a main factor that influences metal bioavailability in this study.

It is clear that the application of amendments to the contaminated soil may affect the behaviour
of the plants in accumulating and transporting metals. The ability of plants to extract, transport
and accumulate contaminants is mainly influenced by several factors such as the nature of the
soil, the amendment and metal contaminant, the application rate of the amendment, and the
plant species. The correlations between metal concentrations in soil and metal concentrations in
plant tissues were examined using two extractants, namely, EDTA and ammonium acetate. As
shown in Table 5, ammonium acetate was found to have significant correlations between metal
concentrations in soil and metal concentrations in plant tissues. In contrast, poor correlations
were obtained following the EDTA extraction. The poor correlation between EDTA extractable
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Table 5. 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
EDTA Pb 0.025 NS —0.307 NS
Cu 0.047 NS —0.128 NS
Zn 0.051 NS —0.085 NS
Ammonium acetate Pb 0.214 0.005* —0.495 0.003*
Cu 0.549 0.002* —0.231 0.006*
Zn 0.833 0.000%* —0.708 0.001%*

n = 65, NS, not significant, Pearson’s correlation coefficient and significance at p < 0.05.

metal concentrations and plant tissue metal concentrations can be explained by the fact that
EDTA is an excellent extractant for metal bound to organic matter, which may not be available
for uptake by plants.[35]

3.6. Characterisation: SEM, EDX and FTIR analyses

The surface morphology of the amendments was examined by SEM analysis. Interaction with
heavy metals resulted in significant changes on the surface of the amendments. The SEM images
of CC before and after the pot experiment at 10,000 x magnification are shown in figure S1 as
an example. Before the pot experiment, CC displayed a dense and smooth surface texture (figure
S1(a)). Seed-like deposits were observed on the surface of CC following interaction with heavy
metals (figure S1(b)).

The elemental composition of the amendments was determined by an EDX analysis. The EDX
spectra of DTS before and after the pot experiment are presented in figure S2, as an example.
Based on the EDX analysis, carbon and oxygen were found to be the main constituents in DTS,
CC and EFB. The energy lines observed at 0.27 and 0.52 keV represent the features of carbon
and oxygen, respectively (figure S2(a)). The features of platinum were observed at 2.05 and
9.44keV. As previously described (Section 2.6), the amendments were coated with platinum to
prevent electron charging effects that could interfere with the EDX analysis. Following the pot
experiment, the energy lines of Zn were observed at 1.01 and 8.37 keV (figure S2(b)), confirming
the ability of DTS to immobilise Zn in the contaminated soil.

The effectiveness of an amendment to immobilise heavy metals in contaminated soil also
relies on the presence of functional groups.[6,17] It is imperative to understand the possible
binding mechanism(s) of metal ions onto amendments. Therefore, an FTIR analysis was car-
ried out to identify the presence of functional groups and determine the chemical bonds of the
amendments. The FTIR spectra of EFB before and after the pot experiment are shown in figure
S3, as an example. As shown in figure S3(a), the — OH and N — H stretches are represented by a
broad and strong absorption band that appeared at 3217 cm~'.[41] Meanwhile, the alkyl groups
are represented by two absorption bands observed at 2916 and 2848 cm™'. An absorption band
observed at 1579 cm™' corresponds to the N-H bending vibration associated with the amine
group. The FTIR spectrum of EFB exhibits a characteristic of C-N stretch at the wavenum-
ber of 1247cm™!'.[41] A sharp absorption band observed at 1036cm™" was assigned to the
C-O stretch.

The FTIR spectrum of EFB significantly changed following the interaction with heavy metals
during the 8-week pot experiment (figure S3(b)). For instance, the formation of a new absorp-
tion band at 1538 cm™! can be related to the interaction between the amine groups of EFB and
the heavy metals. In addition, the interaction between the heavy metals and amendments has also
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caused the absorption intensity of the O—H stretching vibration to decrease. The absorption bands
corresponding to O—H, C-N and C-O vibrations shifted to a new wavenumber following interac-
tion with heavy metals. For example, the absorption band representing the OH group shifted from
3217 to 3288 cm~'. Meanwhile, the absorption band corresponding to the C-N stretch shifted
from 1247 to 1236cm™!. In the case of C-O stretching vibration, the absorption band shifted
from 1036 to 1022cm™".

An FTIR analysis revealed that the three amendments studied exhibited similar functional
groups and chemical bonds, namely, hydroxyl (OH) and amine (NH;) groups, C-H stretch of
alkyl groups, C—O and C—N stretches. Following the pot experiment, several changes in the FTIR
characteristics were observed including the formation of a new absorption band, the change in
absorption intensity and the shift in the wavenumber of the functional groups. Presumably, these
changes can be attributed to the complexation mechanism between metal ions and active sites
of amendments.[17,22,24] Such a mechanism is important for the success of an immobilisation
technique.[14,18]

4. Conclusions

The results of this study highlight the feasibility of three agricultural wastes, namely, DTS,CC
and EFB as soil amendments to remediate contaminated soil. The application of the amendments
reduced the bioavailability of Cu, Pb and Zn in the firing range soil and the uptake of heavy
metals by the water spinach. The presence of hydroxyl and amine groups in the amendments
favoured the immobilisation of heavy metals in the firing range soil. The pot experiment, how-
ever, determined the fundamental aspects of the soil stabilisation technique. Information is also
needed on the biodegradation of the three agricultural wastes studied in metal-contaminated soil.
Agricultural wastes are available in large quantities in Malaysia. Their utilisation as clean-up
materials to restore contaminated soil would provide a green solution to their disposal.
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