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Abstract

ating remediation efficiency of heavy metal polluted soil.

Heavy metal pollution in soil has been concerned because of toxicity in ecosystem and adverse effect on human
health. Main objective of this study was to examine reduction of bioavailable heavy metals and consequently,
decrease of ecotoxicity to biota when chemical amendments were applied in soil. Three chemical amendments,

acid mine drainage sludge (AMDS), lime stone (LS), and steel slag (SS) were applied with varied application ratio (1, 3,
5%) in heavy metal polluted soil and bioavailable fraction of heavy metal was monitored. In addition, ecotoxicity test
using earthworm (Eisenia fetida) was conducted for 28 days examining mortality, weight increase, and bioaccumula-
tion of heavy metal in the earthworm. Result showed that AMDS was the most efficient amendment for reducing
bioavailable heavy metals in soil while SS showed the least efficiency. Reduction ratio of bioavailable-As, Cd, and Pb
was ranged 39.0-92.0% depending on application ratio and heavy metal species for AMDS application. However, only
bioavailable-Pb was reduced at the range between 39.1% and 56.5% when SS was applied in soil. In contrast, the low-
est concentration of As, Cd, and Pb and ecotoxicity effect in the earthworm was observed in SS treatment indicating
that exposure route of heavy metals or particle size of amendments might effect on uptake of heavy metals to the
earthworm. Overall, ecotoxicity test in combination with chemical concentration monitoring is a useful tool for evalu-
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Introduction

Heavy metal pollution in soil has been concerned
because of adverse effect on ecosystem and human health
[1, 2]. Previous study reported that heavy metal pollution
in soil can have direct toxic effect on soil biota includ-
ing flora and fauna and indirect effect on human health
because of bio-accumulated heavy metals in crop [1, 3—
5]. Rai et al. reviewed occurrence, fate, and mechanism of
heavy metals in food crop and reported that level of bio-
accumulated heavy metals in food crop was varied from
well below 0.01 mg/kg up to over 10 mg/kg depending on
heavy metal species, regions and applied materials in soil
[6]. Once heavy metal was accumulated in food crop, it
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and indicate if changes were made.

can affect DNA strands, alteration of genetic materials,
and malfunction of normal physiological function in food
crop [6, 7]. Understanding mechanism of heavy metal
bioavailability from soil to living organism is a complex
process. Biotic characteristics such as organism’s size,
physiological properties, and growing conditions can be
factors and abiotic characteristics of soil such as soil pH,
redox conditions, soil texture, and organic matter con-
tents are all impact bioavailability of heavy metals in soil
[8,9].

Heavy metal pollution in soil is especially difficult
to remediate due to non-biodegradable and persistent
properties when it was released into the environment
[9]. Physical, chemical, and biological remediation tech-
niques can apply for reducing bioavailable fraction of
heavy metals in soil [8, 10, 11]. Among others, applica-
tion of chemical amendments for soil stabilization has
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an advantage in terms of easy to control, cost effective,
and eco-friendly technique compared to soil washing and
thermal technique [1, 6]. Generally, alkalinity materials
such as lime-stone, steel slag, and fly ash were used for
immobilization of bioavailable heavy metal in soil. When
soil pH is increased, bioavailable fraction of heavy met-
als can form a complexation or co-precipitation with
hydroxide ions and might be decreased bio-accessibility
in soil [12-15]. Acid mine drainage sludge (AMDS) is
also used as chemical stabilization material for heavy
metals including metalloide (arsenic) because high con-
tents of Al, Fe-oxide, and gypsum compounds in AMDS
has an effect on immobilization of heavy metals with
oxidation, sorption, and precipitation mechanism in soil
[16-18].

Conserving ecosystem in soil is important when soil is
polluted with heavy metals [19]. Since bioavailable frac-
tion of heavy metal can have a toxic effect on soil biota,
earthworms have been used as a bio-indicator for evalu-
ating heavy metal toxicity in soil [1, 20, 21]. In general,
two uptake routes, dermal and gut exposure, are con-
sidered for heavy metal bioaccumulation in earthworm
[22, 23]. Between two exposure route, dermal exposure
occupied 82-96% of total bioavailable heavy metals for
Cd, Cu, and Zn but gut exposure route was also impor-
tant pathways for Cd uptake in the earthworm [24]. As
shown in previous study, heavy metal toxicity and uptake
route from soil to earthworm are varied depending on
heavy metal species and bioavailable concentration in
soil. Therefore, it is important to understand relationship
between bioavailable fraction of heavy metals in soil and
toxicity of heavy metals to earthworm.

Main objective of this study was to evaluate reduction
efficiency of bioavailable fraction of heavy metals in soil
when chemical amendments were applied in a polluted
soil. Also, earthworm (Eisenia fetida) was used as a bio
indicator to estimate toxicity of heavy metal pollution in
soil.

Materials and methods

Soil sampling

Soil sample was collected from upland near at the aban-
doned metal mine in Korea. Previous study examined
heavy metal concentration in this region and reported
that concentration of As (306.7 mg/kg), Cd (11.7 mg/
kg), and Pb (188.2 mg/kg) in soil was exceeded the
threshold value of soil pollution in Korea for As (25 mg/
kg) and Cd (4 mg/kg) respectively. Although, concen-
tration of Pb in this field was below the criteria of Pb
(200 mg/kg), still high concentration of Pb in field was
observed. Soil sample used for control was collected
from upland near at the Daejeon Province and veri-
fied that heavy metal concentration was well below the
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threshold value of soil pollution in Korea (Table 1). Soil
sample was collected with shovel (Eijkelkamp, Nether-
lands) within the soil depth of 0-30 c¢cm after remov-
ing organic matter and debris at the top of the soil. Soil
samples from five different locations within 100 m?* was
collected and composited in one sample bag to make
representative soil sample. Total 200 kg of soil sam-
ple was collected and homogenized in the sample bag.
Homogenized soil sample was air-dried at the room
temperature (25 °C) and sieved with 10-mesh to obtain
less than 2 mm particle for chemical analysis and eco-
toxicity test.

Earthworm (Eisenia fetida) bioassay

Earthworm (Eisenia fetida) was purchased from Car-
olina Biological Supply (CA, USA) and incubated
for 2 months at the growth chamber (VS-3150Bi,
Vision scientific, USA) before experiment. Container
(50 x 35x 20 ¢cm, L x W x H) was filled with bedding
mainly composed with peat and tree bark and 70% of
water holding capacity (WHC) was maintained by
spreading mineral water at every 2 days. Temperature
and humidity of growth chamber was set to 20+2 °C
and 70% respectively and 16/8 h light/dark cycle was
set during cultivation.

Bioassay experiment was conducted by mixing 2.5 kg
of moisten soil and 1, 3, 5% of chemical amendments
(w/w) in each container (25 x 20 x 15 cm, L x W x H).
Application ratio of chemical amendments was deter-
mined considering alkalinity properties of each amend-
ment (Table 2). Ten adult earthworm was added in each
container and all experiment was performed in tripli-
cate for each sample including control (total N=30).
All earthworms used in the experiment had a notice-
ably developed clitellum and activity was vivid. Prior
to add earthworm in each container, earthworm was
rinsed with distilled water to remove any particles at
the surface of skin and dried with paper towel. Dur-
ing the experimental period (8 weeks), earthworm was
fed with heavy metal free grain powder. After finishing
exposure period, earthworms in each container were

Table1 Heavy metal concentration of control

and contaminated soil extracted with aqua regia

Elements As Cd Cu Ni Pb
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

Control soll 2.77 042 3.02 10.76 16.75

Contaminated soil  306.71 11.72 16.79 27.88 188.25

Tolerable level 25 4 150 100 200
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Table 2 Chemical properties and heavy metal concentration of chemical amendments
pH EC As Cd Cu Ni Pb
(1:5) (dS/m) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
AMDS 8.36 0.59 445 8.36 6.19 23462 6.30
LS 9.09 0.35 ND 0.36 1.01 ND 1.89
SS 11.04 0.76 ND 341 19.55 67.79 8.27
Table 3 Physicochemical properties of control and contaminated soil
Soil texture (%) Chemical properties
Sand Slit Clay pH EC Organic matter Av.P,0, CEC
(1:5) (dS/m) (%) (mg/kg) (cmol /kg)
Control soil 57.0 283 14.7 6.21 0.23 1.5 285 58
Contaminated soil 369 455 17.6 6.06 0.29 27 225 18.6
Av. P,05 indicates available P,05
rinsed with distilled water, dried with paper towel, and 10
purged for 48 h. Mortality of earthworm was recorded — ;:f’ a
after finishing exposure period and weight increment 8| === 5%‘: aad aa .22
was calculated by comparing earthworm weight before
and after bioassay experiment. b
T 6 2
S
.‘g
Chemical and heavy metal analysis in soil and earthworm 4
Soil pH and electrical conductivity (EC) were measured
with pH meter (MP220, Mettler Toledo, USA) and EC 2
meter (5230, Mettler Toledo, USA) after shaking 10 g of
soil and 50 mL of distilled water for 1 h. Soil organic mat- 0 || || | |
ter, available P,Os, and cation exchange capacity (CEC) Control  AMDS LS SS
was measured following Walkley—Black, Bray Nol, and Fig. 1 Soil pH after 8 weeks of chemical amendments application

ammonium acetate exchange method. All chemical
measurement of soil was conducted before the experi-
ment and summarized in Table 3.

Soil extract to determine total heavy metal concentra-
tion was prepared by digestion of the soil sample with
aqua regia (HNO4;HCI (v/v)=1:3) in a heating block
(Block Heating Sample Preparation System, Ctrl-M Sci-
ence). Bioavailable fraction of heavy metal in soil was
extracted with Mehlich-3 extractant.

In order to determine heavy metal adsorbed in earth-
worm, five earthworms from each container were rinsed
with distilled water, dried with paper towel, and left for
48 h on filter paper to depurate. After depuration, the
earthworms were placed in the 15 mL test tube for lyo-
philization. Digestion of earthworm was conducted with
heating block for 2 h after 24 h of stagnation in a HNO;
solution. Heavy metal concentration was measured with
ICP-OES (Inductively Coupled Plasma-Optical Emis-
sion Spectrometer, ICAP 7000series, THERMO FISHER,

USA). Certified reference material (BAM Germany) was
used for QA/QC purpose of heavy metal measurement.

Statistical analysis

All measurement was conducted in triplicate and statis-
tical analysis (ANOVA test) was performed with SPSS
software (Version 20.0). ANOVA test was conducted by
Tukey’s method at the significance level of p <0.05.

Results and discussion

Change of soil pH

Soil pH is one of the most important factor for immobi-
lization of bioavailable heavy metal fraction in soil. After
8 weeks of chemical amendment application, soil pH of
the all treatment was increased except control (Fig. 1).
Compared to initial soil pH (6.06), slight increase was



Yoon et al. Appl Biol Chem (2019) 62:53

observed in the control (6.10) while significantly high
increase (p<0.05) of soil pH was observed in AMDS
(7.60-7.80), LS (7.90-8.20), and SS (7.60-8.00) treat-
ment. However, no significant difference of soil pH was
observed among three chemical amendments. As shown
in Table 2, all three chemical amendments have alkaline
properties. AMDS is produced after acid mine drainage
treatment and lime or calcium hydroxide (Ca(OH),) is
generally added during the treatment process to increase
pH [18]. In case of SS, lime, dolomite, and other auxiliary
materials are added during the iron production process
and can cause alkalinity properties of the SS [13].

Bioavailable fraction of heavy metals in soil

Bioavailable fraction of heavy metals in soil examined
with Mehlich-3 extraction method is summarized in
Fig. 2. The lowest concentration of bioavailable-As was
observed in AMDS 5% treatment (0.07 mg/kg) followed
by AMDS 3% (0.09 mg/kg) and AMDS 1% (0.35 mg/kg).
Compared to control (0.87 mg/kg), reduction rate was
92.0%, 89.7%, and 59.8% for AMDS 5%, AMDS 3%, and
AMDS 1% treated plots respectively. In case of bioavail-
able-Cd and Pb in soil, AMDS also showed the high-
est reduction rate among other chemical amendments.
When compared to control, reduction rate of bioavail-
able-Cd and Pb in the AMDS 5% treatment was 39.0%
and 87.0% respectively. The lowest reduction rate of
bioavailable-As, Cd, and Pb was observed in the SS treat-
ment. Only bioavailable-Pb concentration was reduced
when SS 1% (39.1%), SS 3% (52.2%), and SS 5% (56.5%)
were applied in the soil and no reduction efficiency was
observed for bioavailable-As and Cd.

Among 3 chemical amendments, AMDS showed the
highest reduction efficiency for bioavailable fraction of
As, Cd, and Pb in soil while SS showed the least reduction
efficiency. Lee et al. (2018) studied heavy metal sorption
including arsenic on granular polyurethane impregnated
with coal mine drainage sludge (PU.4,,) and reported
that arsenic can be sorbed on the surface of PU_4,,. with
anionic exchange mechanism since surface of PU_ g4, is
negatively charged at pH<9 with dominant species of
FeOH,"-SO,*~ [17]. Since soil pH of the AMDS treat-
ment in our study was maintained at the range of 7.0-8.1,
dominant As species could be As(V) that exists mainly as
negative forms such as HSO,; and HAsO,>~ in soil and
anion exchange mechanism might be the reason for As
reduction in AMDS treatment. In case of bioavailable-Cd
and Pb reduction mechanism, AMDS mainly contains
iron oxide or iron sulfate hydroxide that can sequester
cations such as Cd and Pb in soil with adsorption or co-
precipitation [25]. Although, exact mechanism for reduc-
tion of bioavailable-As, Cd, and Pb was not verified in
this study, combined reduction mechanisms including
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Fig. 2 Bioavailable concentration of a As, b Cd, and ¢ Pb in soil

8 weeks after chemical amendment application

anion exchange, adsorption on the surface of AMDS and
co-precipitation with iron bearing hydroxide could con-
tribute the reduction of bioavailable-As, Cd, and Pb.
Another possibility for high reduction efficiency of bio-
available-As, Cd, and Pb with AMDS treatment can be a
smaller particle size of AMDS than LS and SS. As shown
in Table 4, particle size of AMDS was mainly distributed
at the range 0.15-1.0 mm (46.8%) and <0.15 mm (22.4%).
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Table 4 Particle size distribution of chemical amendments
with sieve analysis

Particle size AMDS LS SS

>2mm 7.1 14 82.7
T mm<PS<2mm 237 50.1 16.5
0.15mm<PS<1 mm 46.8 444 0.8
<0.15mm 224 4.1 0.0
Total 100.0 100.0 100.0

In case of SS, 82.7% of particle was greater than 2 mm and
only 0.8% of the SS particle was smaller than 1.0 mm. The
effect of particle size on reduction of bioavailable heavy
metals in soil were studied with various materials. Rock
phosphate with a smaller size (<35 um) showed more
high efficiency than a larger grain size (133-266 pum) on
decreasing bioavailability of metals in soil [26]. Cui et al.
examined various size of hydroxyapatite for decrease
of bioavailable heavy metal concentration and change
of microbial community composition [27]. This study
reported that micro-hydroxyapatite (<12 pum) was the
most effective particle size on reducing bioavailable
heavy metal concentration in soil compared to normal
hydroxyapatite (> 100 pm) and even nano-hydroxyapatite
(<35 nm). The reason was that smaller particle size of
micro-hydroxyapatite has larger surface area and greater
reactivity compared with normal size and coagulation of
nano size-hydroxyapatite reduce the efficiency of sorp-
tion or co-precipitation of bioavailable heavy metals.

Bioaccumulation of heavy metals in earthworm
Bioaccumulation of heavy metals in earthworm after
8 weeks of exposure is summarized in Fig. 3. Heavy metal
concentration of the earthworm was lower than control
(As: 123.0 mg/kg, Cd: 9.2 mg/kg, Pb: 29.5 mg/kg) at the
range from 3.3 to 89.5% when chemical amendments
was applied. Bioaccumulation of As, Cd, and Pb in the
earthworm was ordered LS (82.0-116.0 mg/kg) > AMDS
(69.0-94.0 mg/kg) >SS (32.0-75.0 mg/kg), AMDS (6.2—
8.9 mg/kg)>LS (6.2-7.8 mg/kg)>SS (3.7-5.4 mg/kg)
and AMDS (15.6-24.3 mg/kg) >LS (3.1-20.1 mg/kg) >SS
(4.2-10.8 mg/kg) respectively. The lowest heavy metal
concentration in earthworm was observed at the treat-
ment of SS 1% for As (32.0 mg/kg), SS 1% for Cd (3.7 mg/
kg), and LS 5% for Pb (3.1 mg/kg).

The lowest bioaccumulation of As, Cd, and Pb in the
earthworm was observed in SS treatment while AMDS
showed the highest reduction efficiency of bioavailable
heavy metals in soil. The reason for showing contradic-
tory result can be assumed that exposure route of heavy
metal to the earthworm could be different. According to
previous study, heavy metals in soil can be exposed to
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Fig. 3 Concentration of a As, b Cd, and ¢ Pb in earthworm 8 weeks
after chemical amendment application

earthworm via either dermal or gut exposure route. If
bioavailable concentration of heavy metal is low in soil
and high in the earthworm, gut exposure of heavy metal
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Table 5 Mortality number of earthworm after 8 weeks
of chemical application

Amendments Application rate  # of mortality Mortality

(%) rate (%)

6.7
0.0
33
10.0
0.0
0.0
0.0
0.0
00
0.0

Control
AMDS
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Fig. 4 Change of earthworm weight in each treatments

is dominant. Meanwhile, bioavailable concentration of
heavy metal is low in both soil and earthworm, dermal
exposure route can be dominant [22]. Since bioavailable
concentration of heavy metal was low in soil and high in
earthworm when AMDS was treated in soil, main expo-
sure route of heavy metal in AMDS treatment could be
gut exposure. In addition, small particle of AMDS that
heavy metal was adsorbed on the surface can be digested
in the earthworm and cause high concentration of heavy
metal in the earthworm.

Mortality and growth change of earthworm in toxicity test

Mortality and growth change of earthworm in each treat-
ment are summarized in Table 5 and Fig. 4. Among varied
chemical amendments and application rate, mortality of
earthworm was only observed in control (6.7%), AMDS 3%
(3.3%), and AMDS 5% (10.0%). In terms of growth change
determined by measuring body weight of the earthworm
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prior to and after experiment, weight of earthworm in
all treatment was increased except AMDS 3% treatment
(— 2.3%). The highest growth increase of earthworm was
observed in SS 5% (50.6%) followed by LS 5% (50.3%), SS
1% (31.3%) and SS 3% (31.1%). Compared heavy metal
concentration in earthworm to the result of toxicity test,
higher heavy metal concentration in earthworm showed
higher mortality and more slow body weight increase
(Fig. 4). Since higher concentration of heavy metal was
observed in AMDS treatment, high mortality and low
growth increase rate were measured. Meanwhile, SS treat-
ment showed no mortality and higher weight increase
compared to AMDS and LS treatment. Previous studies
also reported that mortality and growth of earthworm is
highly correlated with bioaccumulated concentration of
heavy metals showing that higher mortality rate and poor
or negative weight increase when higher bioavailable heavy
metal was accumulated in the earthworm [1, 28-30].

Three chemical amendments, AMDS, LS, and SS
were applied in the heavy metal polluted soil with 1, 3,
5% application ratio. Among three amendments, AMDS
showed the highest efficiency for reducing bioavailable
heavy metals followed by LS and SS. Reduction ratio was
ranged 24.0-92.0% for As and Cd when AMDS and LS
were applied. All three chemical amendments showed
2.0-87.0% of reduction efficiency for bioavailable-Pb in
soil. The reason for showing high reduction efficiency
of bioavailable heavy metal concentration in soil with
AMDS could be assumed that AMDS mainly contains
iron oxide or iron sulfate hydroxide that can sequester
cations such as Cd and Pb in soil with adsorption or co-
precipitation [25] and smaller particle size might con-
tribute more sorption or co-precipitation of bioavailable
heavy metals [27].

Heavy metal concentration in the earthworm was lower
than control when three chemical amendments were
applied at the range of 3.3-89.5%. However, ecotoxicity
test revealed that SS treatment showed less toxicity in
terms of mortality, weight increase, and heavy metal con-
centration in the earthworm compared to AMDS and LS.
This result could be interpreted that gut exposure route
was dominant for uptake of heavy metals from soil to the
earthworm since smaller particle size of AMDS had more
chance to be ingested in the earthworm [22].

Ecotoxicity test should be conducted in combination
with chemical monitoring for better understanding effi-
ciency of heavy metal remediation and toxicity effect on
soil biota.
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