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Abstract

One of the major environmental problems is to accumulate heavy metals in the soil, which can be hazardous while transfer-
ring the heavy metals to plants or water. The study aims in understanding fractionation, distribution, mobility as well as the
toxicity of lead (Pb), nickel(Ni), cadmium(Cd), copper (Cu) and zinc (Zn) in contaminated soils of Tehran province, Iran. The
total concentrations of Pb, Ni, Cd, Cu and Zn in the 18 samples were determined using inductively coupled plasma atomic
emission spectroscopy (ICP-AES). The fractionation of Pb, Ni, Cd, Cu and Zn in these soils have also been ivistigated using
a sequential extraction method to assess their possible mobility, bioavailability and toxicity. Accordingly, five chemical frac-
tions of heavy metals under study have been described, including exchangeable (F,), carbonate (F,), organic (F5), Fe-Mn
oxide (F,) as well as residual (F5). The highest Pb, Ni, Cd, Cu and Zn concentrations were found in the residual fraction.
Actually, the distribution and fractionation of Zn and Cu were same in this study. The distribution pattern of Cd and Pb indi-
cated theses heavy metals are strongly associated with the Fe—Mn oxide fraction in all soils. Our results indicated significant
correlations between Eh, pH, clay, silt content, and organic matter and retention of all heavy metals. Then, microbial and
enzymatic toxicity experiments have been performed to evaluate heavy metal toxicity in the environment (MetPLATE™);
a correlation (#*=0.991) was obtained between toxicity and total heavy metal concentration in this research. The recovery
percent of the all heavy metals studied were above 90. The highest and lowest mobility factor values were calculated to be
23.8 and 4.4 percent for Cd and Zn, respectively. These findings, therefore, show the highest risk of mobilization of heavy
metals and their potential toxicity. They could represent risk of pollution of ground water, influenced food chain and become
an environmental risk.
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Introduction

One of the key environmental challenges in many coun-
tries has been considered to be contaminating the soil by
the heavy metals. There is a growing concern about heavy
metals toxicological effects on ecosystems, agriculture and,
human health; this had led to scientific and public aware-
ness of their environmental issues. Soils receive large quan-
tities of heavy metals from diverse anthropogenic resources
like municipal and industrial wastes. Their contamination
effect as well as toxicity in soils can be described in terms
of their solubility and bioavailability. Bioavailability is the
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main factor considered in assessing the potential toxicity of
heavy metals and their compounds (Huang et al. 2019; Bing
et al. 2019). The potent poisonousness of the heavy metals in
the soil has been introduced as one of the functions of their
bioavailability and mobility, depending on the heavy metals
phase and chemical procedures which handle the transforma-
tion between these phases. The heavy metals result in dam-
ages to internal organs and nervous system and apply carci-
nogenic impacts (Vongdala et al. 2019; Ahmad et al. 2020).
Multiple investigations demonstrated content of heavy met-
als in the contaminated soils (Wali et al. 2013). Chemical
fraction of soil is defined as the identification of the forms
in which metals occurs in the soil (Li et al. 2019, 2020).
Nonetheless, the total content of the heavy metals would
not present adequate outputs regarding their environmental
behavior, anthropogenic and natural (rock or soil weather-
ing), mobility, pathways and bioavailability (Davutluogluet
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al. 2011; Huang et al. 2018). Several chemical speciation
and fractionation methods have been developed for heavy
metals analysis in the soil. On the contrast, the heavy metals
speciation analysis of soil can serve as one of the suitable
indicators of the quality of the ecosystem. Heavy metals can
have associated with soil with numerous different chemi-
cal stages like sinks for soluble or exchangeable heavy met-
als and amorphous materials (Fe/Mn oxides) linked to the
organic materials, sulfide or residual fractionation (Perez-
Lopez et al. 2010; Li et al. 2018). The heavy metals in the
soil through fraction study can be classified into two major
immobile and mobile. The immobile or residual fraction
heavy metals are not available, due to strong bound which
exists between these metals and crystal lattice of silicate
of the soils. Therefore, they are from natural source that
is rock or soils weathering. The mobile fraction divided to
exchangeable fraction, carbonate fraction, reducible (Fe—Mn
oxides) fraction and oxidisable (organic) fraction (Liu et al.
2017: Fang et al. 2019). The four mobile fractions are avail-
able for plant uptakes and bioaccumulation in aquatic biota.
The availability of mobile fractions depends on pH, redox-
potential and temperature (Algul and Beyhan 2020). The
changeable ionic form can be removed from a polluted soil
by the use of suitable ion exchange extractants. The Fe and
Mn oxide as single or jointly contribute importantly to the
release of the heavy metals from the contaminated soils. Fe
and Mn oxide is stable in the soils at the aerobic condition;
however, they are unstable at anaerobic condition provided
by oxidizing the organic materials. In addition, the soil
organic materials are capable of absorbing the heavy metals.
The degradation of the organic matters releases heavy met-
als. Moreover, organic matter on the anoxic condition may
produce H,S and form insoluble sulfides while contacting
with the heavy metals. Enhancement of the potentialities of
the soil redox will release heavy metals from the sulfides.
Heavy metals are capable of reacting with the carbonate;
they can be combined in their lattice instead of complete
adsorption on their surfaces (Yang et al. 2012).
Determination of their fractionation, therefore, has
been regarded to be a major thing because bioavailability
and mobility of the heavy metals depend on the respec-
tive specific chemical forms or binds to all the soil phases.
Experts in the field devised sequential extraction processes
for determining heavy metals speciation in the soils. The
processes offer greater insight into chemical availability,
origin, mobilization, and transfer of heavy metals in the
soils (Aiju et al. 2012; Rao et al. 2010). The BCR [‘Euro-
pean Community Bureau of Reference’, that is now called:
‘European Community (EC) Standards Measurement and
Testing Programme’] protocol was proposed to measure-
ment of the extractable heavy metals in soils. Sequential
extraction procedures involve various sequential extractions
and reagents separating the heavy metal forms. However,
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selecting different extracts in different steps of accommodat-
ing variable extraction times and diverse samples have led to
some outputs that cannot be directly compared. Unlike the
mentioned limitations, the sequential extraction processes
are beneficial to understand and anticipate environmental
behaviors of the metals. Also, redox potential, organic mat-
ter as well as pH may trigger retention and mobilization of
heavy metals in soil (Naji et al. 2010; Tessier et al.1979; Gu
et al. 2020). Accordingly, researchers presented enzymatic
and microbial toxicity experiments for assessing the toxic-
ity of trace metals in the environment (MetPLATE™, Met-
PAD™) (Kong and Bitton 2003). These experiments have
been proven to be helpful devices to evaluate the bioavail-
ability of heavy metals in soils (Elkhalil et al. 2008). The
chosen soils are considered as the main source of pollution.
To date, no consequent research has been conducted on frac-
tionation of heavy metals in these soils. Unfortunately, the
total concentration of heavy metals is not sufficient to evalu-
ate their environmental impact. Therefore, the orientation of
this research is to study the fractionation and bioavailability
of the Cu, Ni, Cd, Zn and Pb and their toxicity in contami-
nated soils of Tehran Province, Iran. Distributions of heavy
metals in soils were determined using a sequential extraction
method which allowed us to describe heavy metals in five
different fractions, including; (1) exchangeable metals, (2)
metals bound to carbonates, (3) metals bound to iron and
manganes oxides, (4) metals bound to organic matter, and
(5) metals in residual fraction.

Material and methods

Three contaminated sites were selected, including diverse
heavy metals in Tehran Province, Iran. The study areas are
located in the: 1. Varamin city (35°6’ 29.37"N and 51°33
59.58”E), 2. Mallard city (35°42' 27.35”N and 50°46
42,35”E) and 3. Rey city (35°17' 17.28”N and 51°10
59.10”E). These areas have been used as landfills for haz-
ardous wastes without environmental standards.

Sample collection and preparation

Eighteen samples were collected from three sites surface
in 2019. Theses soils have been selected due to their areal
scope (Table 1). To collect the samples, a completely ran-
dom sampling method has been used. An auger and a spoon
were used for the sample collection. The slightly wet soil
samples have been brought to the lab, all contents were dis-
tributed out on a stainless-steel tray, followed by disaggrega-
tion of large pieces and all containers were labeled. In the
lab, all trays were placed in an open space at room tempera-
ture for about 7 days, until all samples were completely dried
and then sieved for removing the particles higher than 2 mm.
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Table 1 Sampling sites

Sampling  City Area Number
Site of sam-
ples
Varamin Charmshahr industial park 6
Malard Mardabad waste landfill 6
Rey Ghashie zard waste landfill 6

Then, soil samples have been stored in the plastic bags with
suitable labeling for analysis.

Soil characterization

The following soil characteristics were analyzed. Particle
size distribution was determined by the hydrometer method
for sand, silt and clay (Gee and Bauder 1982). Soil pH was
measured and redox potential was gauged by insertion of
a platinum electrod (PT-Agcl/Ag) in a 1:2 soil water ratio
(Mclean 1982; Shazia et al. 2014); also, organic carbon and
cation exchange capacity(CEC) were determined by standard
procedures (Nelson and Sommers 1982) and heavy metals
were analyzed by ICP-AES (Krishnamurti et al. 1994).

Sequential extraction

Cd, Ni, Cu, Zn and Pb have been extracted by sequential
process (Tessiar et al. 1979) to define fractions of carbonate-
bound, exchangeable, organic- bound, residual, and Fe-Mn
oxide bound.

1. Exchangeable Fraction. 1 g of the soil has been extracted
with 8-ml unbuffered 1 M Mgcl, at pH of 7. Then, the
samples have been put in a stirrer for at 25 °C for 1 h
prior to centrifugation.

2. The Carbonate-Bound Fraction. Residues remained after
removing exchangeable fraction have been extracted
with 8 ml of 1 M NaOAc and set to pH of 5 with acetic
acid (HOAc). The samples have been put in the shaker
for 25 °C 6 h at prior to centrifugation.

3. Fe-Mn Oxide-Bound Fraction. Residues remained fol-
lowing were removed the Carbonate-bound fraction has
been extracted with 20 ml of 0.04 M NH,OH-HCl into
25% HOAc (v/v). Then, heating the samples has been
done for 6 h in a water bath at 96 + 3 °C with intermit-
tent agitation prior to centrifugation.

4. The organic-Bound Fraction. Residues remained after
removal of Fe—Mn oxide-bound fraction have been
extracted with 3 ml of 0.02 M HNO;+5 ml of 30%
H,0, set to pH 2with HNO;. Then heating the samples
has been done to 85 +2 °C for 2 h with intermittent agi-
tations. Then, 3 ml 30% H,0,, has been added of pH 2

and heating the samples has been done at 85+2 °C for
3 h with intermittent agitations. After cooling, 5 ml of
3.2 M NH,OAc in 20% (v/v) of HNO; added. Sample
volume reached 20 ml with the deionized water and put
on a shaker for 30 min prior to centrifugation.

5. Residual Fraction. Residues remained following remov-
ing the organic-bound fraction have been digested with
4 ml of 50% HNO; and 10 ml of 20% HCL. Then, the
samples have been put in the shaker for 30 min and heat-
ing has been done to 95 °C for 30 min with an intermit-
tent mix of residue and acid. Consequently, they have
been cooling down to the room temperature prior to
centrifugation.

Upon every stage, centrifugation of the samples has been
done at 3000 rpm for 30 min. Then, the supernatants have
been pipette into 100-ml volumetric flasks and marked to
100 ml with the deionized water. Then, the left residue has
been washed two times with 8-ml deionized water after
strong hands shaking prior to the next metal extraction.

Quality assurance and quality control

All necessary precautionary measures were adhered to to
avoid contamination during drying, sieving and storage.
Laboratory glass and plastic wares used for the analysis
were first cleaned with de-mineralized water, then with
10% HNO; and then rinsed with de-mineralized water. All
solutions and dilutions were prepared with Mili-Q water.
Intermediate standards and reagent solutions were stored in
laboratory glass to avoid possible contamination from plas-
tic. During the digestion of the soils, method blanks (65%
concentrated HNO;) were included in each set of samples
digested for the total metal determination. The samples were
digested with acids under heated conditions and the liquid
digestive is aspirated into inductively coupled plasma. Light
focused on the excited metals further excites the electron
states, and they emit spectral light that is passed through
a gradient filter and detected by wavelength and intensity.
For the sequential extraction steps, the blanks included were
the respective reagent(s) recommended for each step with-
out soil samples. The recovery of the sequential extraction
procedure was evaluated as follows(Jorg and Sabry 2014):

% Recovery = [(F| + F, + F3 + Fy + F5)/total] x 100 (1)

Statistical analyses
The means heavy metals concentrations and standard devia-

tions in various fractions and numerous linear regression
analyses have been carried out in developing a considerable
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association between heavy metals fraction and the soil prop-
erties, using SPSS software.

MetPLATE ™

MetPLATE ™ was utilized to determine toxicity of the heavy
metals in the soil samples. The mentioned test has been on
the basis of the particular suppression of B-galactosidase of
test bacteria (E. coli) by heavy metals. The kit involves a
freeze dried E. coli, moderately hard water, phosphate buff-
ered enzyme substrate as well as a 96-well micro-plate. The
freeze-dried E.coli is rehydrated into 5.0 ml of moderately
hard water and is mixed. A volume of 0.1 ml of E. coli added
to 0.9 ml of solution or a dilution thereof. Then the mixture
is vortexed and incubated at 35 °C for 60 min. At the end of
the 60-min exposure period a 0.2-ml aliquot of the suspen-
sion is dispensed in a well of the assay micro-plate. Then,
0.1 ml of the substrate is added to each well. Upon mixing in
each of the wells, the micro-plate is incubated an additional
60 to 90 min at 35 °C for color development. The intensity
of the resulting purple color gives an indication of enzyme
(B-galactosidase) activity and is inversely proportional to the
toxicity of the sample. Absorbance is measured at 575 nm
using a 96-well micro-plate reader (Kong and Bitton 2003).

Results and discussions
Soil characterization

The chemical and physical characteristics of soils under
study are ptesented in Table 2. These soils exhibited diverse
properties. The clay, silt and sand contents of the soils varied
from 16.8 to 25.4%, 43.9-63.4% and 17.7-39.3%, respec-
tively. The pH values of the soils ranged from 6.6 to 7, indi-
cating that the soils were slightly acidic to neutal. The results

show that, Eh value ranged from 27 for site 2-58.5 for site
1. CEC values of the soils varied from 13.6 to 18.9 Cmol /
kg. Organic material content ranged from 2.76 to 3.29%.
Table 3 reports the means + SD of the heavy metals of the
soil samples. Petruzzelli et al. (2020) reported soils were
mainly sandy with a mean value of 83.6% in a range from
72.3 t0 91.9%. Clay content ranged from 1.62 to 14.6% with
a mean value of 5.25%. Silt content ranged from 4.35 to
21.4% with a mean value of 11.1%. Soils were characterized
by a pH mean value of 6.2, an average organic matter content
7.8% and a mean CEC value of 27.1 Cmol /kg.

Heavy metals concentrations and their fractionation
in soils

Total heavy metals concentrations in the investigated soils
varied in a broad range of values. Results showed, concentra-
tion of Zn within the ranges of 1038-2955 mg kg™! while Pb
recorded concentrations from 297 to 1029 mg kg™'. Ni, Cu
and Cd had concentrations within the ramges of 34.84—470,
519.2-978 and 380-1877 mg kg™, respectively. These
higher heavy metals concentrations within the investigation
study areas are indicative of anthropogenic sources for the
selected heavy metals in to the environment. Table 4 reports
the mean concentration + standard deviation (mg kg™!) of
diverse heavy metals fractions for 18 samples.

The exchangeable fraction of Zn in whole soils ranged
from 10.29 to 29 mg kg~!. The distibution of exchange-
able fraction of Pb, Ni, Cu and Cd ranged from19 to 65.88,
1.87-25.5, 0.93-14.2 and 56.76-304.1 mg kg™! at all sam-
pling sites.The highest concentration of Zn, Pb, Ni, Cu
and Cd was observed at sampling site 1, site 3, site 1, site
3 and site 2, respectively.The exchangeable fractions of
heavy metals studied are weakly adsorbed and retained on
soil surfaces by weak electrostatic interaction.This fraction
constitutes the mobile forms of heavy metals in soils.The

Table 2 Means + SD for

) Sam- CEC(Cmol/kg) Clay% Silt% Sand% O0.M% Eh pH
selected soil parameters of the pling
sites studied Site
1 15.4+3.7 16.8+52 439+7 39.3+135 288+0.2 585+2 9/6+05/0
2 13.6+£29 189+35 63.4+75 17.7£5.7 276 +£0.1 27+3 7+02/0
3 189+4 254432 569+11.1 17.7+45 3.29+03 48+2  6/6+06/0
Table 3 Heavy metal content Sampling 7n Pb Ni Cu cd
(means + SD) for soil samples Site
(mg/kg)
2955+2.2 297.18+2.2 470+2.35 519.2+2 350.1+1.6
1038 +2 726.63 +2.87 34.84+1 978+2.5 1877.32+3.7
3 1051.5+3.15 1029.5+4.1 59.08+1 952.25+4.3 835.11+3
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Table 4 Heavy metal

; . Fraction Zn Pb Ni Cu Cd
concentrations (Means +SD) in
various soil fractions (mg/kg) F,
29+0.6 19+2.4 255+1.5 7.4+0.01 56.78 +0.11
10.29+0.3 46.67+4.9 1.87+0.05 0.93+0 304.1+0.5
3 10.33+0.28 65.88+5 32+03 14.2+0.06 135.3+0.05
F,
1 98.6+5.5 11.4+0.65 24.1+0.5 70+0.18 24.14+0.05
2 34.99+2.5 27.88+1.3 04+0 4.63+0.05 129.3+0.2
3 35.1+24 39.53+1.5 0.69+0 139.78 +1.4 57.53+0.7
F;
1 435+4.9 114+32 792+3.4 76 +0.64 105.3+0.12
1543519 278.85+6.1 6.15+0.07 85.2+0.9 564.5+0.35
3 154.89 +2 3953+6.3 10.42+0.09 141.01+1.5 250.95+0.2
Fy
1 484.4+20.10 35.98+2.04 100.2+6.7 148.4+2.6 40.46+0.16
171.8+6.8 87.95+4.08 7.8+0.07 140.56 £ 1.1 216.7+0.9
3 172.48 +7 124.76 +4.4 13.2+0.2 284.16+1.9 96.43+0.5
Fs
1 1853 +13 112.12+5.9 228.75+5.8 175+6.3 113.22+0.37
657.57+4.2 273.65+11.8 17.78 +0.5 704.68 +3.2 606.4+1
659.8+4.1 388.77+12.6 30.1+£1.2 335+2.3 269.83+0.45

F, exchangeable, F, carbonate, F'; Fe-Mn Oxide, F, organic, F’; residual

exchangeable heavy metals released into the environment
easily and their remobilization can be caused by changes
in ionic composition, influence of adsorption—desorption
reactions and acidification (Filgueiras et al. 2002). The car-
bonate fraction of Zn, Pb, Ni, Cu and Cd in all soils ranged
from 34.99 to 98.6, 11.4-39.53, 0.4-24.1, 4.63-139.78 and
24.14-129.3 mg kg~!, respectively. The maximum concen-
tration of Zn, Pb, Ni, Cu and Cd recorded at samling site 1,
site 3, site 1, site 3 and site 3. In carbonate fraction, heavy
metals are adsorbed onto surfaces of carbonate minerals
(Wuana et al. 2010). The carbonate form has a loose bound
and liable to changes in environmental conditions (Filgueiras
et al. 2002). The heavy metals associated in this fraction are
released to the environment like exchangeable fraction. Sim-
ilar levels of zn and Pb bounds to carbonate fraction have
been reported by Osakwe and Okolie (2015). Amorphous
Fe and Mn oxides have the capacity to adsorb heavy metals
and mobility in soils. Our results indicated the occurrence
of Zn and Ni in Fe and Man oxides fraction at site 1, Pb and
Cu at site 3 and Cd at site 3 are considerable in the all soils.
The Fe and Mn oxides fractions in all soils, showed Fe and
Mn can be released upon oxidation of oxides of Fe and Mn
compounds. The substantial amount of Fe could be attrib-
uted to transformation of Fe?* into Fe** under oxidizing
conditions and neutral PH values. Fe-Mn-oxide fraction is
referred to as resource of heavy metals. These oxides appear
as coating on mineral surfaces, can occur as a combination
of the precipitation, adsorption, surface complex formation

and ion exchange (Okoro et al. 2012). The highest organic
fraction of Zn represented at site 1, Pb and Cu at site 2 and
Cd at site 3 in current study. The heavy metals bound to
organic matter constitute the oxidizable fraction and heavy
metals form complexes may be released upon decomposition
under oxidation conditions to the environment (Filgueiras
et al. 2002). Organic matter and redox potential play impor-
tant role in heavy metals binding and mobility in soil. The
complexation of heavy metals by organic ligands affects
their mobility, solubility and uptake by organisms (Okoro
et al. 2012). The heavy metal forms associated with organic
matter could be considered potentially active bound, depend-
ing on the physical characteristics of the soil (Kabirinejad
et al. 2014). Tessier et al. (1979), suggested that under oxi-
dizing conditions, organic matter can be degraded, leading
to a release of soluble heavy metals. Residual fraction is
a major fraction of sequential extraction as it assesses the
long-term risk of toxic heavy metals. The heavy metals
fractions bound to the crystalline structure of soils are less
mobile. In this study, approximately 62.70-63.34 percent of
Zn, 37.72-37.78 percent of Pb, 48.67-51.03 percent of Ni,
33.7-72.05 percent of Cu and 32.30-33.34 percent of Cd
were recorded at all sites. Similar results has been reported
by Sarkar et al. (2014). The residual fraction referred to inert
fraction contains heavy metals that are associated with min-
erals in soil (Caplat et al. 2005). The residual fraction can
not be released from soils and therefore, considered to be
less hazard to environment. However, the heavy metals can
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be available from the crystalline structure by weathering and
degradation processes (Tessier et al. 1979).

The multiple linear regression relationships between the
selected soil characteristics as well as the most heavy met-
als fractions could explain 100 percent of the variability of
different soils, as listed in Table 5.

Analyses showed that the greatest amount of Cd related
to Fe—Mn-oxide-bound and residual fraction (Table 4). It
has been found that cadmium distribution proceeded in the
sequence: residual” Fe-Mn-oxide” exchangeable” organic’
carbonate. In this study, Cd was mainly correlated to silt and
clay properties in all fractions. On the contrary, absorption
on the surface of clay and Fe—-Mn oxide particles have been
a more prominent Cd retention mechanism. Due to lower
overall Cd concentration and their strong correlation with
Fe—Mn and residual fraction, the toxicity issues ascribed to
Cd have been not anticipated to happen, except deteriora-
tion in the drainage condition would cause declines in Mn
or Fe, resulting in mobilization of Cd. Despite the relatively
low exchangeable level, Cd exhibited a closer correlation
to exchangeable fraction in comparison with other metals

(Shuguang et al. 2018). Notably, exchangeable Cd fraction
has been considered as one of the sensitive indicators of the
uptake and bioavailability of the plants. The Cu distribu-
tion has been in accordance with a sequence of residual”
organic’ Fe—-Mn-oxide” carbonate” exchangeable (Table 4).
Copper mostly occurs as Cu*? in the natural environment.
Unlike overall idea, the correlation of Cu and the inorganic
and organic particle surfaces has been verified (Park et al.
2016). The present study outputs demonstrated the highest
amounts of Cu were found in the residual fraction of sam-
ples of soil. Therefore, high concentrations of Cu in residual
fraction, as shown by Karathanasis and Pils (2005). The high
Cu concentration could be ascribed to the Cu-Al substitu-
tion in the alumina-silicate mineral’s structure (Park et al.
2016). The organic and Fe—Mn oxide fraction has been also
other two factors with the decreased concentration of Cu
in comparison with the residual fraction. In addition, the
correlation between Cu and Fe—Mn oxide could be ascribed
to the Cu™>-Fe™? competitive sorption or the coprecipita-
tion procedures (Shuguang et al. 2018), organic matter, pH,
Eh, Silt and Clay had an association to Cu retention in all

Table 5 Multiple linear regression relationships between heavy metal concentration and soil properties

Fraction Equation R?

F, Zn= —204.05+30.229 pH+0.567 Eh + 1.032 O.M% — 0.176 silt % — 0.225 clay% ) S
F, Pb = 614.627 88.836 — pH — 0.557 Eh — 4.493 O.M% + 0.91 silt % + 0.653 clay% ) S
F, Ni = —279.381 + 39.502 pH + 0.579 Eh + 5.071 O.M% — 0.383 silt % —0.031 clay% ) S
F, Cu = 120.663 — 19.015 pH + 0.07 Eh + 5.682 O.M% — 0.09 silt % + 0.078 clay% ) S
F, Cd = 480.605 1.083 — pH —5.812 Eh — 76.452 O.M% + 2.653 silt % + 1.63 clay% ) S
F, Zn =-806.589 +118.072 pH +1.907 Eh + 5.192 O.M% — 0.777 silt % -0.078 clay% ) S
F, Pb = 368.341 51.147 — pH — 0.49 Eh + 1.665 O.M% + 0.296 silt % + 0.392 clay% ) S
F, Ni = — 280.665 +39.855 pH +0.277 Eh 4 2.236 O.M% — 0.281 silt % -0.313 clay% S
F, Cu=1211.772 — 191.849 pH + 0.781 Eh + 57.654 O.M% — 0.944 silt % + 0.817 clay% P
F, Cd =193.066 + 0.247 pH — 2.471 Eh — 29.878 O.M% + 1.156 silt % + 0.55 clay% P
F; Zn = —2953.897 4 439.353 pH + 8.424 Eh + 17.359 O.M% — 2.601 silt % — 4.112 clay% P
F; Pb =3699.268 — 505.879 pH — 5.526 Eh + 22.397 O.M% + 1.883 silt % + 4.695 clay% ) S
F; Ni = — 844.335 + 120.294 pH + 1.977 Eh 4+ 11.16 O.M% — 1.095 silt % — 0.333 clay% P
F; Cu = 1004.938 — 139.616 pH — 0.824 Eh + 20.366 O.M% + 0.58 silt % + 1.056 clay% P
F; Cd =867.107 + 1.145 pH — 10.858 Eh — 137.751 O.M% + 4.834 silt % + 2.979 clay% P
F, Zn = — 3806.22 4+ 560.507 pH + 9.103 Eh + 32.156 O.M% — 3.992 silt % — 1.427 clay% P
F, Pb=1171.148 — 162.149 pH — 1.537 Eh 4+ 3.377 O.M% + 0.935 silt % + 1.31 clay% P
F, Ni=-1172.811 4+ 167.218 pH +2.359 Eh + 18.933 O.M% — 1.736 silt % + 0.221 clay% P
F, Cu =2035.512 — 290.312 pH —1.143 Eh + 56.973 O.M% — 0.62 silt % + 2.653 clay% P
F, Cd =352.324 — 2.494 pH — 4.082 Eh — 56.229 O.M% + 1.992 silt % + 1.108 clay% P
Fs Zn = — 12336.337 + 1839.4 pH + 35.843 Eh + 70.289 O.M% — 10.839 silt % — 18.854 clay% P
Fs Pb =3651.37 — 504.723 pH — 4.868 Eh + 11.965 O.M% + 2.762 silt % + 4.169 clay% P
Fs Ni = —226.321 + 321.807 pH + 5.982 Eh + 26.481 O.M% — 2.481 silt % — 2.267 clay% Pk
Fs Cu =751.559 + 44.767 pH — 12.468 Eh — 161.759 O.M% + 5.287 silt % + 4.638 clay% Pk
F; Cd =944.368 — 0.602 pH — 11.603 Eh — 150.774 O.M% + 5.275 silt % +3.237 clay% P

F, exchangeable, F, carbonate, F'; Fe—Mn oxide, F4 organic, F’s residual

wHE Rk FP <0.01,<0.05, and < 0.10, respectively
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fractions. Cu was associated with the organic fractions that
focused on the significance of complication as well as chela-
tion reactions for retention of Cu in the soil. Because Cu
correlated to residual and Fe—-Mn oxide fraction that have
been highly insoluble at the natural condition, Cu bound to
Fe—Mn oxide fraction may be mobilized in case of deteriora-
tion of the soil drainage condition, resulting in the declined
Mn and Fe. During organic matter degradation, Cu from
organic fraction may be released to the environment (Wuana
et al. 2010). The increases in Cu concentration associated
with organic fraction may be attributed to its high affinity
to organic matter through organo-metal complexes formatio
(Ashworth and Alloway 2008).

Ni distribution has been in line with sequence residual’
organic” Fe-Mn-oxide ~ exchangeable ~ carbonate. Accord-
ing to Karathanasis and Pils (2005), Ni origin in the soil
is detrital where in it commonly occurs as an occlusion
in the structure of the weathering silicate minerals.The
multiple regression analysis demonstrated organic matter,
pH, Eh, silt and clay were controlling Ni retention in all
fractions(Table 5). This was compatible to other research-
ers' outputs, who suggested Ni mobilization in the course
of the weathering procedures would be mostly coprecipi-
tated with the Fe—-Mn oxide minerals (Karathanasis and Pils
2005). Furthermore, it has been found that the organic mat-
ter affected the Fe—Mn oxide surfaces in the presence of
organic coating, offering further heavy metals binding sites.
It is notable that the Fe—-Mn oxide coatings on the surface
of the clay particles could justify Ni contribution of clay
in Fe—Mn oxide fraction. Multiple regression analysis also
showed organic matter, pH and Eh had a positive impact on
the Ni association, while silt and clay had a negative one in
all fractions(Table 5). The Ni mobility should be regarded as
an issue in the soils under study, especially in case of decline
of soil pH or exposure of OM-Ni complexes to the induced
oxidation condition.

The Pb distribution has been in accordance with sequence
residual’Fe—-Mn-xide” organic” exchangeable ~ carbonate.
Residual Pb concentrations could be correlated well with an
increase in clay, silt and organic matter (Table 5). Research
showed that lead is found as Pb*? in the environment;
however, in case of oxidation with Pb™*, possible incor-
poration into the clay mineral and Fe—Mn oxide structures
could be seen (Karathanasis and Pils 2005). The Fe-Mn
oxide fraction has been recognized as the second promi-
nent sink for Pb. Karathanasis and Pils (2005) presented the
Fe—Mn oxide fraction played a predominant contributory to
the retention of Pb. Multiple regression analysis also sug-
gested the positive impact of clay, silt and organic matter
on Fe—Mn oxide association (Table 5). The results of mul-
tiple regression analysis, indicated that organic matter, clay
and silt percent could serve as the suitable predictors of the
organic—Pb bound. Moreover, multiple regression analysis

also indicated clay and silt percent had a positive influence
on the Pb association in Exchangeable fraction, while silt
and clay had a negative one on the carbonate fraction. Car-
bonate Pb concentrations could be well correlated with an
increase in the organic matter. The highest concentration of
Pb was observed in a relatively labile exchangeable, organic
and carbonate fractions of the soil, indicating greater risks
for poisonousness issues due to the acidification from the
anthropogenic deposition and natural weathering proce-
dures. Sarkar et al. (2014) found Pb had bound to Fe and
Mn oxides. The considerable amount of Pb associated with
Fe and Mn oxides can be hazard t after releasing to the envi-
ronment. The significant of Pb in Fe—Mn oxide fraction has
been attributed to sorption of Pb to Fe—Mn-oxides (Ogun-
diran and Osibanjo 2009). Caplat et al. (2005) reported the
distribution of Pb exhibiting strong affinity for organic mat-
ter fractions in sediment.

The Zn distribution has been in accordance with sequence
residual” organic ~ Fe-Mn-oxide” carbonate” exchangeable.
Beckers et al. (2019) showed the predominantly residual
accumulation of Zn in unpolluted soil, in particular, the
clay minerals while Zn (OH),, Zn (PO,) as well as ZnCO;
phases have been mainly observed in the polluted soil. It is
notable that Zn retention in Fe—Mn oxide fraction has been
described by increased stability constant of the Zn oxide
and Zn capability for substitute Mn on the surface of oxide
(Zubala et al. 2017). Multiple regression analysis revealed
the strong effects of organic matter, Eh and pH seemingly
through a pH-dependent charge enhances on the Zn reten-
tion, while clay and silt percent negatively influenced Zn
correlation in all fractions (Table 5). Given the lower level
of Zn in no residual fractions of the soils studied, the toxic
impacts were to lead to acidification or the organic matter
decomposition.

Osakwe and Okolie (2015) presented the heavy met-
als bound to exchangeable fraction followed an average of
6.46% Ni, 2.64% Pb and 2.55% Zn. The Pb was predomi-
nantly associated with carbonate fraction with an average
of 52.32%. The Ni and Zn averages in the carbonate frac-
tions were 9.66% and 8.73%, giving the abundance trend
of Pb>Ni>Zn. The Zn in the Fe—-Mn oxide fraction was
42.49% and the averages Pb and Ni bound to this fraction
were 13.24% and 6.46%, respectively. The organic bound
heavy metals were in the abundance trend of Zn >Pb > Ni
with average of 30.87% for Zn, 8.54% for Pb and 4.94% for
Ni. The Ni with an average of 51.58% was predominantly
associated with the residual fraction. The other heavy met-
als bound to this fraction in order of their importance to the
fraction had the average of 13.96% for Zn and12.24% for
Pb. Okolona et al. (2011) showed that Cd, Ni, Pb, Cu and
Zn are predominantly occur in the Fe—-Mn oxide, residual,
carbonate bound, organic and residual fractions, respec-
tively. It was found that concentrations in the exchangeable
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fractions were generally low for most of the studied heavy
metals. Considering the proportion of heavy metals bound
to the exchangeable and the carbonate-bound fractions, the
comparative mobility of heavy metals presented the order;
Ni>Cd>Pb Cu>Zn. Yusuf (2007) observed Cu was pre-
dominantly associated with Fe-Mn oxide and residual frac-
tions, the carbonate fraction of Cd represents more than 70%
of the total Cd found in the soils. A main portion (>60%)
of Zn was associated with the Fe—-Mn oxide and carbonate
fractions, whereas Pb was largely associated with organic
matter and Fe—Mn oxide fractions with significant amounts
in the carbonate and residual fractions.

Recovery of the sequential extraction

In this step, an internal evaluation has been done on the
sequential extraction outputs with a comparison of the total
heavy metals concentration extracted by diverse reagents in
the course of the sequential extraction process with the out-
puts observed through total digestion (Jorg and Sabry 2014).

Hence, the sequential extraction recovery has been com-
puted by Eq. (1):

The recovery of heavy metals percent under study was in
the following ranges: 98.14-99.13% Zn, 98.4-98.52% Pb,
97.4-97.59% Ni, 91.83-96% Cu and 97% Cd as shown in
Fig. 1.

The recovery percentage has been obtained above 90% for
all the extracted heavy metals. Therefore, the obtained results
for both total metal content and the amounts of extractable
metals following BCR validate the applied procedures. Gen-
erally, the percentage difference between laboratory dupli-
cates ranged from 0.87 to 8.17% with an average of 2.8%.

100 99.13

) 98.52
98.14 98.2 9842934

98

96

94

92 1

90

88 . .

The accuracy of the BCR method used could be evaluated
from the heavy metal recovery after whole extraction proce-
dures. The recoveries of the heavy metals under investigation
were all in the range 92.5-98.7%. The incomplete and variable
recoveries obtained might be ascribed to errors due to loss
and contaminations during the extraction process and uncer-
tainties in measurements which is unavoidable. Therefore the
percentage recovery of these heavy metals was of the order:
Cr (95.6) >Pb (95.0) > Ni (94.8) > Cd (92.9), ranged between
92.9% and 95.6% (Umoren and Udousoro 2009).

Mobility factor of the heavy metals in soils

Resarchers described sequential extraction fractions of heavy
metals in soils for declining solubility. Therefore, mobility
factor could be assessed with regard to their potential active
or bioavailable forms that have been specified by the sequen-
tial extraction. Consequently, exchangeable and carbonate
(F,+F,) fractions are regarded as the most reactive, most
mobile and most potentially available/bioavailable fractions
(Osakwe 2010). The mobility of heavy metals in soils can be
assessed on the basis of their potential bioavailable. A high
mobility factor indicates that heavy metals can enter to the
biota.

The mobility of heavy metals factor has been computed as
MEF with regard to Eq. (2) (Vanek et al. 2005; Jwegbue 2013).

F, +F,

MF =

x 100 )

Figure 2 represents, of all the heavy metals studied, Cd
has the highest mobility in soils, since it presents the highest

97.4 97.59 97.51

97.1 97 97

95.7 36

@ Soill
m Soil2

91.83 @ Soil3

Zn Pb Ni

Fig. 1 Recovery of the sequential extraction
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content in most labile fraction. This is particularly marked
in all the sampling sites. Approximately, 16.21% of its total
concentration was measured in the first extraction, and about
6.8% of which were found in the second fraction. Moreover,
mobility of the heavy metals factor of soils under study has
been in the following ranges: 23.8% Cd, 0.6-16.84% Cu,
10.4-11.7% Pb, 6.7-10.83% Ni and 4.4% Zn. Research-
ers demonstrated heavy metals could be potentially pro-
vided for the uptake of the plant in case of a mobility factor
greater than 10 percent (Beckers et al. 2019). Moreover, it
has been shown that Cd and Pb mobility factor was > 10%
except for Zn. Therefore, Cu mobility factor was higher than
10%, except for the soil samples from site 2; Ni mobility
factor was above 10% of the soil samples from the site 1,
offering that their availability points to increased risk since
these heavy metals can accumulate in micro-organisms and
plants.The finding of this study report that heavy metals are
capable of forming insoluble complex compound with soil
organic matter. Several soil properties like pH, form and
amount of the carbonate and oxide, organic matter, charge
features mineral compositions can impact mobility of heavy
metals in soils (Fageria et al. 2002).

The mobility factor was calculated by Okolona et al.
(2011). Some of the studied soils had Cu mobility factor
below 10%, while others had mobility factor higher 10%.
Kabala and singh (2001), reported the mobility factor of Cu
is not higher than 10%. The mobility factor less than 10%
obtained for cu in the soils of Ojato, Lagos. The Pb mobility

Fig.2 Variation of mobility
factors (MF) of heavy metals in
soil samples

factor was very high in the studied soils. This result an indi-
cation of anthropogenic source(Yusuf 2007). The range of
Cd mobility factor in the studied soils (11.98-48.11%) was
lower than the range of Cd (10-48%) reported by Yusuf in
soils of waste disposal sites. Osakwe and Okolie (2015),
indicated the mobility factor of the heavy metals were high
with the abundance trend of Pb> Ni>Zn.

MetPLATE™ for heavy metal toxicity

In this study, Cu, Ni, Cd, Zn and Pb in the samples were
measured. Table 6 presents heavy metal toxicity in vari-
ous soil fractions. The heavy metals toxicity of three sites
were obtained on average, 88, 3%, 63% and 72%, respec-
tively. It has been found that heavy metals toxicity dis-
tribution proceeded in the sequence: residual” Organic’
Fe-Mn-oxide” Carbonate” exchangeable. The all fractions
have been the major sink of Zn, Pb, Ni, Cu and Cd. The
heavy metals can be released from soils in all fractions
and therefore, micro-organisms may be adversely affected
by the toxicity effect of these heavy metals Fig. 3 shows
the correlation between the fraction distribution of total
heavy metals and toxicity, as measured via MetPLATE™.
As shown in Fig. 1, regression coefficients (r?) were as
follows: residual” Fe-Mn oxide” organic “exchangeable”
carbonate. Such results could be due to the effects of the
complexity of the interactions of various heavy metals
with the soil components. Some studies have shown a

23.8

OMF Zn

MF Pb

OMF Ni

MF Cd OMF Cu
MF Cu

. = MF Cd

Table 6 Heavy metals toxcity in Fraction F F F F, F Total

various soil fractions (%) ! 3 5

2.63+6.3 44+15 14+4.6 12.64+54 27.59+6.5 88.3+0.6

5.87+4.5 7.5+3.6 39+6.5 10.08+3.2 30,5+4.8 63+2.5

3 42+38 45+9.1 29+5.2 10.82+£3.7 39.05+5.9 72+3.3

F; exchangeable, F', carbonate, F'; Fe-Mn oxide, F, organic, F residual
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Fig.3 The correlation between soil toxicity and the heavy metal concentration in all fractions a (exchangeable-bound), b (carbonates-bound), ¢
(Fe—Mn oxide-bound), d (organic-bound), e (residual bound), f (total metals)

small correlation between heavy metals content and toxic-
ity (Kong and Bitton 2003). However, a significant corre-
lation (+2=0.991) was obtained between toxicity and total
heavy metals concentration in this study. According to this
study, it is difficult to find significant correlations between
heavy metals content of each fraction and the toxicity of
the contaminated soil samples. However, the exchange-
able, organic, Fe-Mn oxide and residual fraction showed
a better correlation with toxicity (#*=0.99), as compared
with carbonate fractions. The results of our study, there-
fore, explained the possible usage of the MetPLATE ™

@ Springer

toxicity test for the assessment of the impact of ecosystems
contaminated with a mixture of heavy metals.

Conclusions

According to this study, the residual fraction has been a
major sink of Cu, Cd, Zn, Ni and Pb. The heavy metal dis-
tribution of the studied soils followed different patterns, but
Zn and Cu had the same distribution, following the sequence
residual” organic” Fe-Mn-oxide” Carbonate” Exchangeable.
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It has been found that residual was highest overall fraction
for retention of all heavy metals. The carbonate-bound frac-
tion was the lowest fraction for Cd, Ni and Pb.

Significant correlations between Eh, pH, organic matter,
clay and silt content and most fractions of the heavy metals
indicate that these soil characteristics may control the fate
and transport of the heavy metals in the soils.

The recovery of the sequential extraction index, presented
the obtained results for both total heavy metals concentra-
tion and the amounts of extractable metals following BCR
validate the applied procedures.

The mobility factor indicated that the heavy metals had
values above 10% and were available for plant and micro-
organisms. MetPLATE ™ revealed potential toxicity of the
heavy metals in the soils. The toxicity of heavy metals dis-
tribution has been determined via a sequential extraction
method; the regression coefficients (%) have been in follow-
ing order: residual” Fe-Mn oxide” organic “exchangeable”
carbonate.

These soils also exhibited the greatest risks for mobiliza-
tion of the heavy metals and potent toxicity because they can
be influenced by remarkable redox potential modifications
which could de-stabilize the exchangeable, organic, carbon-
ate as well as the Fe—-Mn oxide heavy metal retention pools.
In this context, more works should be done: (1) to evaluate
the behaviour of natural and anthropogenic heavy metals in
buried and contaminated soils with depth and their fate; and
(2) to quantify hydrodynamic and physico-chemical phe-
nomena occurring in these soils.
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