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Abstract

Increased remediation of heavy metal contaminated soil is becoming attractive due to unprecedented degradation of soil systems. Therefore,
sustainable remedial approach and the study of contaminant geochemistry are topical areas of intense research. In this study, clay minerals, a
constituent part of the soil system has been evaluated as an underlying influence to soil cleaning. Two contaminated soils namely, Copsa mica
(S.,) and Campina (S_,) sourced from Romania were subjected to leaching behaviour using two different chelating agents; ethylene diamine
tetraacetic acid, (EDTA) and citric acid (CA) on a dynamic system configuration for the purpose of soil cleaning. Geochemical characteristics and
metal quantification were conducted on the samples using x-Ray powder diffraction (XRD) and inductive coupled plasma-optical emission spec-
troscopy (ICP-OES) respectively. Results showed dissimilarity in metal leaching behaviour with higher percentage (four-fold) recovery observed
for S, more than S, regardless of extractants used. The presence of montmorillonite clay and other observed mineral oxides influenced the

extraction of the targeted metals in S , other than S, - induced kaolinite clay.

Keywords: Heavy metals; Montmorillonite; Kaolinite; efficiency; Extractants; Contamination; Leaching

Introduction

Soil washing is a remediation technique that has been
developed as one of the ex situ traditional methods for heavy
metal contaminated soils. The effectiveness of this technique
largely depends on the contaminant chemistry and micro-scale
heterogeneity (such as soils with reactive minerals as well as
fine grained soils) of the subsurface. Indeed, studies have shown
that soil washing is efficient on soils with higher permeability
[1]. However, the processing of these contaminated soils for
washing can be technically challenging because of the presence
of clay minerals found in the soils. In most cases, clayey soils are
difficult to remediate as a result of low permeability and complex
composition the clay is made of. A comprehensive review on
the effect of clays associated with soil remediation has been
documented [2]. It has been observed that the presence of clays
can adversely affect both the operational process and overall
economic benefit of remediation performance following solution
absorption (water) which changes the rheology, froth stability,
and increases reagent consumption, due to high surface area
resulting to poor metal recovery [3,4].

Clay minerals are phyllosilicates which are made up of various
combinations of polymeric sheets stacked on each other and
bound together. It consists of both a tetrahedral and octahedral
sheets. The tetrahedral sheet is made up of silicon-oxygen tetra

hedrons with shared basal oxygen molecules. While an octahedral
sheet is made up of aluminium-oxygen octahedrons with shared
apical and basal oxygen. These tetrahedral or octahedral sheets
bond together through hydrogen bonding resulting to 1:1 or
2:1 layered structure. The 1:1 layer structure is referred to as
kaolinite clay. It consists of a unit made up of one octahedral
and one tetrahedral sheet. The kaolinite layers are strongly held
together such that, they are electrically neutral, and therefore,
will not attract positively or negatively charged species (ions) and
they rarely swell in water.

On the other hand, the 2:1 layered structure, which is referred
to as the montmorillonite (smectite group) clay, consists of two
tetrahedral sheets with one bound to each side of an octahedral
sheet. The montmorillonite layers are held loosely, creating voids
for water penetration, a phenomenon that gives rise to inter-
crystalline swelling (a process in which the interlayer distance
can increase to 1 nm). Due to ion substitution in the layers, some
of these clay minerals have a negative charge on the surface and
will attract water molecules or hydrated cations readily. The
negatively charged surfaces of 2:1 clay attracts positively charged
water molecules, allowing the water molecules to enter between
the layers as shown in Figure 1. However, the fundamental building
blocks of kaolinite and montmorillonite are very similar for both
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the tetrahedral and octahedral sheets, except for the arrangement
and compositions of the octahedral and tetrahedral sheets which,
accounts for the major and minor differences in the physical,

chemical and mechanical properties that controls the application
of a particular clay mineral [5]. Some of these properties are
highlighted in Table 1 below.
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Figure 1: Schematic representation of clay structures showing T and O layers and preferential adsorption of water (adapted from
Farrokhpays et al. [6]).
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Table 1: Some of the key properties of kaolinite and montmorillonite
that relates to their specific application.

Kaolinite Montmorillonite

1:1 layer 2:1 layer

White or near white Tan, olive green, spray or white

very low absorption capacity High absorption capacity

Pseudo-hexagonal flakes Thin flakes and laths

Minimal layer change High layer change

Low surface area Very high surface area

Octahedral and tetrahedral substitu-

Little substitution -
tion

Studies [6] have also shown that most clay, especially
the montmorillonites, exhibits rheological behaviour that is
occasioned by inter-crystalline swelling in the presence of water
and the resultant formation of thixotropic gel. This phenomenon
is caused when charges occurring in the inner structure of the
fluid form flocs and aggregates under the influence of Vander
Waals and electrostatic forces.

Clay minerals also exhibit absorptive tendencies for metals
over a higher pH range due to their crystallo-chemical properties.
Several studies on soil chemistry have demonstrated the ability of
clays and clay minerals to selectively absorb metal cations [7-9].
In addition, extensive research has assessed the metal absorption
characteristics of natural and/or modified clays and mineral
clays [10,11] for their different mechanisms of mineral sorption,
including outer-sphere complexes, inner-sphere complexes and
multi-nuclear surface complexes [12].

The aim of this study is to assess the desorption behaviour
and geochemical intricacy associated with the remediation of
heavy metal contaminated sites of a montmorillonite and/or

kaolinite clay soil. Leaching trends will be explored to determine
desorption mechanisms associated with chemical reactions and
diffusion processes in a dynamic system. Results from this study
can provide technical and theoretical insight on contaminant
dynamics that affects remediation efficiency for soil washing
technique.

Materials and Experimental Methods
Chemicals and materials

The reagents used for this study were of analytical grade.
Three base metals (Cd, Cu and Pb) were selected as target metals
because of their toxicity and ubiquitous nature in contaminated
sites. Leaching agents: ethylene diamine tetraacetic acid (EDTA)
and citric acid (CA, were purchased from Sigma Aldrich and Alfa
Aeser respectively. All mineral acids used in the analysis were of
analytical or spectral grade. Soil samples used in this study, were
sourced from Romania and were designated as Copsa-mica (S,,)
and Campina (S_,) soils of metallurgical smelter and industrial
waste sites respectively. Brief background of S, and S, sources
is described below;

Copsa-mica (S,)

S, is a study site located within an industrial town in Sibiu
County, Transylvania, Romania. The physiographic characteristic
is influenced by the hauling of sand/aggregates activities carried
out on daily basis. S, is considered one of the most polluted
towns in the province considering its industrial activity status.
The Carbosin and Sometra metallurgical smelter are the two
major factories of prominence in the province in the early 1960s,
although their operation activities are now moribund. They are
known as major pollutant sources responsible for the emission of
black carbon and non-ferrous substances
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Campina (S_,)

S, Is a study site located within an industrial town housing
both the Romanian star oil and the central Orion foundry in
Prahova County, Romania. The physiographic characteristics
are attributed to the historic dumping of industrial waste
from sulphur dioxide and steel manufacturing activities which
apparently defines the soil as technosol.

Experimental methods

The soils (S, and S ,) were analysed for their physical and

chemical properties (Table 2) using standard techniques and
approaches. For brevity, pH, specific surface area (SSA), particle
size distribution, cation exchange capacity (CEC), and baseline
metal profile were determined as described in Mgbeahuruike
et al,, [4]. All metal concentrations were determined by ICP-OES
and sample concentrations were corrected for matrix effects as
reported in Mgbeahuruike et al. [4]. The percentage metal leached
from the soil was calculated using equation 1:

mass of metal in sup ernatant

% Metal leached = Eg.1

mass of metal originally loaded on substrate

Table 2: Important physicochemical properties and elemental concentrations of targeted metals (Cd, Cu, and Pb) in real soils used for remediation

purposes.
Characterization Elemental Concentration (mgkg*)
Soil Type
Mineral Composition SSA (m?/g) CEC (mEq/100g) pH Cd Cu Pb
Seu quartz, graphite, kaolinite 14 21.6 7.2 51.9 147.8 1940.9
Se quartz, calcite, goethite, kaolinite 523 86.7 8.3 8.08 431.7 1482

CEC: Cation Exchange Capacity; SSA: Specific Surface Area; soil digestion using aqua regia (36% HCI: 68% HNO,) (3:1) for elemental concen-

tration.
To ensure repeatability, this procedure was carried out in
triplicate for all substrates.

Experimental methodology

Measured samples (20g + 0.0005g) of S,. and S, were
subjected to column leaching experiment with the leaching agents
(EDTA and CA) used to extract the metals of interest. The leaching
behaviour of the three metals of interest were investigated by
subjecting the S, and S_, samples to an in situ leaching process
(not shown here), in a glass chromatographic column (dimension:
internal diameter 2cm and 30cm in height) with a sintered disc
frit to control flow rate as discussed in Mgbeahuruike [8]. The
leaching trend for these metals were monitored over a leaching
EDX measurement

time intervals of 30, 60, 90, 120, and 180min using EDTA and
CA with molar concentrations of 0.034 and 0.033 (moldm?)
respectively. After mixing of the soil and solution at the specified
intervals, the suspensions were centrifuged at 3000rpm, to enable
separation of the liquid from the solid. Following centrifugation,
1mL aliquot (washing solution) from the supernatant in each of
the tubes were filtrated with a syringe filter (0.45pum) into a plastic
vial of 15mL capacity and later made up to 10mL with deionized
water. Subsequently, the filtrates were analysed by ICP-OES and
the selected metal concentrations retained in the adsorbent phase
(mgkg?!) were calculated. The results are expressed in mass of
metal per kg soil extracted after 180min.
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Figure 2: Shows the EDX spectra of montmorillonite where elements like Fe, Ca, K, Mg, Ti can be clearly identified. Traces of heavy metal
(Cu) at lower concentrations can also be observed. The significant peaks of Si, Al, Carbon are present as dominating species of the sample
material.
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The clay minerals (montmorillonite and kaolinite) were
analysed using EDX spectrometer PW 4025-miniPal-panalytical.
This instrument is a non-destructive device and it is simple,
inexpensive and rapid. The miniPal 2s detector combines
high efficiency with a high resolution. The measurement
was successfully performed with the following experimental
parameters: emission current max: 1mA; High voltage tube: max
30kv; Power: max 9w (Figure 2).

Results and Discussion
Soil description

Table 2, shows the physicochemical characteristics of the soils
(S.y and S;) under consideration. The CEC and SSA values of S,
(21.6meq/100g & 14m?/g) and S, (16.7meq/100g & 23m?/g)
are relatively similar and falls within the range of a kaolinite clay
values in agreement with existing literature. The CEC and SSA are
common factors that determine the physical, mechanical and flow
properties of soils and which generally influence their adsorption
capacity. Therefore, it is expected that both soils may exhibit
similar leaching tendencies for targeted metals.

In comparison of mineral profiles determined using X-ray
diffraction for the Seu and S quartz and kaolinite were confirmed
as dominant crystalline phases present in both soils (diagram not
shown). However, significant differences in mineral phases such
as goethite, graphite, and calcite were identified in both soils too.
The presence of kaolinite in S, and S, is an indication that the

ability of these soils to retain cations will be solely influenced by
Table 3: Shows elemental compositions of analytical minerals.

CEC. However, the presence of goethite (Fe,0,) and graphite found
in the S, and S, are available as varieties of natural mixture that
can play important roles in chemical and physical attributes of
the soil [14]. The prevalence of Fe** can enhance the aggregate
stability of kaolinite clay by impacting on its leaching potentials
[15].

The pH of Seu and S, are observed to be alkaline inclined, 7.2
and 8.3 respectively. This phenomenon may affect the leaching
dynamics of these soils because pH is found to influence the metal
retention ability of a soil with metals typically being less likely to
be leached from an alkaline phase than their acidic counterparts,
though changes in geochemical environment could play a
domineering role in the mobilization of metals [16].

Analysis of soluble metal concentrations of S, and S, show
significant variations in the values of the targeted metals. Niand Cu
inS_, were 2 and 3 folds higher than same metalsin S, respectively.
However, Pb concentration was substantially higher in S, than its
counterparts in S,. The variation in metal concentrations could
reflect the differences observed in anthropogenic activities and
inputs between the individual sites. Also, the compositions of soil
samples contained in Table 3, have montmorillonite (bentonite
group) and kaolinite clay as main dominant minerals of the soils
under investigation. It could be observed that the composition
ranges ancillary elements (Fe, Cu, Ca, S, P and K) to dominant
elements (Si, Mg, C and O). The presence of these trace elements
may significantly affect the leaching potentials of the targeted
heavy metals.

Sample
Montmorillonite Atomic % Kaolinite Atomic %
Elements

Carbon (C) 60.33 49.57
Oxygen (0) 29.71 38.79

Sodium (Na) 0.76 nil
Magnesium (Mg) 0.56 0.07
Aluminium (Al) 2.38 5.62

Silicon (Si) 5.26 5.4
Phosphorus (P) 0.01 0.06
Sulphur (S) 0.13 0.15

Potassium (K) 0.13 0.2
Calcium (Ca) 0.29 0.01
Titanium (Ti) 0.06 0.03
Iron (Fe) 0.37 0.05
Copper (Cu) 0.03 0.04

Column leaching process

In situ extraction leaching was conducted for S, ,and S, using
the column approach and a solid liquid ratio of 1:10 to investigate
the extraction of the metal species of interest. The leaching trend
was determined by leaching concentrations (mgkg?) of targeted

metals from the two soils after leaching intervals of 30, 60, 90,
120, and 150min contact time with selected extractants (EDTA
and CA). The results (indicating the mass of metal per kg soil
extracted after 150min, as well as the % extraction efficiency for
each metal) are calculated using equation 1 and are summarized
in Table 4 and displayed graphically in Figure 3 & 4.
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Table 4: Metal extractions (Cd, Cu, and Pb) from industrially impacted S, and S_ soils on a dynamic configuration using selected extractants
(EDTA and CA).

Copsa-Mica Soil (S_) Campina Soil (Scp)
Metal Metal Loading EDTA CA Metal Loading EDTA CA
1 -1
(mgkg™) Leached (%) Leached (%) (mgkg™) Leached (%) Leached (%)
Cd 51.9 42.4 64.4 8.1 11.9 5.7
Cu 147.8 45.2 42.2 431.7 15.3 13.4
Pb 1940.9 45.4 45.4 1482 2.6 1.4
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Figure 3: Box plots showing metal (Cd, Cu, and Pb) concentration leached from CMs and CPs as influenced by CA on a dynamic
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Leaching in natural soils (S, and S_)

The metal leaching as summarized in Table 4 and graphically
illustrated in Figure 3a & 3b for S,
efficiencies across the two extractants (EDTA and CA) investigated.
Cd, Cu, and Pb extracted from S_, were prominently leached by
EDTA as displayed in Figure 3a. The leached metals are reported
as 22.9mgkg™ (44%), 66.9mgkg™? (65%), and 881.8mgkg? (55%)
for Cd, Cu, and Pb respectively. The box plot shows differential
extraction behaviour across the metals under consideration.

showed different extraction

Significant variation was observed for in the concentrations of

metal leached which was expected, considering the metal burden
(mgkg™) by the individual metals under consideration. However,
the average leaching efficiency for these metals were relatively
similar and further illustrated by the median distribution
prominently skewed to the right for the Cd, Cu and Pb (Figure 3a).

For S ,, EDTA leaching over the three metals were observed to
be prominently poor as summarized in Table 3 and displayed in
Figure 3b. Cd, Cu, and Pb leached 0.96mgkg™ (11.5%), 66.1mgkg*
(15%) and 39.1mgkg™ (2.6%) respectively. The average leaching
efficiency was significantly poor for Pb compared to Cd and Cu.
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This is further illustrated in the boxplot (Figure 3b), showing
the distribution for the three metals being skewed to the right
with Cd and Cu displaying similar extraction behaviour different
from that observed for Pb. The leaching capacity of S, was about
four times lower than the recovery efficiency of S, regardless
of the extractants investigated. This poor extraction efficiency
exhibited by S_, could be attributed to the physicochemical
properties described in Table 2. The CEC and surface area of S,
are significantly lower than those of Sew and as such, should be
expected to leach poorly. Also, considering the results shown in
Table 3 and graphically illustrated in Figure 3a & 3b, it could be
deduced thatthe presence of montmorilloniteinS , attracted much
of the cations (Cd, Cu, and Pb) to the region close to a negatively
charged mineral surface by ion exchange reaction. Moreover,
the presence of flocs and aggregates of mineral oxides (goethite,
calcite) formed in the interlayer of the montmorrillonite could
intercalate these cations by causing a swelling tendency due to its
crytallo-chemical properties which eventually could prominently
interfere with the leaching dynamics as have been observed in
S, [16]. The enhancement efficiency on the desorption of Cu
and Pb demonstrated by EDTA over Cd could be attributed to its
complexation affinity for both Cu (Log K = 18.8) and Pb (Log K =
17.9) compared to Cd (Log K =10.7) (Gupta et al. 2000) [17]. The
effect of stability constants observed for metal complexes appears
to be effective considering the fact that kaolinite dominates the
Sy soil, having its interlayer structure overlapped by hydrogen
bonds (1 : 1 layer), thereby enabling leaching due to its low
viscosity and absorptivity (Table 1). This phenomenon, provides
the extractants access to reach most of the metals at the outer
layer surfaces (labile phases), where the attractive forces are
more sites specific with reduced hydration layers around the
cations, exposing significant fraction of the targeted metals for
rapid dissociation [18,19].

In the case of CA, the extraction efficiencies of Cd, Cu and Pb
from S and S, are summarized in Table 4 and also displayed in
Figure 4a & 4b. For S, it was observed that CA also prominently
exhibited extraction capability and efficiency as observed with
EDTA-S . CA efficiently leached 32.9mgkg™ (64%), 66.9mgkg
! (45%), and 881.8mgkg! (45%) of Cd, Cu and Pb respectively.
The box plot in Figure 4a shows the differential variation in
extraction behaviour of the individual metals. The extraction and
median distribution are observed to be skewed to the right for
Cu and Pb while Cd remained fairly symmetrical. However, for S,
leaching potential for CA was observed to be significantly poor for
all metals as summarized in Table 4 and Figure 4b. The average
leaching efficiency for the metals were below 15% and reported
as 0.46mgkg? (5.7%), 58.4mgkg! (13.4%) and 0.5mgkg™ (1%)
for Cd, Cu and Pb respectively. The box plot in Figure 4b shows
the differential extraction behaviour across the metals having Cd
and Pb prominently skewed to the right while Cu remained fairly
symmetrical. Generally, the poor leaching efficiency by EDTA and
CA observed for S, was evidently attributed to physicochemical
characteristics mentioned earlier. Although, it was observed

that better recovery efficiency was achieved for CA-Cd when
compared to the other metals leached with EDTA. This reason was
adduced to higher stability constant (Log K = 11.3) and acid effect
reaction of citric acid (CA). Also, the reason for the acid effect of
CA is better substantiated with the mobilization of CdL?* instead
of precipitating Cd(OH),. However, during the metal leaching of
Scp with the extractants, it was observed that effervescence of
CO, was eminent, an indication that suggests the dissolution of
CaCO, minerals according to the reaction of Eq.2. The presence
of Ca** in the reaction can interfere in the leaching process which
incidentally could undermine recovery efficiency of the process. It
has been confirmed that CA is more likely to be found complexed
more rapidly with calcium, followed by iron and magnesium being
the lowest to metabolise (Kiom et al. 2000; Lensbouer et al. 2008).

101kPa

CaCOW+2H+ > Ca”

898 °C

The presence of the different forms of minerals Fe in S, could

+CO.

2(2)

+H,0, Eq2

(aq)

also influence the physical and chemical processes that occurred
in the soil (Carrillo-Gonzales et al. 2006), and subsequently
influenced the extraction efficiency of the leaching process. For
instance, the formation of magnetite (Fe,0,) in soils as described
in Eq.3 has the capacity to adsorb heavy metals in an aqueous
medium through physical and chemical interactions (Tang et al.
2013). Recent studies [20,21] have demonstrated high affinity
of EDTA (Log K_,.. ;. :25.1]) for iron oxides which affects colloidal
dispersability, affect the decrease in high surface energy, and
consequently decrease iron particles agglomeration (Jackson and
Milter 2000) [22-30].

100kPa

3Fe(OH), — Fe,0,+H,+2H,0 Eq3
25°C
Conclusion

In this study, a soil washing technique was applied to remediate
selected metal contaminated soils from historic dumping sites of
metallurgical smelter and industrial waste sites. The EDX spectra
revealed the various trace elements inherent in both kaolinite and
montmorillonite clays which played significantroles in influencing
the leaching potentials of S, and S , respectively. It was noted that
higher percentage recovery efficiency was observed for S, more
than for S,
properties of montmorillonite over the kaolinite in S . Though,
the presence of ancillary minerals (calcite and goethite (Fe,0,) in

a phenomenon attributed to the crytallo-chemical

S also played a retarding role in the extraction of these metals by
forming stable complexes with the extracting substances.
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