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Abstract

The aim of this study is to examine the effectiveness of natural and synthetic zeolitic
materials as potential amendments for the rehabilitation of mine degraded areas. Two
types of natural zeolite tuffs, clinoptilolite- and mordenite-rich originating from
Samos Island, Greece, were used as low cost modifiers. In addition, the synthetic
zeolite Na-P1, produced from lignite fly ash of the Meliti Lignite fired Power Station
(Florina, Greece), was used. Fly ash was converted into synthetic zeolite via a low
temperature alkaline hydrothermal treatment. In order to evaluate the aquatic
solubility and potential bioavailability of heavy metals in contaminated soils of the
mining area of Lavrion, specific soil amendments were used in leaching experiments.
The Na-P1zeolite proved to be the most effective among the tested amendments for in
situ de-contamination of mining soils. Comparing the two natural zeolites used, the
mordenite-rich tuff exhibited better results than the clinoptilolite-rich, for the
reduction of the potential bioavailability of almost all the studied heavy metals.
Despite the high trace element content of the specific soils, it was observed that the
Glaucium flavum, a plant that grows in the contaminated soils of Lavrion, does not
accumulate high concentrations of metals; therefore the high toxic element content of
soils does not always influence the physiology of the plants.
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1. Introduction

A ssignificant problem in mining areas is the local pollution of the soil close to the mining or dumping
area with hazardous heavy metals and metaloids. In general, soils have the natural capacity to
mitigate the bioavailability and mobility of metals through mechanisms of precipitation, adsorption
processes and/or redox reactions (Vasilatos et al., 2015). Nevertheless, when the concentration of
heavy metals is significantly increased, soil’s capacity to mobilize the contaminants becomes
limited. Thus, there is a contamination risk of agricultural lands, vegetation, and/or groundwater. A
notorious example of local but extremely contaminated area is the Lavrion region, Attica Greece,
where mining activities had been taking place from antiquity up until the 20" century. Besides
fluorite that was extracted for its use as flux in the cement industry in the ‘70s, the major metals
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extracted from Lavrion were lead, silver and zinc. These metals derived from the mining and
metallurgical processing of sulfide ores (Ag-bearing galena, sphalerite and arsenopyrite) of the area.
Those activities had produced over the centuries a vast amount of tailings that were generally
deposited upon the soil surface in forms of smelting waste, slags, sulfur compounds, etc., all rich in
hazardous metals and metalloids. These kinds of tailings usually provide an unfavorable substrate
for plant growth because of their low pH, high concentrations of toxic elements and low nutrient
content (Ha et al., 2011). Specifically, mining, processing and dumping of wastes, in several cases
have produced severe heavy element pollution (Baker et al., 1994). Heavy metals are generally
immutable, non-degradable and persistent in soils, unlike any organic contaminants (Adriano et al.,
2004; Shi et al., 2009; Sunarso and Ismadji, 2009 and Peng et al., 2009). Consequently, it’s
necessary to take action in order to remediate heavily polluted soils. For the stabilization of
contaminated soils, a variety of methods have been suggested and developed. However, soil clean-
up technologies are often expensive, energy consuming and usually soil can rarely be used after the
treatment. Moreover, the economic limitations related to the removal of the contaminated soil and
its ex-situ treatment have led to a closer investigation of potential in-situ treatment techniques
including stabilization/solidification processes. Those techniques usually involve mixing of the
contaminated soil or waste in situ with appropriate amendments and curing for the reactions to
proceed (Conner, 1990). Many stabilization techniques including the application of lime, cement,
coal fly ash and phosphates among other natural and synthetic additives employing various fixation
mechanisms, have been tested in mining soils with varying degrees of contamination (Stouraiti et
al., 2002 and Martinez-Sanchez et al., 2011).

Zeolite tuffs have been extensively studied for their potential use as remediation agents in
contaminated soils, soil amendments and as substrates in hydroponics (e.g. Stamatakis et al., 2001;
Savvas et al., 2004; Castaldi et al., 2005; Filippidis and Kantiranis, 2005; Kumpiene et al., 2008 and
Fillipidis, 2010). Zeolite is a group of porous aluminosilicate minerals with a negative charge,
having a three-dimensional framework, neutralized by introducing exchangeable cations in their
crystal structure. The ion exchanging efficiency depends on the micro-porosity and mineral structure
of each particular zeolitic type. Moreover, it has been referred that zeolites may be more suitable for
rehabilitation of heavy metal-contaminated soils than other amendments, because of their property
to regulate modestly soil’s pH and do not import any new pollutants (Castaldi et al., 2005 and
Kumpiene et al., 2008).

The idea of utilizing the coal (with a broad sense, including lignite) fly ash as a low-cost sorbent for
the removal of heavy metals (e.g. Srivastava et al., 2006; Pehlivan et al., 2006; Itskos et al., 2010
and Alexopoulos et al., 2013), radionuclides, and organic pollutants as well (e.g. Sun et al., 2010;
Karagozoglu et al., 2007 and Janos et al., 2003), has been extensively discussed. Even though raw
coal fly ashes usually have low sorption capacity, physical and/or chemical modifications have often
been examined for their enhancement. Coal fly ash is a suitable material for zeolite synthesis, when
it is of aluminosilicate composition.

The fly ash low temperature hydrothermal zeolitization processes implemented in the present study,
are based on the chemical attack of Al-Si bearing phases of the fly ash by alkaline solutions and the
subsequent transformation to zeolitic material (Querol et al., 2002; Mouhtaris et al., 2003;
Koukouzas et al., 2010 and Itskos et al., 2015). Products of such transformation have been described
by better ion-exchange properties and several fold-enlarged surfaces (Remenarova et al., 2014 and
Giannatou et al., 2015).

The current study deals with the evaluation of water solubility and potential bioavailability of heavy
metals in the Lavrion contaminated soil, after its amendment with natural and synthetic zeolitic
materials. In addition, Glaucium flavum, a plant species, which grows naturally in Lavrion highly
contaminated soils was sampled and analyzed in order to determine its heavy metal accumulation
capability and investigate if it could be used in bio-remediation processes.
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2. Materials and Methods

The laboratory tests were performed at the Economic Geology and Geochemistry Laboratory of
National and Kapodistrian University of Athens. The mineralogical composition of the materials
used was identified by X-ray diffraction (XRD) analysis on a Bruker Model 5005 X-ray
diffractometer in combination with the DIFFRACplus software package. The diffractometer was
operated using Cu K-a radiation at 40kV and 40mA, with graphite monochromator, and employing
the following scanning parameters: 0.020° step Size and 2.0 sec. step time. The output files were
evaluated for mineralogical identifications by the EVA 10.0 program of the Bruker DIFFRACplus
software package. The measurement of pH in the solid samples was performed by dilution of the
solid in dionized water at a ratio of 1:1 solid:liquid. Then, the Consort 561 multimeter was used for
the pH determination.

Natural and synthetic zeolitic materials were used as amendments in contaminated soils from an
abandoned mine site. The natural zeolites used, clinoptilolite-rich tuff (ZCS) and mordenite-rich tuff
(ZMS), originated from Samos Island, Greece. Clinoptilolite is widely used in several applications
worldwide. The porous structure of clinoptilolite has a heterogeneous nature and is classified as
sorbent. Several authors classified it in heulandite family (Breck, 1974), but its Si/Al ratio and
thermal stability is different than heulandites (Mansouri et al., 2013). On the other hand, mordenite
from the Late Miocene rhyolitic tuffs of Samos is remarkably rich in K and depleted in Na. The
needle-like mordenite crystals drapes across smectite; other silica mineral such as quartz and
cristobalite are also present. The use of mordenite type zeolite rocks is an ambiguous issue, as in
some countries it is classified as fibrous mineral (e.g. Suzouki, 1982 and Spurny, 1983), while in
others is used extensively in construction and environmental applications (i.e. Hungary, Romania,
Japan, Australia and Philippines). The lignite fly ash sample (CFA) used, derived from the
electrostatic precipitators of the lignite-fired Meliti Power Station (Florina, Greece). The CFA was
converted to synthetic zeolitic material (FAZ) via a low temperature alkaline hydrothermal treatment
with 1M NaOH. The hydrothermal treatment, proposed by Koukouzas et al. (2010) and Itskos et al.
(2015) took place at 90-100°C. The zeolite produced was Na-P1(NasAlsSi10032- 12H20), a synthetic
mineral with high ion exchange capacity due to the substitution of Si (1) by Al (111) in its structure,
which results in an increased overall negative charge. Heavily contaminated soil samples (LSoil)
were collected near the Lavrion harbor, (Figure 1). The soil samples were air dried for 5-6 days.

In order to evaluate the effectiveness of natural and synthetic zeolitic materials as amendments to
reduce the solubility and potential bioavailability of heavy metals in the contaminated soil, the
following experiment was conducted: a quantity of 4kg of contaminated soil and each amendment
(ZCS, ZMS and FAZ) at a rate of 10% by weight was used, to produce the CLS, MLS and FLS soil
mixtures accordingly. The mixtures were equilibrated for 1 week, moistened to 40% of their water
holding capacity. Control pots without any amendment (Control) were also set up. All treatments in
the experiment were replicated 3 times. The experiment lasted ten weeks under natural
environmental conditions. The moisture was maintained throughout the ten weeks by irrigation
twice a week. Afterwards a compliance test for leaching of heavy metals was conducted in the soil
treatments. According to the European Standard 12457-2, the solid matter and distilled water were
placed in a bottle at a liquid to solid ratio of 10 I/kg. The bottle was agitated for 24 h and the
suspended solids were let to settle for 15 min. Filtration of the eluate followed and the metals in the
leachates were analyzed with a Perkin EImer 1100b atomic absorption spectrophotometer (AAS).
The potential bioavailable fraction was determined by leaching with 0,056N EDTA
(ethylenediaminetetraacetic acid, C10H1sN2Qs). Five grams of each solid sample were mixed with
25 ml of extraction solution in a 50 ml flask and the slurry was agitated for 1 h at 150 rpm. Following
the filtration of the slurries, the metals in the leachates were analyzed by the AAS method.

2129



Figure 1 - Figure 2 —
Contaminated soil sampling in Lav ~ The Glaucium flavum plant grows naturally in the s
rion area. ampling area.

During this study, plant species of Glaucium flavum were sampled from the same area of Lavrion
(Figure 2). Plant samples, were separated into root and above-ground (flower and shoots and leaves)
biomass and then lyophilized. 0,5 g of the lyophilized plant tissue were placed in Teflon vessels with
1 ml of 30% H202 (perhydrol) and 6 ml of concentrated HNO3 acid solution. When digestion was
complete (25 minutes at 1000 W in an ETHOS 1600 MILESTONE Microwave System), the samples
were left to cool and then transferred to a volumetric flask to a final volume of 100 mL with distilled
water. Cd, Pb, Zn, Cu, Mn and Fe content were determined by the AAS method.

3. Results

The mineralogical composition of both natural and synthetic zeolitic materials used, is presented in
Table 1. These results for the natural zeolitic tuffs are in accordance with those reported by Filippidis
et al., 2007, (ZCS may contain approx. 60 wt% clinoptilolite and ZMS may contain 21-64 wt%
mordenite). The high degree of zeolitization of the lignite fly ash (CFA) after the alkaline
hydrothermal treatment is demonstrated in the XRD patterns (Figure 3). While the CFA (upper
pattern in blue) consists mainly of quartz and feldspar, the synthetic zeolite (FAZ) (bottom pattern
in black) consists mainly of Na-P1 zeolite. The specific zeolite has an affinity with the cations that
are generally found in acid mine drainage effluents (Cardoso et al., 2015). The pH values of all
materials used are presented in Table 2. The synthetic zeolitic material exhibits higher pH values in
comparison to the natural zeolites samples. As expected, the untreated contaminated soil from
Lavrion (LSoil) has acidic [3.82] pH value. The untreated soil sample (Control), had a pH value as
low as 4.52, after the equilibration.

The amended soil mixtures have showed an increased pH. This was particularly evident in FLS
sample (amended with synthetic zeolite) that had the highest pH value but close to MLS pH value
that goes after. The pH value of the FLS is attributed to the high pH of the FAZ component used in
the mixture. It is noted that Control sample pH that has the same composition with LSoil, presents
higher values after the equilibration. In Table 3 is illustrated that the concentrations of heavy metals
in water leachat of amended soil samples were lower than those of the untreated soil sample
(Control). Among the soil treatments the FLS one (amended with synthetic zeolite) exhibited the
lowest concentrations for all studied heavy metals.

The potential bioavailability of heavy metals expressed with EDTA values (Table 3), exhibited
higher values as expected.

The EDTA buffers a lower soil pH and, consequently, a higher percentage of the heavy metals
content of the soil may be mobilized to the leachates. Between the two natural zeolites, MLS sample
(amended with Mordenite-rich material) had better performance excibiting lower potential
bioavailability for all the heavy metals, compared to the Control. On the other hand, the synthetic
zeolitic amended FLS, exhibited lower potential bioavailability for Cd, Cu, Mn and Fe. Moreover,
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the concentration of heavy metals in different parts of Glaucium flavum is presented in Table 4. The
root exhibited the highest values for all heavy metals, in contrast with the flower which had the
lowest values.

Table 1 - Mineralogical composition of the zeolitic materials (+: presence of mineral, -:
absence of mineral, MJ: Major mineral phase).

Zeolitic materials

Mineral species  ZCS ZMS FAZ
Clinoptilolite +MJ + -
Mordenite + +MJ -
Zeolite P1, (Na) - - +MJ
Sanidine + +
Orthoclase - + -
Anorthoclase - - +
Albite - - +
Opal CT - + -
Quartz - - + MJ
Hematite - - +
Maghemite - - +
Calcite - - +
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Figure 3 - XRD patterns of the materials used. The upper pattern (in blue) is from the coal
fly ash (CFA) before the alkaline hydrothermal treatment and the lower (in black) is from
the synthetic zeolite rich material (FAZ) after the treatment.
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Table 2 - pH values of natural and synthetic zeolitic materials, along with the contaminated
soil sample and soil treatments after the 10 weeks experimental period.

Soil & zeolitic amen Soil Treat

dments pH ments pH
Lsoil 3.82 Control 4,52
ZCSs 8.18 CLS 4,94
ZMS 7.55 MLS 5.38
FAZ 12.25 FLS 5.62

Table 3 — Concentration of heavy metals in soil (ng/g) and in the leachates (ng/ml) after
leaching with water and EDTA.

Soil Water leachates EDTA leachates
Soil Treatments

Lsoil CLS MLS FLS Corl‘tro CLS MLS FLS Corl‘”o
Pb 42000 0.94 1.00 0.58 0.77 110 75 126 61
Cd 91.5 0.52 0.42 0.25 0.73 4.3 3.7 35 4.3
Zn 29800 206 170 97 231 700 555 817 673
Cu 1366.6 0.08 0.06 0.05 0.14 14 10 10 16
Mn 4600 16 13 8 28 107 100 61 107
Fe 21890 3 3 2 3 71 62 48 96

Table 4 — Concentration (ng/gr in dry basis) and bio-concentration factor (BCF), of heavy
metals in Glaucium flavum.

Plant parts BCF
Flower Shoots & Root
Leaves
Pb 82 246 887  0.02
cd <05 8 18 019
Zn 337 1250 1720 0.06
Cu 38 35 84  0.06
Mn 66 205 227  0.05
Fe 357 978 3740 0.02

4. Discussion

A comparative presentation of the effect of natural and synthetic zeolitic amendments to the solubility
of the studied heavy metals in the contaminated soil is illustrated in Figure 4. It is evident that the FLS
treatment presented reduced solubility of all studied metals (Pd, Cd, Zn, Cu and Mn) except Fe. The
negative effectiveness for Pb and Fe may be attributed to their release from the original amendments,
as they exhibited high content of these metals (ZCS: 70.5 ug/g Pb, 1.3% Fe, ZMS: 57.3 ug/g Pb, 0.8%
Fe, FAZ: 13.6 ng/g Pb, 4.7% Fe), in combination with their pH (Table 2). Among the natural zeolites,
the mordenite exhibited better effect in the reduction of the solubility of heavy metals. The crystal
structure of zeolite grains constitutes the primary porosity (microporosity) of zeolites, while the grain
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sizes of zeolite and other minerals in the zeolite rocks are connected with the secondary porosity
(mesoporosity and macroporosity) (Sprynskyy et al., 2010). The primary porosity is defined as the
microporosity displayed by the mineral 3-dimensional alumino-silicate framework. The mesoporosity
is formed by slot pores determined mainly by cleavability of the zeolite crystals. The macropores
consist of pores of various forms which are located between blocks of the zeolite crystallite and other
minerals in the zeolite bearing rocks. For example, the heterogeneity of the clinoptilolite bearing rocks
porosity is caused by the presence of associated minerals (albite, mordenite, etc.) and heterogeneity of
crystalline structure of those minerals (Mansouri et al., 2013). The mesopores are active surfaces for
catalysis, transport channels and adsorption of relatively large molecules. Besides some technological
properties which may not be explained by adsorption in micropores, they might be explained by
secondary porosity (Mansouri et al., 2013). Moreover, zeolite soil amendments in mining areas may
provide sufficient alkalinity to neutralize the acid polluted soils, causing the precipitation of insoluble
phases (Chen et al., 2000). The newly formed phases may accommodate the metal pollutants either as
major constituents (Chen et al., 2000) or as minor components co-precipitated in hydroxides
(Chlopecka and Adriano, 1997 and Boisson et al., 1999). The increase of alkalinity enhances the metal
sorption via surface complexation processes. Although mineral surfaces have a positive charge at low
pH values due to the sorption of protons, as pH increases owing to the deprotonation of the surface
unsaturated bonds, they acquire a negative charge (e.g. Basaldella et al., 2007; Peng et al., 2009; Shi
et al., 2009). The complexion of cations by stable bonds with the negative radicals on the mineral
surfaces is promoted by higher pH values. Zeolite minerals can play a significant role in thus surface
complexion because of their high specific surface (Korkuna et al., 2006 and Sponer et al., 2001). The
increase pH value of treated soil by the tested amendments (Table 2) confirmed the buffering effect
(Radulescu, 2013) and suggested the opportunity of using zeolitic materials for conditioning and
remedying contaminated soil from sulfide mines.

60%
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-80% 100%

100% 120% -
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Figure 4 — The % effect in the solubility of Figure 5 — The % effect in potential
heavy metals in the different soil treatments.  bioavailability of heavy metals in the different
soil treatments.

The effect of natural and synthetic zeolitic materials in potential bioavailability of studied heavy metals
is displayed in Figure 5. The treatment with the synthetic material (FLS) exhibited the highest
effectiveness in reduction of potential bioavailability of Cd, Cu, Mn and Fe. The synthetic zeolitic
material originated from the alkaline hydrothermal treatment of fly ash, resulted to a significant decrease
of the contaminants leachability and potential bioavailability. The increase of pH, as also indicated by
Stouraiti et al. (2002) may be a key factor for the toxic elements immobilization. As regards the natural
zeolites, mordenite proved to be more effective in controlling the potential bioavailability of all studied
heavy metals except Pb, in contrast to the clinoptilolite which presented a poor effect for almost all heavy
metals. The potential bioavailability of Pb and Zn (Table 3) in the amended samples was higher in
comparison to the untreated soil sample (Control). However, it is widely accepted that the EDTA test
overestimates the bioavailable content of pollutants (Stouraiti et al., 2002).

The plant response to heavy metals in soil depends on the plant species, the total soil metal
concentration, and the bioavailability of the metal (Martinez-Sanchez et al., 2012). For example,
excluders have an avoidance (or restriction) mechanism which prevents element uptake, while
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accumulators have mechanisms of metal accumulation in their aboveground biomass (Perez-Sirvent et
al., 2008). The bioconcentration factor (BCF), defined as the ratio of metal concentration in plant
shoots to metal concentration in soil, is a measure of the ability of a plant to take up and transport
metals to the shoots, which are the parts that can be easily harvested. With rare exceptions, most plants
have a BCF for heavy metals and metalloids of less than 1 (McGrath and Zhao, 2003).

Glaucium flavum is a plant species that grows naturally in the contaminated fields of Lavrion, region.
It is abundant along the roadsides and it is a short cycle plant. For all the studied elements, root
concentrations were higher than those of shoots & leaves as expected for most of the plant species.
BCF in that plant was found lower than 1 (almost by two factors) for all the studied elements (Table
4). According to Martinez-Sanchez et al. (2012) Glaucium flavum is considered as a hypertolerant
plant. Our findings suggest that Glaucium flavum does not accumulate high concentrations of metals
and may inherit an avoidance/restriction mechanism that not only prevents all the studied toxic
elements uptake but tolerates the low soil pH of the acid mine soil. Hence the presence of bioavailable
trace elements in soils is not a critical factor that controls the uptake ability of the plants. It is therefore
suggested the implementation of such measurements on specific plant species, in order to avoid
misleading results that might influence the farming activity.

5. Conclusions

The synthetic zeolitic material originated from alkaline hydrothermal treatment of fly ash, resulted
in a significant decrease of contaminants leachability and potential bioavailability. The pH increase
of the amended soil confirmed the buffering effect of the zeolitic materials, along with the reduction
of the heavy metals mobility, indicating their possible use in conditioning and remediating mining
soils. The zeolite produced by Meliti’s lignite fly ash was the most effective among the tested
amendments. Our results suggest that those low temperature synthetic zeolites are suitable for in situ
de-contamination of mining soils. Comparing the natural zeolitic materials from Samos Island,
mordenite-rich tuff proved to be the most efficient at reducing the potential bioavailability of almo
st all the heavy metals studied. The need for a low-cost amendment for the in-situ remediation of
Lavrion mine degraded soils, may be effectively fulfilled with a large scale use of zeolitic materials.
The plant species Glaucium flavum does not accumulate high concentrations of metals, exhibiting
an avoidance/restriction mechanism that prevents the uptake of all the studied toxic elements from
the contaminated soil.
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