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Abstract: Acid mine drainage originates from mining waste, tailings and overburden being exposed
to air and water; it is also observed in abandoned mines, characterized by high acidity and increased
concentrations of sulfate and heavy metals. It is considered a notorious pollutant, mostly affecting
superficial and ground water quality. Until 1977, Lavrion mines have been the heart of dynamic
Greek mining and extractive metallurgy. The present paper discusses the possibility of using low-cost
eco-friendly materials, i.e., natural and synthetic zeolites for the in situ rehabilitation of Lavrion mine
soil. Na-P1 synthetic zeolite prepared from Meliti fly ash and two natural zeolites from Samos tuffs
mostly containing clinoptilolite and mordenite, respectively, were employed. The results indicated
that all three aluminosilicates alleviated two basic soil parameters closely correlated with fertility,
i.e., high acidity and low CEC. Regarding toxic metals leaching, Na-P1 synthetic zeolite proved
more efficient, reducing heavy metal contents in the leachates by 38%, 72%, 61%, 67%, 77% and
33% for Pb, Cd, Zn, Cu, Mn and Fe, respectively. This was attributed to both the increased pH and
CEC values of the Na-P1 zeolite. Between the Samos zeolites, the richest in mordenite exhibited the
better performance.
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1. Introduction

Acid mine drainage constitutes a major consequence of opencast mining, causing
devastating effects on the environment; overburden dumps and voids result in degraded
aesthetics, while erosion and pollution impose severe environmental concerns for the
surrounding areas. Mine soils water is highly acidic carrying a pollution overload, i.e.,
toxic metal ions associated with mining activities. In particular, surface cracks are formed
altering the appearance of the area and triggering moisture and nutrients drainage, thus,
provoking soil degradation. Acid water, according to lithology [1], enters the aquifer and
negatively impacts the groundwater resources [2,3]. This may last for decades or even
hundreds of years after mine closure [4,5].

Over the years, the mining and extractive metallurgy sector centered in the Lavrion
area has constituted one of the most important and dynamic segments of the Greek industry;
these mines, abandoned since 1977, have produced mostly silver, lead, and zinc, as well as
brightly colored specimens of supergene minerals such as smithsonite, azurite, malachite,
cerussite, adamite, goethite, jarosite, serpierite, gypsum and more.

Reclamation of these abandoned mine areas is an integral part of an environmental
management plan aimed at the remediation of both acidity and heavy metal content.
Among the mine soil remediation methods, adsorption appears as a reliable solution [6–10].

Fly ash, the finest of coal ash particles, consisting of the noncombustible matter in coal,
has been recognized over the years as a soil ameliorator offering nutrient supplementation
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and pH correction thanks to its unique physicochemical properties and useful micro- and
macronutrients [11,12].

Clinoptilolite and mordenite are two species of natural zeolites collected from Samos
Island, Greece. Clinoptilolite, with a Si/Al ratio and thermal stability different from
heulandites [13], is a common zeolite easily extracted from open pits, widely used as an
adsorbent [14–16]. Mordenite, on the other hand, is a high-silica zeolite, constitutes an
alteration product of volcanoclastic material, and is sometimes found within veins, fissures
or amygdales of some igneous rocks [16,17].

In this study, two natural zeolites (clinoptilolite and mordenite) and a synthetic zeolite
derived from fly ash were employed for Lavrion abandoned mine soil rehabilitation in
order to restore the dynamic balance between key ecological factors, such as soil acidity
and metal content to support vegetation in this area. Greece is a dynamic producer of both
zeolites and coal (lignite) and this fact represents an economic asset to this plan.

2. Experimental Part
2.1. Materials

Mine soil collected from the Lavrion mining area in Greece was homogenized, dried
at 383 K for 96 h, pulverized and sieved (<250 µm).

The natural zeolite tuffs, i.e., clinoptilolite (CSA) and mordenite (MSA), originated
from Karlovassi Basin, Samos Island, Greece. Both zeolite tuff materials were dried at 383 K,
pulverized and sieved (<250 µm).

Coal fly ash (MLF) samples were received from the electrostatic precipitators of the
Meliti Lignite-fired Power Station (Florina, Greece).

Na-P1 synthetic zeolite (ZML) was prepared from Meliti fly ash using a low-temperature
alkaline hydrothermal treatment [7,8].

2.2. Mine Soil Amendment

Contaminated soil (2 kg) from the Lavrion abandoned mines (L) was mixed with each
zeolitic amendment (ZML, CSA and MSA) at a rate of 10% w/w (200 g) to produce L-ZML,
L-CSA and L-MSA, respectively. The mixtures were first moistened to 40% of their water
holding capacity, and then left to equilibrate for 1 week. Control samples without any
amendment were also set up. All experiments were replicated 3 times.

This experiment was carried out under natural environmental conditions and lasted
ten weeks. Moisture was maintained by irrigation twice a week. At the end of the experi-
ment, a compliance test for the leaching of heavy metals was conducted.

The percolation method was applied for the measurement of the water holding capac-
ity of soil substrates. For this purpose, 25 g of a substrate was evenly distributed onto a
filtering paper, placed in a glass funnel and set on a volumetric cylinder. Then, water was
added (50 mL), and the mixture was left until the dripping in the cylinder stopped. The
water still held by the soil was the difference between the original volume of water added
and that in the cylinder.

2.3. Physicochemical Analyses

X-ray diffraction patterns of zeolites were acquired on fine powdered specimens using
a Siemens D 5005 diffractometer (Ni-filtered Cu Ka, graphite monochromatographe), at
40 kV and 40 mA (0.02◦ (2θ) s−1 between 3◦ and 65◦). The mineralogical content was
identified using DIFFRACplus EVA 10.0 software.

Scanning electron micrographs were obtained with a Jeol JSM-5600 apparatus equipped
with an OXFORD ISIS 300 EDS microanalyzer. Prior to examination, the samples were
coated with a 10 nm thick graphite film using a B7341 Agar Automatic Sputter.

Acidity measurements were carried out using a PHS-3D (Beijing Jia Hua Zhong Xin
Technology Co., Ltd., Beijing, China) pH-meter, as described in the SW-846 Test Method
9045D for soil and waste pH (EPA, United States) [18]; 20 g of soil and 20 mL of distilled
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water were mixed, covered, stirred for 5 min, and then left to stand for 1 h to allow most of
the dispersed clay to settle out from the suspension.

To determine the cation exchange capacity (CEC) of soils and zeolites, a CH3COONH4
solution was added to the original material; the mixture was left for 24 h and then cen-
trifuged. The same process was repeated five times [19,20]. The samples were then mixed
with ethanol and centrifuged (five times). The solids were air dried, and finally, NaCl
solution was added and the mixtures were centrifuged. Na+ and NH4

+ concentrations
in the supernatant were determined using flame (JENWAY PFP 7) and UV-Vis (HACH
DR4000) spectrophotometers, respectively.

The determination of metal concentrations in soils was performed as follows [21]:
1 mL distilled water, 3 mL concentrated HNO3, 1 mL concentrated HCl, 5 mL HF, and 4 mL
HClO4 were added to 0.2 g soil and placed in a Teflon vessel. The mixture was left for
30 min and then heated to dryness. The solid obtained was dissolved in HCl 0.1 M solution
in a 100 mL flask.

Metal leaching was performed according to the European Standard 12457-2 [22];
the solid matter and distilled water were mixed at a solid to liquid ratio of 1/10 (w/v). The
mixture was agitated for 24 h and then left to settle for 15 min. Finally, the eluant was
separated via filtration to acquire the “leachates”, and the metal concentrations therein were
determined with the use of a Perkin Elmer 1100b atomic absorption spectrophotometer
(AAS).

3. Results and Discussion
3.1. Characterization of the Polluted Soil and Aluminosilicates

The major elements’ concentrations in all materials used (FML, ZML, CSA and MSA)
and Lavrion soil are presented in Table 1. Regarding the mineralogical composition, Meliti
fly ash mostly contains quartz and to a lesser extent, anorthite, albite, hematite and lime.
The synthetic zeolite prepared from FML additionally contains large amounts of Na-P1
zeolite [7,8]. CSA largely contains clinoptilolite and small amounts of mordenite and
sanidine, while MSA, besides mordenite, contains clinoptilolite, sanidine and quartz. In
Lavrion soil quartz, calcite and clay minerals were mostly detected; other minerals that
remained from the mineral activities, e.g., gypsum, were identified in small quantities.

Table 1. Bulk chemical analyses (major elements (%)) of FML, ZML, CSA, MSA and L.

Elements FML ZML CSA MSA L

SiO2 56.21 47.38 61.78 70.57 9.57
Al2O3 17.73 15.50 13.19 11.85 2.18
Fe2O3 7.66 6.38 1.92 1.33 30.93
MgO 2.31 2.04 1.22 0.54 0.21
CaO 8.62 8.05 3.79 1.93 8.14

Na2O 1.47 6.39 0.72 0.93 0.12
K2O 2.14 1.43 2.71 3.25 0.48
TiO2 0.82 0.72 0.12 0.15 0.11
P2O5 0.12 0.08 0.02 0.09 0.12
MnO 0.11 0.10 bdl 0.03 0.64
Cr2O3 0.02 0.02 bdl bdl 0.04

TOT/C 0.96 1.16 0.04 0.03
TOT/S 0.41 0.23 bdl bdl

LOI 1.80 11.20 13.69 9.26
Sum 100.34 100.65 99.19 99.92 52.54

bdl: below detection limit.

Figure 1 presents typical SEM micrographs of all materials studied. Figure 1a,b, in
particular, displays the changes in microscale observed during the transformation of the
glassy fly ash to crystalline Na-P1 synthetic zeolite [7,8]. Clinoptilolite crystals have tabular
texture (Figure 1c) while the mordenite structure is mostly fibrous with needle-like crystals.
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Figure 1. Typical SEM micrographs of (a) Meliti fly ash, (b) Na-P1 synthetic zeolite, (c) Samos
clinoptilolite and (d) Samos mordenite.

3.2. Soil Amelioration

The introduction of the zeolitic amendments to Lavrion soil positively affected its
basic physicochemical characteristics, i.e., acidity and cation exchange capacity (CEC). The
pH of the untreated, highly acidic Lavrion soil was found to be 3.7. Soil pH constitutes
one of the key chemical indicators of good health, being extremely important for plant
growth and ion availability in solution. It affects essential nutrients’ bioavailability, plants’
water uptake, crop performance, soil microorganisms’ activity and metal ion circulation. In
low soil pHs (<4) heavy metals become soluble and are readily absorbed by plants; thus,
plants are more susceptible to heavy-metal toxicity [23,24]. All zeolite materials selected
for Lavrion soil rehabilitation are alkaline, and thus suitable for soil pH correction; ZML,
CSA and MSA possess pHs 12.1, 8.2 and 7.6, respectively. In fact, after treatment, soil
acidification was alleviated, and L soil pH raised to 5.7, 5,2 and 5.0, respectively. It has been
reported that soil pH rise positively correlates with an increase in crop yield [25,26].

Cation exchange capacity (CEC) a parameter also associated with soil pH, was
amended with zeolites; after ZML, CSA and MSA addition to Lavrion soil, the L cation
exchange capacity increased from 21.2 to 34.1, 32.7 and 41.0, respectively, representing a
50 to 100% increase. The CEC values of the zeolite amendments were found 148, 79.9 and
81.1 meq/100 g, respectively.

The origin of soil’s CEC has been attributed to both the presence of clay and organic
materials. Soil’s negative charges arise from isomorphous substitutions in clays and acid
dissociation in organic matter, and they are capable of withholding positively charged
compounds; thus, regulation of nutrients and metal ions bioavailability is achieved. The
organic acids’ functionality implies the underlining correlation between soil pH and CEC.
Soils with low CEC are expected to demonstrate deficiencies, infertility and reduced
water-holding capacity; in general, low CEC in soils has been negatively correlated with
crop yield [25–27].
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3.3. Metal Ions Leaching

Besides amelioration of Lavrion soil parameters, the addition of the environment-
friendly zeolitic amendments also contributed to heavy metal leaching abatement (Table 2).
Six, possibly toxic, metals were investigated, i.e., Pb, Cd, Zn, Cu, Mn and Fe. Heavy
metals in mine soils do not degrade; rather, they accumulate in both aquatic and terrestrial
ecosystems and enter the food chain, triggering plant growth disorders and toxicity to
humans [28–30].

Table 2. Concentration (ppm) of heavy metals in the leachates of original and zeolite-amended
Lavrion soil.

Metal
Concentrations (ppm)

L-ZML L-CSA L-MSA L

Pb 0.51 0.74 0.75 0.81
Cd 0.20 0.55 0.40 0.72
Zn 91 201 165 230
Cu 0.05 0.09 0.05 0.15
Mn 7 15 10 30
Fe 2 3 3 3

The results demonstrate that Lavrion soil amended with the synthetic Na-P1 zeolite
produced from Meliti fly ash (followed by Samos Mordenite) exhibited the best performance
in preventing metal leaching, i.e., 38%, 72%, 61%, 67%, 77% and 33% for Pb, Cd, Zn, Cu,
Mn and Fe, respectively. The better performance of the synthetic zeolite can be attributed
to both its higher alkalinity and its increased cation exchange capacity compared with
natural zeolites.

4. Conclusions

Lavrion mines (abandoned since 1977) have been long used for silver, lead, and zinc
extraction. Acid mine drainage stems from both active and abandoned mines; it lowers pH
in both surface and ground waters, which, in turn, mobilizes toxic chemicals, mostly heavy
metals, percolating into the environment. In addition, acid mine drainage degrades soil
quality and negatively impacts both terrestrial and aquatic ecosystems.

Two natural zeolites originating from Samos tuffs containing mostly clinoptilolite
and mordenite, respectively, and a synthetic one (Na-P1) prepared from Meliti fly ash
were selected as low-cost amendments to restore the in situ negative impacts of Lavrion
mine soil.

Soil amelioration was observed via pH, and CEC increase was achieved by all three
different zeolitic materials. Regarding heavy metal leaching restoration, the synthetic
zeolite proved more efficient, decreasing the metal concentrations in the leachates by 38%,
72%, 61%, 67%, 77% and 33% for Pb, Cd, Zn, Cu, Mn and Fe, respectively, followed by
Samos mordenite.

Thus, natural and synthetic zeolitic materials as soil amendments have proved to be
promising, low-cost, eco-friendly materials for an in situ treatment of contaminated soil
in abandoned mine areas, reducing the adverse effects of pH decline and reversing the
picture of desertification and aridity that exists in abandoned mines. The quantity of toxic
metals retained is analogous to the adsorbent mass; the scaling up of this process includes
calculation of the appropriate zeolite quantities. Further research on additives that could
facilitate the process could be of significant importance.
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