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Abstract: In the context of the current environmental policies of the European Union promoting the
recycling and reuse of waste materials, this work aimed at investigating the environmental impact
of ashes produced from the co-combustion of municipal solid wastes with olive kernel in a fixed
bed unit. Lignite fly ash, silica fume, wheat straw ash, meat and bone meal biochar, and mixtures of
them were used as stabilizing ash materials. All solids were characterized by physical, chemical and
mineralogical analyses. Column leaching tests of unstabilized and stabilized ash through a quarzitic
soil were conducted, simulating field conditions. pH, electrical conductivity, chloride, sulphate and
phosphate ions, major and trace elements in the leachates were measured. The results showed
that alkaline compounds were partially dissolved in water extracts, increasing their pH and thus
decreasing the leachability of heavy metals from the ash. Cr leached from unstabilized ash reached a
hazardous level. Upon the stabilization of ash, the concentrations of heavy metals in the extracts
were reduced between 9% and 100%, and were below legislation limits for disposal, apart from Cr.
The latter was achieved only when meat and bone meal biochar was used as stabilizer. Entrapment of
ash elements was assigned to the amorphous silica and to the phosphates of the stabilizing materials,
as well as complexed silicates formed during the process.

Keywords: municipal solid wastes; ash; stabilization; soil leaching

1. Introduction

Due to the continuous increase in energy demand and the environmental impact of fossil fuels,
policies of European Union (EU) and most countries in the world are fostering the use of renewable
energy for power generation and an increased share of biomass fuels [1]. Municipal solid wastes (MSW),
produced in large quantities across the world, are considered as biomass fuels. Their thermal treatment
reduces disposal volume in landfills and cost, destroying hazardous constituents related to pathogens
and other pollutants and allows for energy recovery, increasing economic returns to rural communities.
However, the heterogeneity and variable composition of such wastes, unlike other biomass materials,
may pose serious limitations in energy systems and create technical and environmental barriers [2,3].
Accordingly, their blending with higher quality woody residues—such as agricultural wastes, which are
abundantly found at low or no cost, especially in South Europe—seems a promising solution. The Waste
Framework Directive of the EU has already set the hierarchy of the waste policy and management for
recycling and reuse [4].

Consequently, the increase in incineration or co-firing technologies of wastes will result in
the production of huge amounts of ashes (about 25% of mass input) with different characteristics,
which may create operational or environmental problems and, on the other hand, determine the
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potential valorification of these ashes in various applications [2,5,6]. Some minerals in ashes may
have a vitalizing effect upon recycling to soils [7], or may cause eutrophication problems. However,
most heavy metals, being toxic, could seriously threaten the health of humans, animals and plants [8].
Therefore, proper management of ashes is of great importance for the environmental monitoring
and protection, or their utilization, taking into account the increased bioenergy demand in the
forthcoming years.

Different treatment technologies have been proposed for the stabilization of ashes, including
separation, solidification, chemical stabilization and thermal processes. Separation methods intend
generally to extract by water leaching soluble salts from the waste, but they require post-treatment
of waste water. Thermal treatment, such as vitrification, sintering and melting, is energy consuming
and may cause equipment corrosion due to high temperatures, and secondary pollution through
the release of volatile metals. Solidification with cement/lime-based materials, although a mature
technology, is limited by the increase in mass and volume of the waste, leading to the extra cost of
transportation and disposal [9–14]. Chemical stabilization treatment has shown satisfactory results
for the immobilization of toxic metals in ashes, using a variety of chemical compounds, such as
sulfides [15], phosphates [10,11], silicates [11] and chelating agents [11,13,16].

However, current environmental policies of EU foster a circular economy, promoting the recycling
and reuse of waste materials. Accordingly, several waste by-products have been used as stabilizing
materials. Recently, a process based on a mixture of flue gas desulphurization residue, coal fly ash and
an amorphous silica source, such as silica fume or rice husk ash, was developed for the stabilization
of MSW fly ash, particularly of heavy metals Pb and Zn [9,17,18]. The mechanism was explained by
the sorption of metal ions on silica surface. Flue gas desulphurization residue and coal fly ash were
added to improve some concrete characteristics. Rice husk ash, possessing pozzolanic properties, was
also used in another study for partial replacement of cement for the immobilization of Pb and Cu [19].
Different sources of amorphous silica, such as sewage sludge ash [20] and MSW bottom ash [21]
were also employed for the stabilization of MSW fly ash, through the promotion of carbonation and
pozzolanic reactions.

Several standard leaching procedures have been applied, to assess the risk from disposal of
chemically or physically treated MSW fly ashes (TCLP, EN12457/t-4, DIN38414-S4, etc.) [10,22].
However, these tests cannot provide sufficient information for landfill applications and may give
misleading estimates of environmental impact [10]. Column leaching experiments, simulating field
conditions for disposal of MSW ashes, have not been performed so far. Furthermore, there is lack of
data on the leaching behaviour of bottom ashes produced from co-firing agricultural with MSW wastes
in fixed bed units.

In a previous work in our laboratory [23], fixed bed ash, generated by the co-combustion of
MSW and olive kernel (OK), was found to present a greater extractability of toxic elements upon
leaching, than fluidized bed fly ash of the same feedstock. In view of the need, as previously
discussed, to use sustainable materials and economic inertilization procedures, minimizing energy
and emissions, the current study aimed at utilizing only waste materials for stabilizing MSW/OK ash,
such as lignite fly ash, silica fume, wheat straw ash, meat and bone meal (MBM) biochar, or mixtures
of them. Lignite fly ash, produced by many power plants in Europe, has not been used before as
stabilizing agent. Furthermore, wheat straw, an abundant agricultural residue, has not been adopted as
a silica source. Finally, MBM—generated in huge amounts from food processing industries worldwide,
treated thermally to destroy pathogens and gain added-value products—was investigated for the
first time for its potential to stabilize waste biomass ashes. The methodology employed consisted of
physical, chemical and mineralogical characterization of all materials involved, followed by column
leaching tests of unstabilized and stabilized ash through soil and subsequent measurements of ions
and metals in the leachates.
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2. Materials and Methods

2.1. Origin and Preparation of Ash and Stabilizers

The ash used for the leaching experiments of this study was produced form co-combustion tests of
MSW with OK at a mixing ratio of 10:90 by weight, in a fixed bed unit. The urban waste was collected
form the solid wastes management company DEDISA of the region of Chania, Crete, from representative
samples during a whole year. OK was provided form a local oil factory. Raw materials were air dried,
riffled, homogenized and ground to a particle size of 1–3 mm, before being used for the combustion test.
The system (ID = 70 mm, H = 2 m) has been described in detail in a previous work by the authors [24].
Feeding rate was 0.72 kg/h, excess air ratio 1.4 and maximum combustion temperature 845 ◦C.

As stabilizers, the following materials were used: (i) a lignite fly ash from the power plant of
Melitis in Florina, North Greece, (ii) silica fume, a fine non-crystalline silica with mean particle size
0.11 µm and specific surface area 25 m2/g, by-product of elemental silicon production, provided by
Elkem company, Norway, (iii) wheat straw ash obtained from the area near the power plants in North
Greece and (iv) a 550 ◦C produced biochar from MBM, provided from a swine breeding factory in
Crete (equipment for biochar production was presented in a previous investigation [25]). Stabilizers
were blended with the ash sample at weight percentages 10% or 20% and the mixtures were wetted
with deionized water at a liquid/solid ratio of about 0.3 and stirred for 1h in a laboratory mixer at
100 ◦C, according to the method proposed by [17]. After homogenization, the samples were left at
room temperature for 1 month, thus allowing the stabilization reactions to complete and water to
totally evaporate.

2.2. Leaching of Raw and Stabilized Ash through the Soil

Sampling of soil was conducted systematically, following the method of rectangular grid, from the
top 30 cm of the area next to DEDISA company, where possible ash deposition is about to occur.
After being sieved to a particle size of <2 mm, and analyzed for its proportions in sand, silt and clay,
the soil was mixed with each ash material at proportions 95:5, to maintain compatibility with
field conditions.

Vertical glass columns with and ID of 4.5 cm and a height of 50 cm were adopted for the tests,
in order to produce an estimate of long-term leaching behaviour. Each column was fitted with fiberglass
into the drain opening and a valve at the base to control leachate collection. About 180 g soil ash
mixture was packed into the column and saturated with de-ionized water. Leaching was initiated
by percolating purified water continuously, keeping at the same time the hydraulic head constant.
The amount of water was chosen to correspond to the average annual quantity of rainfall in the area
of Chania, Crete (~620 mm). Each column effluent was collected in glass flasks, filtered through
micropore membrane filter and the pH and electrical conductivity (EC) of each extract were measured.
Liquid samples were kept in the refrigerator and prepared for the chemical analyses within a few days.
Measured parameter values were the average from two experiments for each case (error ± 2.5%).

2.3. Characterization of Solids and Liquid Analyses

Mineral phases of solid materials involved were detected by an X-ray diffractometer (XRD), model
D8 Advance of Bruker AXS. The scans were performed between 2 and 70 2 θ◦, with increments of
0.02◦/s, applying Cu Kα radiation. The database JCPDS, in conjunction with software DIFFRAC plus
Evaluation, was used for identification of minerals and data processing.

A spectrophotometer (Spectrum 1000, Perkin Elmer) was employed for the Fourier Transform
Infrared (FTIR) analysis of the samples, in the range of 4000–400 cm−1 wavenumber, at a resolution of
4 cm−1. The samples were pelletized after being mixed with KBr at a ratio of 1/100 w/w.

Major and trace metal analyses of solids and liquids were conducted by an inductively coupled
plasma mass spectrometer, model ICP-MS 7500cx of Agilent Technologies, assisted by microwave
digestion with HNO3 acid, in Anton Paar Multiwave 3000 oven. Phosphorous in solids was determined,
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after acid digestion with HCl, HF and HNO3 acids and heating in a water bath at 80 ◦C, with a UV-VIS
spectrophotometer type DR/4000V of Hach. For silicon measurement, fusion of each sample with
Li2B4O7 at 980 ◦C was conducted, followed by digestion with HNO3 acid and analysis in an atomic
absorption spectrometer (AAS) type Analyst-100 of Perkin Elmer.

pH and EC were measured using a bench top meter precision pH/Ortmeter 920 and a Hanna
bench conductivity EC215, respectively. For solid samples, the solid-to-liquid ratio was 1:5.
The cation exchange capacity (CEC) was determined according to the ammonium acetate (NH4OAC)
extraction method [26]. The concentrations of chloride, sulphate and phosphate ions in the
leachates were derived through the use of a UV-VIS spectrophotometer model Smart 3 of LaMotte,
by applying the argentometric method 3693-SC, the barium chloride method 3665-SC and the
vanadomolybdophosphoric acid method 3655-SC.

3. Results and Discussion

3.1. Physical and Chemical Properties of Soil and Ash Samples

The mineral phases of the soil and ash materials are listed in Table 1. As can be seen, the soil
was of quarzitic origin (sand = 42.5%, silt = 37.2%, clays = 20.3%), containing small amounts of
muscovite and clinochlore. OK/MSW ash was dominated by quartz, Ca and K-based minerals.
Ca was bound in sulphates (anhydrite, most probably formed by dehydration of gypsum, as the SO2

concentration of flue gas was found to be extremely low), carbonates (calcite, dolomite, fairchildite),
phosphates (hydroxylapatite, possibly associated with the use of fertilizers such as NH4H2PO4 during
the cultivation of olive trees [24]) and to a small extent in silicates (monticellite). Potassium was
incorporated in sulphates (arcanite, aphthitalite), chlorides (sylvite), carbonates (fairchildite) and in
small amounts in clays, such as microcline and muscovite. Mg was also present in periclase and
magnesite, while Fe was detected in the form of srebrodolskite.

Table 1. Physical and chemical properties of soil and ash.

Sample

Soil OK/MSW Ash

pH 7.1 13.0
EC (mS/cm) 0.02 1.5

CEC (meq/100g) 0.76 0.01
Mineral phases
Calcite CaCO3 +

Quartz SiO2 +++ ++
Anhydrite CaSO4 ++

Dolomite CaMg(CO3)2 +
Arcanite K2SO4 ++
Periclase MgO +

Fairchildite K2Ca(CO3)2 +
Sylvite KCl +

Hydroxyapatite Ca5(PO4)3(OH) +
Microcline KAlSi3O8 +

Aphthitalite NaK3(SO4)2 +
Magnesite MgCO3 +

Muscovite KAl2(Si3AlO10)(OH)2 + +
Monticellite Ca(MgFe)SiO4 +

Srebrodolskite Ca2Fe2O5 +
Clinochlore

(Mg,Fe)5Al(Si3Al)O10(OH)8
+

+++: high intensity ++: medium intensity +: low intensity

Table 1 indicates that the pH of the soil was neutral, while that of ash was highly alkaline, due to
great amounts of alkali in its content, as shown above, principally Ca and K. The EC, which is used to
estimate the quantity of total dissolved salts, was very low in both samples. The high pH and the low
salinity of present materials are expected to have a positive effect on the leachability of the various
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species from the soil. On the other hand, the CEC of soil, as seen in Table 1, was also very low, implying
the weak ability of the soil to adsorb cations and retard or prevent their leaching.

The concentrations of major elements in ash sample are compared in Figure 1a. The high levels
of Ca, K in OK/MSW ash are consistent with the mineralogical analysis. For soil (not shown in the
graph due to difference in scale), the most abundant element was Si (173.7 g/kg) incorporated in
quartz, in accordance to the XRD analysis. Fe (23.8 g/kg) and Al (16.9 g/kg) were associated with
clinochlore and muscovite minerals, as previously shown. As concerns trace elements, Figure 1b shows
that the ash was rich in Mn and contained similar amounts of Cr and Pb. A previous study by the
authors [2] reported elevated amounts of Cr and Pb in MSW ash. OK/MSW ash was also enriched in Sr.
Toxic heavy metals As, Cd, Hg and Co were omitted from the graphs, as they ranged from <0.4 ppb to
9 ppm. All measured values were comparable to those reported in literature [2,24,27] and below the
upper limit for disposal in landfills, set by EU directives (for Cr 500 mg/kg, for Cu 1750 mg/kg, for Ni
400 mg/kg, for Zn 4000 mg/kg and for Pb 1200 mg/kg) [28].
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3.2. Leachability of the Various Species from the Soil/Ash Sample

The variation of pH and EC with leaching time, as well as the concentrations of chloride and
sulphate ions in the extracts collected from the leaching of OK/MSW ash through the soil, are represented
in Table 2. As can be observed, pH increased gradually from 8 to 8.7 with time, implying some
dissolution of the alkaline compounds contained in the ash (XRD analysis in Table 1), such as carbonates
of K, Ca and Mg. In contrast, the EC of the water extracts, which was anyway very low, dropped
to almost zero values after the release of soluble salts in the first leachate. Both pH and EC are
known [19,22,25,29] to affect the mobility of the various ions and metals through soils.

The chlorine ions seen in Table 2 were very low and were attributed to soluble sylvite in
OK/MSW ash. On the other hand, the concentration of sulphate ions in the leachates was considerable,
due to the sulphate compounds in the ash anhydrite, arcanite and aphthitalite, as previously discussed
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in the XRD analysis. Phosphate ions were not measurable in the water extracts, as they were strongly
correlated to the mineral phase hydroxyapatite in ash. A direct comparison of present values with
those of other studies is difficult, because of the very few data reported, as well as the different raw
materials and leaching conditions. Some values measured in liquid extracts from MSW ashes were
670–10,330 mg/L [21], 2540 mg/L [12], 6212 mg/L [10] for chlorine and 3060 mg/L [10] for sulphate ions,
i.e., much higher than current results. The legal limits for non-hazardous waste landfills are 1500 mg/L
and 2000 mg/L, respectively [30].

Table 2. Variation of pH, EC and ions with time in the leachates of soil/ash.

Leaching Time (min) pH EC (mS/cm) Cl− (mg/L) SO42− (mg/L)

20 7.97 3.30 51.8 402
52 8.66 0.73 15.8 154
87 8.67 0.29 6.0 52
128 8.69 0.19 5.2 37
174 8.72 0.15 4.0 14

The variation of the most mobile alkali cations, among major elements, with leaching time is
illustrated in Figure 2a. Na, which is a strongly hydrated cation, and was present in aphthitalite,
was extracted in higher amounts, followed by K and Mg. K was bound in soluble forms of chlorides,
sulphates and carbonates, such as sylvite, arcanite, aphthitalite and fairchildite, while Mg in magnesite,
dolomite and magnesium hydroxide formed.

The concentrations of heavy metals measured in the leachates were very low (apart from Cr)
and did not exceed legal limits (for As 0.2 mg/L, for Cr 1 mg/L, for Cu 5 mg/L, for Ni 1 mg/L, for Pb
1 mg/L, for Zn 5 mg/L) stipulated by EU Directives for waste landfilling [30,31]. Ni and Cu showed
the lowest mobility, reaching levels of ~2–38 µg/L in the leachates. Mn, Zn and As were extracted in
moderate amounts between 8 and 140 µg/L, whereas Sr was extracted in higher amounts between
43 and 1013 µg/L. Elements Cd, Hg, Pb and Co were not quantified in the extracts, because their
concentration was below the instrument’s detection limit (0.004–0.035 ppb). As stated above, although
a direct comparison of current results with those of other investigations is not feasible, the findings are
comparable, except those reported for Pb and Cr [10,12,19]. For MSW fly ash, the concentration of Pb
was found to exceed the legal limits in the leachates 34–86 mg/L [10,20,22] and that of Cr to be lower
0.24–0.41 mg/L [10,12], as opposed to present study, where Pb was not extracted at all, whereas Cr
reached a hazardous level, about 30 mg/L (limit 1 mg/L). Figure 2b shows that the highest concentration
was observed soon after the experiment was initialized and tended to decrease with time of leaching.

The reasons for the leachability behaviour of the trace elements of ash through the soil, can be
found in the mineralogical and chemical composition of the solid materials involved, various reaction
kinetics, the pH of solid and liquid phases, the permeability and CEC of soil, etc. [25,29]. Obviously,
the highly alkaline nature of the ash attributed to basic K, Mg and Ca-bearing minerals, which were
partly dissolved in water raising the pH of the extracts, was a key factor for the low leachability of
heavy metals. This is strengthened by the fact that the CEC of the soil was very low for adsorbing
these species. The low migration of Ni, Co, Cu, Zn, Mn and As reveals that these could be tied up in
the crystal lattice of the minerals which were incorporated in the quarzitic soil rocks [24], or bound
in aluminosilicates such as microcline, muscovite and clinochlore, or stable oxides such as quartz
and srebrodolskite. Moreover, the null leachability of Pb, which is known to have calcium or organic
affinity [12,22], suggests that this element was converted during the tests to insoluble oxide, or was
associated to insoluble phosphates. However, the high extraction rate of Cr and—to a lesser extent—Sr
implies their potential association with organic matter, or salts dissolved in the water extracts [24,25,32].
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3.3. Mineralogical and Chemical Properties of Stabilizers

The XRD and chemical analysis results for the materials used in present study for the stabilization
of OK/MSW ash are included and compared in Table 3 and Figure 3, respectively. Lignite fly ash was
rich in quartz, hematite and mullite, wheat straw ash was rich in quartz, arcanite and calcite, whereas
MBM biochar was rich in hydroxyapatite, whitlockite magnesian and calcium sodium phosphate.
The high silicon content of silica fume is clearly shown in Figure 3, where the concentrations of the
chemical elements reflect the mineral phases identified.
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Table 3. Mineralogical analysis of ash stabilizers.

Mineral Phases
Sample

Lignite Fly Ash (LFA) Silica Fume (SIF) Wheat Straw Ash (WSA) MBM Biochar (MBMb)

Quartz SiO2 +++ +++
Calcite CaCO3 + ++

Albite Na(AlSi3O8) +
Silicon Si +++

Moissanite SiC +
Anhydrite CaSO4 + +

Sylvite KCl + +
Hydroxyapatite
Ca5(PO4)3(OH) + +++

Hercynite FeAl2O4 +
Hematite Fe2O3 ++

Mullite Al6Si2O13 ++
Orthoclase
KAlSi3O8

+

Anorthite (Ca,
Na)(Si,Al)4O8

++

Arcanite K2SO4 +++
Calcium phosphate

NaCaPO4
++

Alite NaCl +
Whitlockite
magnesian

(CaMg)3(PO4)2

+

Fairchildite
K2Ca(CO3)2

+

+++: high intensity ++: medium intensity +: low intensity.

3.4. Leachability of the Various Species from the Soil/Stabilized Ash Samples

Measurements of pH, EC, chloride and sulphate ions concentration in the leachates of OK/MSW ash,
stabilized with 10% w/w lignite fly ash, or silica fume, or wheat straw ash, or MBM biochar as a
function of time, are presented in Table 4. In all cases pH increased with time of leaching from 7.3
to 8.8, but not to the same extent as in the case of unstabilized ash (Table 2). This is attributed to
the decreased dissolution of alkaline substances from the stabilized ash material, as all stabilizers,
especially the fly ash, silica fume and MBM contained lower amounts of alkali, as previously shown
(Table 3). Obviously, the pH of OK/MSW sample substituted by 30% w/w with stabilizers dropped,
ranging from 7.5 to 8.2 in the liquid extracts. Slightly lower pH values were measured in the leachates
collected from OK/MSW ash stabilized with 20% w/w of each stabilizer (results are not included in the
table for economy reasons).

Table 4 shows that the EC of liquid samples was very low, similar to the values obtained from the
unstabilized ash (Table 2) and decreased remarkably with time.

Concerning the concentrations of ions, it can be observed that there was a small increase actually
of the sulphate ions, except for the ash stabilized with MBM biochar, as compared to the leachates
from unstabilized ash (Table 2), due to the contribution of soluble anhydrite and arcanite from lignite
fly ash and wheat straw ash stabilizers. MBM biochar did not contain any sulphate minerals (Table 3).
The increase in sulphate ions is consistent with the lower pH values observed. Nevertheless, all values
were much lower than the limits for non-hazardous waste landfills [30]. When stabilizers were added
at a percentage of 20% w/w in OK/MSW ash, chlorine and sulphate ions were slightly increased.

The cumulative concentrations of major and trace elements leached from the OK/MSW ash
stabilized with 10% or 20% w/w of lignite fly ash, silica fume, wheat straw ash and MBM biochar,
according to the column leaching tests conducted, are compared in Table 5. The elements which
showed very low (<0.1%) or no extractability, such as Al (0–0.16%), Fe (0–0.07%), Mn (0–0.005%),
Ni (0–0.1%), Zn (0–0.07%), Cd, Hg, Pb, Co (0%), were not included in the table. As in the case of
unstabilized ash, the concentrations (mg/kg) of alkali and alkaline earth metals Na, K, Ca and Mg in
the leachates were quite high. This was owned to the dissolution of soluble minerals in the forms of
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chlorides, sulphates and carbonates (Tables 1 and 3), present in these materials. However, Table 5
shows that the presence of all stabilizers in OK/MSW ash resulted in lower Na, K and Mg contents in
the leachates and decreased the relevant mass leached. Generally, Na presented the highest mobility
among these elements, while K the lowest. It is interesting to note that, in the presence of MBM biochar,
the amount of Ca and Mg elements in the leachates was significantly reduced. Such a behaviour could
be assigned to the insoluble phosphates incorporating these elements in MBM biochar (Table 3), as well
as its negative surface functional groups identified in the FTIR spectra shown below, which could act as
retention sites. Moreover, addition of stabilizers to the OK/MSW ash at a percentage 20% w/w resulted
in a further decrease in Na, K and Mg in the water extracts. Overall, as compared to unstabilized ash,
Na was reduced by 9–82%, K by 73–99% and Mg by 3–97%, when stabilizers were applied.

Table 4. Variation of pH, EC and ions in the leachates of soil/ash with 10% w/w stabilizers.

Soil/Ash/Stabilizer
Leachate

1 2 3 4 5

LFA
pH 7.74 7.86 8.17 8.37 8.43

EC (mS/cm) 2.8 1.6 0.75 0.39 0.23
Cl− (mg/L) 53.2 16.2 9.1 8.5 6.9

SO4
2− (mg/L) 359 323 212 101 40

SIF
pH 7.64 7.87 8.24 8.38 8.42

EC (mS/cm) 3.7 2.4 1.0 0.49 0.29
Cl− (mg/L) 30.0 16.2 9.3 7.8 7.6

SO4
2− (mg/L) 447 162 59 50 47

WSA
pH 8.02 8.69 8.73 8.75 8.81

EC (mS/cm) 4.1 1.5 0.63 0.57 0.45
Cl− (mg/L) 44.7 9.1 8.4 8.0 7.7

SO4
2− (mg/L) 367 312 77 9 1

LFA + SIF + WSA
pH 7.49 7.99 8.16 8.18 8.18

EC (mS/cm) 3.4 2.4 0.82 0.48 0.42
Cl− (mg/L) 65.4 32.8 5.3 4.0 3.6

SO4
2− (mg/L) 361 332 91 45 12

MBMb
pH 7.25 7.47 7.50 7.60 7.69

EC (mS/cm) 0.83 0.55 0.34 0.23 0.23
Cl− (mg/L) 18.9 13.1 11.4 10.2 9.6

SO4
2− (mg/L) 200 183 121 88 72

Table 5. Cumulative element concentrations and (%) mass leached in the leachates with stabilizers.

Sample Major Element Concentration (mg/kg) Trace Element Concentration (µg/kg)

Na Mg K Ca Sr Cr Cu As

Soil/ash 788.2
(65.7)

246.8
(7.1)

572.8
(6.3)

202.6
(1.4)

2272.5
(3.5)

20,232.1
(39.8)

73.5
(0.2)

10.1
(0.20

Soil/ash + 10% LFA 298.0
(26.3)

65.8
(1.9)

20.8
(0.2)

75.5
(0.5)

660.5
(1.1)

5745.0
(11.3)

3.5
(-) -

Soil/ash + 20% LFA 222.8
(20.9)

45.5
(1.4)

10.1
(0.1)

231.7
(1.7)

538.7
(0.9)

3137.0
(6.2) - -

Soil/ash + 10% SIF 705.9
(63.8)

137.7
(4.1)

153.2
(1.8)

113.3
(0.8)

1243.9
(2.1)

11,342.8
(22.4)

6.5
(0.01) -

Soil/ash + 20% SIF 143.9
(14.2)

37.0
(1.2)

64.1
(0.8)

229.5
(1.8)

468.5
(0.9)

2219.3
(4.4) - -

Soil/ash + 10% WSA 715.9
(64.0)

239.1
(7.0)

126.7
(1.4)

206.6
(1.5)

2064.7
(3.4)

14,064.3
(27.7)

53.8
(0.1)

5.4
(0.08)

Soil/ash + 20% WSA 281.9
(27.2)

104.6
(3.0)

10.0
(0.1)

489.1
(3.0)

848.7
(1.5)

4821.5
(9.5)

2.0
(-) -

Soil/ash + 10% LFA +
10% SIF + 10% WSA

340.6
(35.6)

82.1
(2.5)

6.9
(0.09)

394.4
(3.1)

760.9
(1.5)

4297.5
(8.5)

7.6
(0.02) -

Soil/ash + 10% MBMb
281.3
(23.5)

46.0
(1.3)

47.5
(0.6)

72.1
(0.5)

395.5
(0.7)

2248.5
(4.4) - -

Soil/ash + 20% MBMb
235.3
(19.6)

7.9
(0.2)

28.7
(0.4)

43.2
(0.3)

131.4
(0.2)

487.6
(0.9) - -
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As concerns the heavy metals, Table 5 indicates that those which were extracted in higher amounts
from OK/MSW ash were Cr (20.2 mg/kg) and Sr (2.3 mg/kg). The concentration of Cu in liquid effluents
was 73.5 µg/kg, while that of As 10.1 µg/kg. Upon the addition of stabilizers, the concentrations of Cr,
Sr, Cu and As were significantly reduced, as compared to the unstabilized ash and the reduction
was further higher when the amount of stabilizer was increased. Thus, for Cr which presented the
greater mobility the reduction was 30–98%, for Sr 9–94%, whereas for Cu and As it was 27–100%
and 47–100%, respectively. Measured values of heavy metals were within the limits stipulated by
EU Directives [30,31], except for Cr. Although all stabilizers used were beneficial in diminishing
heavy metal concentrations in water extracts, only MBM biochar decreased the leachability of toxic
element Cr by 89–98%, to below allowable limits for waste landfilling (for 20% w/w stabilizer, maximum
concentration in leachates was 0.48 mg/L, limit 1 mg/L). Moreover, these results show that MBM
biochar achieved the best performance in stabilizing OK/MSW ash.

Current findings cannot be directly compared with previous studies, due to different experimental
set up and procedures and solid materials employed. Various investigations related to MSW fly
ash stabilization with rice husk, silica fume and bottom MSW ash [9,18,21,22] have reported the
mitigation of heavy metals in the leachates, but only a few provided data relevant to hazardous limits.
These studies used chemical stabilization methods with phosphoric acid [10] and sodium carbonate [12].

In order to investigate the mechanism behind the retention of the various metal species in the
stabilized ash material, quantitative mineralogical analysis was conducted and the mineral phases are
included in Table 6. The XRD spectra of all stabilized materials are illustrated in the Appendix A. It is
known [9,12] that solid residues containing Ca(OH)2 can promote the carbonation process and thus
heavy metals immobilization, but this reaction requires several months to naturally occur (the ash
studied was pretreated for 1 month). Furthermore, Ca(OH)2 can promote pozzolanic reactions with
silica and alumina of solid wastes [20], forming calcium silicate hydrates or aluminum silicate hydrates,
which can stabilize heavy metals. However, in this work, none of the raw materials contained Ca(OH)2.
Even if it would have been formed during the stabilization procedure, the hydrates would have
been detected in the XRD patterns, whereas Ca(OH)2 would have been consumed. On the contrary,
our results show that crystalline Ca(OH)2 was identified in stabilized ash. Therefore, carbonation
or pozzolanic reactions did not occur. As previously presented, upon addition of stabilizers to
OK/MSW ash, the concentration of all metals studied in the leachates was significantly reduced,
in some cases up to 100%, despite the small drop of pH owned to sulphate ions. According to
Table 6, the amount of Si in crystalline phases was lower in respect to Si of the raw materials and
amorphous phase was high, between 36% and 45% in the case of silica fume. Amorphous silica, being
reactive, most probably produced silanol groups during the stabilization process, which formed a
weak acidic silica surface [18,33]. Protons from the silanol groups could be substituted by metal ions
from the solution through cation exchange reactions, thus explaining the stabilization mechanism.
These findings are supported by other studies, which used rice husk [9,18,19], coal fly ash [9,20],
silica fume [17], flue gas desulphurization residue [9,18], or bottom ash [21], as amorphous silica source.
Furthermore, the main differences between the XRD analysis of ash stabilized with lignite fly ash and
wheat straw ash (Table 6) and the mineral phases of unstabilized ash (Table 1), are the new crystalline
phases of stabilized materials hydrocalumite and zeophyllite, respectively. These silicates, apparently
formed as a consequence of reactions occurring during the stabilization process, controlled the leaching
of the various metals to some extent. Changes might also have occurred in the amorphous matrices,
which did not involve crystalline phases.

Another reason, apart from the amorphous silica and the silicates formed during the stabilization
procedure, for the practical null leachability of trace elements Pb, Mn, Ni, Zn, Cu and As, can be assigned
to the phosphates calcium sodium phosphate, whitlockite magnesian and hydroxyapatite, as indicated
in Table 6. Past studies have shown that Ca in such phosphates can be typically substituted with cations
with an ionic radius between 0.69 and 1.35 Å, to form insoluble phases [20]. This mechanism could
explain the better performance of MBM biochar in retaining the above elements. Other mechanisms
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which have been proposed [34,35] include metals complexation, sorption, electrostatic attraction,
competition between elements and precipitation. Finally, as concerns Cr, its oxidation state could be
negative under the alkaline conditions of the tests [36]. Thus, it could not neutralize the negative
charge of hydroxides, carbonates, sulphates or silicates and form precipitates, which could explain its
decreased immobilization.

The FTIR spectra of OK/MSW ash, stabilized with silica fume and MBM biochar (Figure 4),
were selected to be presented here to support the immobilization mechanism proposed. The strong
peaks at 478 cm−1 and 1113 cm−1 of ash with silica fume are assigned to Si-O and O-Si-O bonds [37].
The weak peaks between 446 and 796 cm−1 of both spectra are related to halocompounds, whereas the
strong bands at 870, 872 and 1434 cm−1 are related to CO3

2− vibration [17] from carbonates, as also
identified by XRD analysis. When MBM biochar was used as a stabilizer, an intense absorption
bond at 1010 cm−1 was detected, ascribed to C=C or C-N stretching vibration of alkenes and amines,
respectively. Furthermore, in this case, the small intensity peak at 1610 cm−1 corresponded to N-H
bending from amines, or C=C stretching from conjugated alkenes. The broad bands at 3406 cm−1 for
MBM biochar and at 1406–1418 cm−1 for both materials indicate the presence of O-H groups, which for
biochar were attributed to alcohol or carboxylic acid. In the spectra of OK/MSW ash, stabilized with
silica fume, the absorption bond at 3416 cm−1 is assigned to stretching of Si-OH vibration [37]. Finally,
the small peaks at 2326 cm−1 and 2356 cm−1 are characteristic of O=C=O stretching. The results show
that the surface of the materials was quite negatively charged, which could explain the bonding of
cations observed.

Table 6. Quantitative mineralogical analysis of ash with 20% w/w stabilizers (%).

Mineral Phases

Sample

Ash+LFA Ash+SIF Ash+WSA Ash + 10% LFA + 10% SIF
+ 10% WSA Ash +MBMb

Amorphous 36 45 39 41 37
Quartz SiO2 4 3 3 3

Calcite CaCO3 18 16 16 15 17
Srebrodolskite Ca2Fe2O5 10 10 8 6 8

Silicon Si 3 2
Moissanite SiC 3

Anhydrite CaSO4 3 2 3 2 1
Sylvite KCl 1

Hydroxyapatite
Ca5(PO4)3(OH) 3 3 4 3 10

Hydrocalumite
Ca4Al2(OH)12(Cl,CO3,OH)2·4H2O 3

Mascagnite (NH4)2SO4 7 6
Mullite Al6Si2O13 5

Microcline KAlSi3O8 3 3
Monticellite Ca(MgFe)SiO4 3 2 3 3 1

Arcanite K2SO4 7 7 7 7 7
Periclase MgO 2 2

Portlandite Ca(OH)2 3 2 3 3 1
Aphthitalite NaK3(SO4)2 2

Zeophyllite
Ca13Si10O28(OH)2F8·6H2O 4 2

Biphosammite NH4H2PO4 2
Alite NaCl 2

Whitlockite magnesian
(CaMg)3(PO4)2

8

Fairchildite K2Ca(CO3)2 3 3 3 2 1
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4. Conclusions

When OK/MSW ash was leached through a soil of quarzitic nature and low cation exchange
capacity, alkaline compounds of K, Mg and Ca were partially dissolved in water extracts, increasing
their pH from ~8 to 9 and thus decreasing the leachability of heavy metals from the ash. The low
mobility of these elements was also attributed to the mineralogical and chemical composition of the
solid materials involved. Only Cr reached a hazardous level in the leachates for wastes disposal
in landfills. The concentrations of chlorine and phosphate ions in the extracts were very low, while that
of sulphate ions was significant.

When OK/MSW ash was stabilized with waste materials lignite fly ash, silica fume, wheat straw
ash or MBM biochar, the extractability of alkali metals Na, K and Mg was lowered by 3% to 99% and
the concentration of sulphate ions in the leachates was somehow increased, both resulting in a small
drop of pH, which varied between 7.3 and 8.8. Moreover, upon addition of stabilizers to the ash,
the leachability of trace elements Mn, Ni, Zn and Pb was practically null, whereas the levels of Cu,
Sr, As and Cr in the extracts were significantly reduced by 27–100%, 9–94%, 47–100% and 30–98%,
respectively. MBM biochar achieved the best performance as stabilizer, being also the only one to
decrease the mobility of Cr to values below allowable limits. The mechanisms for elements entrapment
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were assigned to the amorphous silica and phosphates present in the stabilizing materials, the surface
functional groups, as well as complexed silicates formed during the stabilization process.

Overall, present study proposes a method for the safe management of ashes generated from
agricultural and municipal solid wastes, through valorization of other waste materials, avoiding the
use of chemicals. Stabilized ash could be used for the remediation of heavy metals in landfills or
for application in other fields, such as the construction of materials, thus offering economic and
environmental benefits.
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