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Abstract. Jordan has huge organic-rich oil shale resources. The exploitation
of this resource for generating electrical power by direct combustion is
eminent. This process will produce huge ash tailings that contain high concentrations of potentially leachable toxic elements (e.g. Cr+6, V+5, As+3,
Cd+2). This ash is friable and eventually will interact with rainwater, forming
a leachate rich in toxic elements that might reach soil, plants and surface and
groundwater resources. Therefore, as a preventive measure, the current
study analyzed the mobility of toxic elements in the ash of burned oil shale
(BOS), in particular Cr+6, and aimed to fix them through mixing with other
natural locally available materials such as phosphogypsum (PG) and red soil
(RS). In addition, a study of the changes in mineralogy, petrography and
engineering properties with time during a period of up to 12 months was
conducted. The ageing results revealed that the ash + RS mixtures showed a
lower leachability of toxic elements in the pH range of 5–9 in comparison
with other mixtures. Besides, the said mixtures exhibited an increase in the
values of unconfined compressive strength (UCS) and decrease in those of
permeability (PE) unlike other mixtures. Moreover, ettringite and portlandite
phases increasingly appeared in these mixtures with time, which explains the
increase of UCS. The USC of the ash alone mixture was the second lowest
and that of the ash + PG mixture the lowest. Therefore, mixing the produced
ash with RS (3:1 ratio) under water saturation conditions would afford the
best long-term solidification of harmful toxic elements.
Keywords: oil shale ash, aerobic combustion, leaching, solidification, toxic
elements, ageing.
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1. Introduction
Jordan has very large kerogenous limestone deposits that are often mischaracterized as being oil shales which are highly enriched in organic matter.
Herein we will term them “oil shale” to conform with abundant literature
data on these deposits. They are distributed in the northern, central and
southern parts of the country [1]. A previous work showed the total organic
carbon (TOC) of Jordan oil shale to be high, ranging from 17.39 to 22% [2].
It has been considered that such high organic matter content is suitable for
enrichment of trace elements like Cr, Ni, Mo, V and the platinum group of
elements (PGE) [3]. Such enrichment has been noted in Jordanian oil shales
as well [4]. Alego and Maynard [5] found that trace elements were
commonly considerably enriched in organic-rich facies. Recently, Jordan Oil
Shale Energy Company signed a concession agreement with the Government
of Jordan for the surface mining and exploitation of oil shale. There will be
established an oil shale-fired power plant with a capacity of up to 900 MW.
Therefore, huge ash tailings will be produced. These will very possibly
contain high concentrations of leachable toxic elements [6, 7].
Because of the friable nature of the tailings, interaction of ash with
rainwater might form metal-rich leachates. A study conducted in India was
related to fly ash wastes generated from coal thermal plants, and explored
also toxic element leachates [8].
In such cases, leachates might reach nearby soil, plants and groundwater
bodies, causing hazardous pollution with toxic elements and heavy metals.
As the oil shale ash is enriched in trace elements, the current study will
include a retrospective monitoring of toxic elements fate. It is crucial to
analyze these wastes for their content of leachable toxic metals in order to
take necessary precautionary measures. This work involves investigating the
mobility of toxic elements in burned oil shale (BOS) wastes, in particular of
chromium, which turns out to consist mainly of toxic chromate species
(Cr+6), based on a previous study [9]. The extensive secondary mineral
formation dynamics renders any short-term leaching tests (e.g., DIN 19529)
with the highly reactive BOS of low caloric heat value. The stabilities of
these phase formations under changing environmental conditions can
determine the long-term mobility of toxic elements. Our approach is to
verify or falsify all yet available hypotheses on possible Cr, As, V and Cd
host minerals and their stabilities, as well as to test the engineering
properties for solidified products.
For this purpose, a mixture of BOS ash and abundant local materials in
Jordan was prepared in order to examine its long-term ageing behavior as
well as the leaching characteristics of heavy metal and trace elements
through time. The materials used with BOS ash included common red Mediterranean Terra Rossa soil. This type of soil would currently be classified as
a vertisol on the world reference base for soil resources, and is prevalent in
northwestern Jordan in areas receiving over 350 mm of precipitation per year
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[10]. The clay mineral components of this type of soil are smectite/
vermiculite, kaolinite, illite and palygoskite [11].
A second material tested was phosphogypsum (PG), which is an
industrial by-product of the conversion of phosphate ore to phosphoric acid
by reacting it with sulfuric acid. The industrial complex in Aqaba was
established for this purpose, and massive amounts of PG are available.
Previous investigations have shown that trace metals contained in this PG
were relatively immobile, and that there were low rates of transfer between
PG and the surrounding soil or water [12, 13]. Liu at al. [14] used PG as a
binder in eco-friendly building products as it increased their strength. In the
current work, the main expected outcomes are the scientifically-based
recommendations for the best storage and recycling options for BOS ash
without impacting on the surface and groundwater, soils and eco-systems.
In May 2010, Jordan Oil Shale Energy Company with a subsidiary of the
Estonian company Eesti Energia signed a concession agreement with the
Government of Jordan for the surface mining and retorting of oil shale. Eesti
Energia and its partners will also develop an oil shale-fired electrical power
plant with a capacity of up to 900 MW at Attarat um Ghudrun. The power
will be supplied to National Electrical Production Company (NEPCO)
pursuant to a long-term power purchase agreement. This will provide Jordan
with significant power generation from a domestic source of fuel for the first
time. The circulating fluidized bed combustion (CFBC) technology offers
the possibility of using oil shale as a power generating fuel for direct combustion at temperatures of 700–800 °C. No additional fuel is necessary due
to the high caloric heat value of oil shale, 1590 Kcal/kg, as reported by Alali
et al. [15], and carbon burn-out as high as 99%. A rough calculation suggests, however, that a 900 MW thermal power plant would require 6000 tons
of oil shale, releasing 3300 tons of BOS ash per day (1.2 million tons per
year). Utilization of oil shale may have a severe impact on the environment
because it is enriched in heavy metals as revealed in a previous study of
Jordania’s main deposits [2]. The aerobic combustion process of oil shale
was found to concentrate toxic elements in the ash [7]. Through the interaction with rainwater and groundwater, the BOS ash would form leachate
that could resemble toxic mine drainage and might reach surface and
groundwater resources, causing harmful pollution. Jordan is considered one
of the five most water-scarce countries in the world. A sizeable oil shale
industry would substantially aggravate the water supply problem in Jordan.
Therefore, it is essential to investigate the mobility of toxic elements in BOS
wastes, in particular of chromium, which turns out to consist mainly of toxic
chromate species. Fregert and Gruvberger [16] recorded that high temperature during clinker manufacturing at 1450 °C caused converting Cr(III) into
Cr(VI). Chromates are easily soluble in an alkaline pH environment [17–19].
The expected key outcomes of this partnership are scientifically based
precautionary demands made independently of the oil shale industry, such as
recommendations for the best storage and recycling options for the BOS ash
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without impact of leachates and dust on the surface and groundwater bodies,
beside soils and other eco-systems components.
This study aims to elucidate the potential environmental impact of the Cr,
V, Cd and As inventory in the ashes, develop a suitable methodology for
toxic elements stabilization and immobilization, determine the elemental
speciation of Cr, V, Cd and As in leachates produced from fresh and aged
BOS ash samples, assess accompanying environmental risks and work out
measures for stabilization of BOS ash dumps. This will necessitate leachates
monitoring and collection, and, eventually, treatment of ash in the long term.
This would reduce the potential pollution that might have been created by
ash tailings from the oil shale industry. The study also tests the solidified
aged ashes for their engineering properties and possible construction applications. Eventually, the obtained results will pave the way to an efficient, safe
and sustainable oil shale industry.

2. Methodology and materials
The materials used as additives to ash mixtures are red soil (RS) from the
Mutah University campus area and phosphogypsum collected from the
Aqaba area. We used natural materials that are available and accessible and
found in significant amounts. PG was piled up as huge tailings in the Aqaba
area, as a by-product from a phosphoric acid manufacturing plant. PG is
considered as an environmental pollution problem because of its high concentrations of toxic elements such as U [20–23]. However, many researchers
have used PG as an additive in construction materials [20, 24]. The general
approach involves working out several sequential steps, which will be
discussed below.
2.1. Characterization of raw materials
A complete sieve analysis following ASTM D422 was carried out to
determine the grain size distribution of the sample in addition to hydrometer
analysis for the fine fraction passing #200 sieve. In order to determine the
characteristics of the parent soil sample, liquid limit (ASTM D423-66) and
plastic limit (ASTM D424-29, 1979) were determined. The red soil samples
were classified according to the Unified Soil Classification System (ASTM
D-2487) and American Association of State Highway and Transportation
Officials (AASHTO) standards, specific gravity was determined according
to ASTM D854. The results of these tests showed RS to have an average
specific gravity 2.46, bulk density 1.17 g/cm3, clay fraction 60.5%, unconfined compressive strength (UCS) 4.6, and plastic limit 23%.
About 50 kg of PG waste was taken from different spots from the
stockpiled wastes at Aqaba industrial plant. The samples were dried at
laboratory temperature, crushed and sieved. Passing sieve #100 was
collected for further testing. The tested samples showed very low plasticity
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to non-plastic consistency. The PG waste was mixed with ash at a ratio of
1:3 by weight. Standard compacted cylindrical samples were obtained. The
samples were subjected to successive wetting and drying until testing at 1, 3,
6 and 12 months to determine their UCS and permeability (PE).
The ashing procedure was done for oil shale samples from the El-Lajjun
area. The same procedure of sampling and UCS and PE testings for ash was
carried out for the mixtures ash + RS and ash + PG. The tests showed that
the specific gravity of ash was 2.46, moisture content 0.75 and density
1.15 g/cm3.
2.2. Ashing and mixture preparation procedure
For ashing and mixture preparation, a certain quantity of oil shale was
burnt in an aerobic combustion process up to 850 °C and 1000 °C and the
additives, i.e. RS and PG, were added. The oil shale samples were collected
from the El-Lajjun area, western Jordan. There were prepared three mixtures:
ash alone (ash), ash + red soil (ash + RS), and ash + phosphogypsum
(ash + PG). The mixtures of BOS ash, RS and PG were prepared in 10-liter
plastic containers at a mixing ratio of 3:1 and were further kept in saturation
with water for 1-, 3-, 6- and 12-month periods. Then the mixtures were
allowed to dry, and subsequent investigations of their petrography, geochemistry and mineralogy were conducted at 1-, 3-, 6- and 12-month intervals.
Besides, the mixtures were tested for their engineering properties such as
unconfined compressive strength and permeability.
2.3. Ageing experiment procedure
The ageing (hydration) experiments were performed with samples of
mixtures aged for 1, 3, 6 and 12 months. The ash and additives at specified
ratios were mixed carefully in plastic containers and water was added to
saturation to all mixtures. Each mixture was prepared in four containers for
1-, 3-, 6- and 12-month periods, respectively.
2.4. Leaching test
The leaching test was carried out for all mixtures during all ageing periods in
triplicate. The sample was immersed with water with acidic, neutral and
alkaline pH, i.e. 5, 7 and 9, respectively. The pH was adjusted using buffer
solutions. The samples were kept in a shaker overnight. Then the leachate
samples were filtered and the elute solution was poured into polyethylene
bottles. The samples were further analyzed using inductively coupled
plasma-mass spectrometry (ICP-MS) at Jordan University of Science and
Technology (JUST), as described in the Results chapter.
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2.5. Analytical procedure
2.5.1. PXRD and SEM analysis of the mineralogical composition of 1-, 3-,
6- and 12-month-old mixtures
The mineralogy of the samples of 1-, 3-, 6- and 12-month-old mixtures was
studied using X-ray powder diffraction (XRD/XRPD) at the Pharmaceutical
Studies Center, Jordan University of Science and Technology on a Rigaku
Ultima IV device; Cu-target; 40 Kv, 40 MA, scan range 5–80 degrees;
4 degrees/minute; step width 0.02 degree; with continuous mode. Moreover,
the texture of mixtures was examined through standard petrographic
methods. Thin sections were made at the geology laboratory at Hashemite
University and examined using a Leica petrographic transmission microscope at the German Jordanian University. In addition, scanning electron
microscopy (SEM) was conducted at the Hamdi Mango Center in the
University of Jordan.
2.5.2. The petrographical investigation of 1-, 3-, 6- and 12-month-old
mixtures
Thin sections from all dried mixture samples were prepared at the Department of Geology, Hashemite University, in order to conduct mineralogical
and petrographical investigations under transmitted light.
The chemical analysis of representative samples of oil shale, ash and
three mixtures was carried out using X-ray fluorescence (XRF). The samples
were analyzed for major oxides using a Philips PW 1404 XRF system at the
Department of Geology and Mineralogy, University of Jordan. Analysis was
performed according to ASTM C1271-12, loss on ignition (LOI) was
determined according to section 19 of ASTM C25-11. The samples were
crushed and powdered, then dried at 110 °C for 2 hours. The analysis of
major and trace elements was done using the Philips PW 1404, with an
attached 72-position sample changer. Pressed pellets were made by mixing
5.0 g of sample powder and 2.0 g of L2B4O7. Bulk geochemical analysis for
major and trace elements was performed using XRF at the Department of
Geology and Mineralogy, University of Jordan.
pH-dependent toxic element leaching tests (TCLP) were carried out with
samples of mixtures aged for 1, 3, 6 and 12 months. In the leaching tests,
distilled water and analytical grade buffer solutions of pH 4 and 9 were used,
solutions with three different pH values (5, 7, 9) were prepared. This was
done for the entire set of samples covering the various ageing periods. 50 g
samples were placed in 50 ml aliquots and allowed to soak overnight. The
samples were then filtered, and the leachate was analyzed. All liquid samples
obtained in this work were analyzed using an iCAP Q Thermo Scientific
ICP-MS at the Department of Chemical Engineering, JUST. The leachate
was diluted 10 times by using 1% nitric acid of analytical grade containing
three internal standards, namely Sc, Y and Yb, to correct for instrument drift.
The accuracy of the analytical procedure was achieved by making triplicate
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analyses for each sample. Besides, certain samples were subjected to
recurrent analysis every 10 analyses to examine any shift in instrument
accuracy.
The physical and engineering properties of the aged solidified BOS
samples were determined. Moreover, for engineering properties measurements additional 18 standard cylindrical samples with 50 mm in length and
25 mm in diameter were taken from the abovementioned three compacted
mixtures saturated with water at a similar ratio, 3:1 by weight. The samples
were dried until hardening at laboratory room temperature and kept in an
open dish under successive wetting and drying conditions. UCS and PE tests
of the compacted samples of 1-, 3-, 6- and 12-month-old mixtures were conducted. The analyses were carried out at Geotechnical Engineering &
Materials Testing Lab.

3. Results
3.1. Geochemical results
Tables 1 and 2 present the contents of major oxides and trace elements in
raw materials and in 1-, 3-, 6- and 12-month-old mixtures. Calcium (Ca),
silica (Si), aluminum (Al) and sulfur (S) are the major components that
distinguish the three mixtures from each other. However, because of its high
share in the mixtures, the chemistry of ash dominates the three mixtures. For
example, the Ca content in ash + RS was significantly increased, up to
34 wt%, but was around 14 wt% in RS. Furthermore, the high sulfur content
in ash caused an increase in the SO3 content of ash + RS mixtures. This was
also seen in ash + PG whose SO3 content was decreased to 13 wt%, but was
Table 1. XRF analytical results for major oxides content in raw materials and
1-, 3-, 6- and 12-month-old mixtures, wt%
Sample\
Oxide
RS
Ash
PG
Ash1
Ash3
Ash6
Ash12
A+RS1
A+RS3
A+RS6
A+RS12
A+PG1
A+PG3
A+PG6
A+PG12

SiO2

Al2O3

Fe2O3

TiO2

CaO

K2O

MgO

Na2O

P2O5

SO3

47.22
27.27
7.73
27.27
33.22
34.14
33.19
37.85
38.63
38.90
39.25
28.48
27.76
30.13
30.85

9.33
4.81
0.61
6.90
6.54
7.14
6.37
9.86
10.04
10.34
9.85
5.45
5.57
6.00
5.94

7.53
2.46
0.34
2.47
2.29
2.32
2.11
3.80
3.80
3.78
3.70
1.74
1.77
1.78
1.76

0.57
0.11
0.08
0.11
0.27
0.29
0.26
0.62
0.65
0.64
0.62
0.06
0.07
0.07
0.07

14.38
38.68
39.77
38.71
43.66
43.57
41.49
35.33
34.58
34.75
34.41
41.07
41.40
39.61
39.22

1.03
0.60
0.22
0.61
1.20
1.14
1.22
1.69
1.68
1.68
1.84
0.95
0.93
1.02
1.04

2.21
0.87
0.01
0.88
1.23
1.31
1.27
1.65
1.76
1.83
1.84
1.07
1.10
1.27
1.27

0.69
0.57
0.47
0.57
0.34
0.31
0.49
0.24
0.25
0.26
0.42
0.33
0.18
0.53
0.50

0.21
4.83
11.36
4.79
4.80
4.88
4.21
3.68
3.70
3.81
3.76
7.49
7.81
8.30
8.33

0.26
3.72
36.7
3.42
3.27
3.70
3.20
3.08
3.72
3.81
3.12
12.62
12.89
11.59
11.34
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Table 2. XRF analytical results for trace elements content in raw materials and
1-, 3-, 6- and 12-month-old mixtures, ppm
Sample\ Mo Zr
Element
RS
Ash
PG
Ash1
Ash3
Ash6
Ash12
A+RS1
A+RS3
A+RS6
A+RS12
A+PG1
A+PG3
A+PG6
A+PG12

0
98
15
87
93
68
79
3
2
1
4
15
15
16
14

Sr

250 274
39 1034
132
28
990
32 1032
32 1016
29 1011
80
707
75
682
67
653
68
680
602
498
258
581

Rb Se As Zn

Cu Ni

21
1

21
75
41
70
70
70
64
88
87
82
89
39
30
43
35

1
0
0
0
16
17
20
19

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

8
19
8
19
19
20
17
7
8
8
8
4
5
8
4

82
1070
94
1039
1067
1059
979
1081
1044
1051
1042
168
155
115
162

Co Mn Cr

V

Cd Cl

F

52 18
0 98 124 0 468 730
290 9 29 369 155 92 863 4664
19 8 249
2 113 6
500
293 3 18 350 150 65 25 1800
297 3 13 356 157 72 27 1390
296 3 25 344 155 84 27 1260
293 3
2 331 151 63 33 2510
21 1 494 320 77 6 521 2012
20 1 438 304 78 12 590 2104
18 1 423 293 79 15 316 2079
17 1 437 323 79 9 706 2202
139 8 63 161 122 4
1340
81 8 85 159 117 3
1580
54 11 88 176 112 6
970
132 10 58 156 99 3
1156

36 wt% in PG. Therefore, these mixtures represent different composite
materials that contain all cement components. Ash contains all needed
cement elements (Ca, Si, Al and S), whereas ash + RS mixtures have more
pozzolanic elements (Si, Al and Fe) besides plenty of Ca and higher sulfur
too. Ash + PG has a similar composition but its content of sulfur is higher
and those of Al and Fe lower (Table 1).
The relatively high trace element contents in ash, such as Zn, Cr, Ni, V,
Mo and Cd, affected their contents in the three mixtures having ash as their
main component. Therefore, all mixtures had higher toxic element contents,
particularly Cr and V (Table 2). In fact, the enrichment of these elements
was the reason for elucidating the best way for their solidification. However,
because of the high contents of trace elements such as Zn, Cr and V, future
studies should consider possibilities of their remediation.
3.2. Mineralogy and petrography results
3.2.1. Mineralogy results
Table 3 summarizes the XRD-identified mineralogical results for mixtures.
Besides, with increasing ageing period the mineral assemblages and
paragenetic changes were recorded in the various mixtures used.
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Table 3. XRD analysis results for raw materials and 1-, 3-, 6- 12-month-old
mixtures
Sample
Ash
RS
PG
Ash+RS1
Ash+RS3
Ash+RS6
Ash+RS12

Ash+PG1
Ash+PG3
Ash+PG6
Ash+PG12
Ash 1
Ash 3
Ash 6
Ash12

Mineral assemblages
Quartz, calcite, dolomite, illite, apatite
Quartz, calcite, montmorillonite
Gypsum, quartz, calcite
Quartz, calcite, illite, CASH phase,
ettringite
Quartz, calcite, illite, portlandite,
ettringite
Quartz, calcite, illite, portlandite,
ettringite
Clacite, quartz, gypsum, CASH(?),
minor portlandite and ettringite and
apatite
Gypsum, basanite, quartz, calcite,
perhaps anhydrite
Gypsum, basanite, quartz, calcite,
ettringite, portlandite
Gypsum, quartz, calcite, ettringite,
minor portlandite and apatite
Gypsum, ettringite, calcite, quartz,
apatite, portlandite
Calcite, barite, quartz, Ba-Al-Co
phase, apatite(?), illite(?)
Calcite, quartz, amonioum chromium,
gypsum, quartz, Ba-Cu-Li-silicate
phase, ettringite, portlandite
Calcite, gypsum, portlandite,
magnetite, amonioum chromium, BaAl-silicate, ettringite
Calcite, quartz, portlandite, ettringite
and gypsum

Remarks

Besides calcite and quartz, illite
was decreasing with time changing to clay mineral complex
phase (e.g. CASH). Ettringite
seemed to fade away with time.
With time emergence of
portlandite and ettringite over
gypsum was clear with noticeable
peaks of apatite.
Gradual disappearance of
basanite (CaSO4·H2O) and
hydration to gypsum
(CaSO4·2H2O) seen with time.
After 12 months, gypsum
macrofibers appeared, portlandite
vanished and changed into
ettringite phase.
Gradual appearance of ettringite
and gypsum besides amonioum
chromium phase + Ba-Al-silicate
phase with time (portlandite).
Ettringite and portlandite became
more visible and stronger after
one year. Ettringite is present due
to sulfate found in the ash.

3.2.2. Petrography results
For the ash alone mixture, there is no big difference in composition between
the ageing periods as shown in Figure 1. In ash1, there appears the finegrained matrix of calcite of two types – almost amorphous and fine-grained
crystalline. Also, polycrystalline rounded quartz grains can be identified and
dark opaque (organic) material can be seen. In ash3, there are also visible
crystalline calcite grains, with a dispersed fine-grained matrix with a lower
proportion of non-crystalline calcite, polycrystalline rounded quartz grains
and opaque (organic) material. The texture and composition of ash6 are
similar to those of the ash3 sample. Ash12 shows an increased growth of
crystals and agglomeration of Ca-Si-Al-hydrate (CASH) materials or
portlandite between large calcite and clay crystals as a filling texture, which
is clearly illustrated in Figure 1.

Fig. 1. Transmitted microscope photos for all mixtures and all ageing periods.
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As to the ash and red soil mixtures, ash + RS1 has fine to microcrystalline calcite with some brown grains (clay?) or agglomerations and
fine-grained quartz. Opaque material (e.g. organic) was also observed. In
case of ash + RS3, calcite seems to be coarser-grained here, although the
crystal pattern growth looks different from that seen in the ash alone
mixture, which might be attributed to the presence of pozzolanic materials
that possibly encourage this different pattern of recrystallization. Also
reddish globs and black opaque material are seen. In ash + RS6, the
recrystallization of calcite is clearly observable within the groundmass, with
some spherules of non-crystalline calcite still remaining. In ash + RS12, an
obvious increase in complete filling or cementing materials are recognized
as shown in Figure 1.
Regarding the ash + PG mixtures, in ash + PG1, carbonate and basanite
are both fine-grained and difficult to recognize under the microscope. In ash
+ PG3, a tiny amount of organic material remnant can be easily seen.
Recognizably, similar features can be observed in ash + PG1, but gypsum
seems to begin crystallization. In ash + PG6, the crystal growth of calcite
and gypsum is more obvious, besides, some CaO + Al-sulphate-hydrate
(CASH) materials are visible. Black holes (possibly voids) are found within
the matrix. Although there is a more significant growth of gypsum and
calcite crystals in ash + PG12, new CAŜH materials (i.e. ettringite) emerge,
besides, black holes are still there. These changes are illustrated in Figure 1.
Similarly, Liu et al. [14] had recognized the formation of CASH and
ettringite in a PG-based building binder.
3.3. Engineering properties
The results of engineering properties tests showed that the unconfined
compressive strength of ash alone and ash + RS mixtures gradually
increased, to 47 kg/cm2 and 46.8 kg/cm2, respectively, during a 12-month
ageing period. At the same time, the UCS of the ash + PG mixture reached
only 26 kg/cm2 during the same span of ageing. The permeability values
of ash alone and ash + RS mixtures were lower, 7.37·10–6 and
3.95·10–6 cm/sec, respectively, after a 12-month ageing. The PE of the ash +
PG mixture was higher, up to 5.89·10–5 cm/sec, after the same period of
ageing. These results are illustrated in Figure 2.
3.4. Leaching test results
The leaching tests were conducted with all mixtures at all ageing intervals
with respect to various pH values, i.e. 5, 7 and 9. There was noticed that a
lower pH of the solution increased the leachability of toxic elements.
However, the ash + RS mixture had the lowest values of leached toxic elements. The leaching results for selected toxic elements (Mo, Se, Cr and V)
are shown in Figures 3a–c.
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Fig. 2. Histogram illustrating changes in UCS and PE of the three mixtures of all
ages.

4. Discussion
4.1. Mineralogy and petrography
The minerals in the samples represent a mixture of both primary and
secondary minerals. As seen from Table 3, RS is a mixture of quartz, calcite,
illite and montmorillonite. PG consists of gypsum with traces of apatite,
quartz and calcite, while ash is composed of calcite, quartz, apatite and illite.
In the ash alone mixture samples, secondary minerals such as portlandite
(Ca(OH)2) and ettringite (Ca6Al2(SO4)3(OH)12·26H2O) appear. Anhydrite
(CaSO4) and basanite (CaSO4·H2O) are found in the ash + PG mixture.
Anhydrite reverts to gypsum with time. The XRF analysis showed silica and
calcium oxides to be present in most samples and PG to contain about 10–
12% SO3 (Table 1).
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Fig. 3. Histograms showing the effect of pH of solution on the leachability of toxic
elements from all studied mixtures of all ageing periods: a) pH 5; b) pH 7; c) pH 9.
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As ash comes primarily from the burning of kerogen-rich limestone, it is
expected that the calcite present in the rock would break down to form lime:
CaCO3 + heat

CaO + CO2

In turn, the lime takes up water from a variety of sources to form
portlandite. This could be the free water used in the experiment:
CaO + H2O

Ca(OH)2 + 2H+

In the case of the ash + PG mixture, molecular water seems to have been
removed from gypsum to produce basanite:

CaO + CaSO4·2H2O

Ca(OH)2 + CaSO4·H2O + 2H+

Ultimately, basanite takes up available moisture to revert to gypsum.
These processes were observed to occur in all data sets, i.e. XRD, petrography and SEM, as shown in Figure 4.
Petrographic investigations of the ash alone mixture revealed a heterogeneous mixture of angular portlandite and fine-grained unidentifiable and
opaque minerals, which is indicative of a small change through the ageing
periods. This can be seen in the ash3 and ash6 samples which display the
growth of abundant secondary needles. In the aged sample of ash12, new
orthorhombic crystals of portlandite appeared (Fig. 5).
The ash + RS mixtures contain polymineralic phases of various grain
sizes bound by undifferentiated fine-grained material which is probably clay
introduced as part of the soil component of the mixture. The initial mixtures
of ash + RS comprise platy agglomerations covering the surface of the finegrained ash. These, in turn, display the overgrowth of fine secondary
needles, some of which having a radial growth pattern. The ash + RS3
samples exhibit a continuous growth of secondary needles, some of which
appearing on coarser-grained substrates. In the ash + RS6 samples, short
tetragonal prisms begin to appear in addition to the abundant fine-grained
needles, i.e. ettringite. The ash + RS12 samples exhibit the growth of
secondary crust in addition to the fine-grained needles. The latter are seen in
all SEM images and seem to be ettringite (Fig. 5).
Ettringite is formed as a result of combination of calcite and aluminumcontaining materials with access of sulfur. This is visible in the SEM images
as short prismatic crystals, which suggests that the mineral is not the direct
result of the burning process as these crystals appear at a later stage. Moreover, the XRD data demonstrates that ettringite appears mostly in the
ash + PG and ash + RS mixtures.
The ash + PG mixture develops a botryoidal texture, after 3 and 6
months, prismatic-fibrous crystals begin to appear within the botryoidal
matrix. The ash + PG12 mixture reveals the earlier growth of the needle-like
crystals of ettringite, in addition to the rare prismatic crystals of portlandite.
The SEM investigation showed that ash started to form as a very fine-
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Fig. 4. Overplayed XRD charts for mixtures of all ageing periods: a) ash; b) ash +
RS; c) ash + PG.

Fig. 5. SEM micrographs for the three mixtures of all ageing periods.
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grained spheroidal (µm scale) homogenous material, with the modest growth
of secondary needles. With ageing, the needles seemed to grow at the
expense of primary spheroids (Fig. 5).
4.2. Interpretation of engineering test results
4.2.1. Unconfined compressive strength
All the tested samples were subjected to successive wetting and drying
cycles during the curing time which extended from one month to one year.
The testings were performed after different periods of ageing. The unconfined compressive strength of the tested ash samples had increased from 31.6
to 44 kg/cm2 after a 6-month ageing, while the rate of UCS build-up
increased a little,1 kg/cm2, during the ageing period from 6 to 12 months as
shown in Figure 2.
The hydration reactions between the alkali (CaO) and pozzolanic parts in
the ash samples produced portlandite (Ca(OH)2) and a fibrous calcium
silicate hydrate compound (C-S-H), which was responsible for the strength
build-up in the tested samples. The high UCS might be due to that ash acted
as a self-cementitious material. The increase of UCS is proportional to the
C-S-H content in the tested samples as seen in the scanning electron
micrographs (Fig. 5).
The UCS of the ash + RS mixtures changed similarly to the ash alone
mixture’s, increasing from 25.4 kg/cm2 at one month to 46.8 kg/cm2 at six
months, remaining thereafter unchanged to the end of the 12-month period.
Similarly to the ash alone mixture, the abundance of CaO was the governing
factor, in addition to clay that provided pozzolanic components, which
resulted in an increase of UCS.
Lower UCS values were recorded in all aged ash + PG samples. The UCS
was 19 kg/cm2 at one month and rose to 25 kg/cm2 at six months, while at 12
months it was increased by only 1 kg/cm2 to reach 26 kg/cm2. The SEM
micrograph reveals a minor content of C-S-H and a high content of ettringite
(Fig. 5). The mineral ettringite (calcium aluminum silicate sulphate) is the
output of the reaction of the alkali part (CaO) and Si and Al from the ash and
sulphate from phosphogypsum. Thus, the UCS of ash + RG mixtures is low
compared with ash alone and ash + RS. Now the excess of sulphate would
increase the growth of ettringite crystals, causing the internal tensile stress to
increase, which triggers the cracking. These cracks are considered as
secondary porosity features (Fig. 5). The UCS recorded in the current study
is lower than that obtained by Liu et al. [14]. This might be due to the fact
that the investigators used different components of the matrix, i.e. slag and
cement, while the authors of the current work used only ash and PG.
4.2.2. Permeability results
To obtain permeability at the same laboratory temperature, the falling head
method was used. The PE of ash samples was very low, ranging from
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7.48·10–06 to 7.37·10–06 cm/sec, while that of ash + RS samples varied
between 3.90·10–06 and 3.95·10–06 cm/sec. Both mixtures had quite similar
PE values, whereas the trivial variation was due to the similar grain size
distribution in them. However, the PE of ash + PG increased with time as
illustrated in Figure 2. This was due to the growth of ettringite crystals
related to the existence of a rich sulphate environment and successive
wetting and drying of the samples over the curing period which extended to
one year since molding. The development of larger crystals of ettringite
through its late formation led to the appearance of pores and microcavities in
the mixture as revealed in the SEM graphs in Figure 5.
Ca-Si-Al-hydrate is a complex compound which is responsible for
concrete strength. The pozzolanic part (silica-aluminum-Fe2O3) of CASH
came from RS and CaO originated from ash, which explains the increase in
UCS and lower permeability of the ash + RS mixture.
In case of ash + PG, the CAŜH, i.e. ettringite, would form at a place
where sulphate is replacing silica. The previously mentioned abundance of
sulphate caused the cracking, which might also explain the increase in PE,
together with the decrease of the UCS of ash + PG, contrarily to ash alone or
ash + RS mixtures. Moreover, the strength of CASH is usually higher than
that of CAŜH, which explains the lower UCS of the PG-containing mixture
compared to other mixtures, as shown in Figure 2.
Portlandite [Ca(OH)2] is usually formed when there is an excess of CaO
as in the case of the ash alone mixture. In the current work, portlandite was
considered as a lime saturation factor because of the deficiency in silica and
Al which led to the formation of Ca(OH)2. Portlandite would slightly
increase the strength of the mixture with time. If CO2 is available from air
and rainwater, it will be absorbed and react with portlandite to revert to
calcite according to the following equation:
Ca(OH)2+CO2

CaCO3 + H2O

However, the ash + RS mixture can provide the best chemical assemblage
(CaO + pozzolanic components) at ambient concentrations that would produce high strength and low permeability concrete. At the same time, the
UCS of the ash alone mixture may be slightly lower than that of the
ash + RS mixture, but would increase with time.
4.3. Interpretation of leaching test results
The majority of the elements, such as Al, Fe, Mn, Rb, Bi, U, Pb, Zn, Co, Cu,
Ni As and Cd, were not detected in leaching solutions at any tested pH
values. However, Ca, Mg, K and Ba were found to be present in moderate
contents. Besides, very low concentrations of toxic elements such as Cr, V,
Se and Mo were detected (Fig. 3).
Regarding Ca, Mg, K and Sr, generally, a solution with pH 5 afforded
higher concentrations of leachates. Particularly, calcium leaching was the
highest at pH 5, with similar leaching characteristics in case of all sample
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mixture types and ageing times. A slightly higher leaching was observed in
the ash1 and ash + PG1 mixtures. Potassium leaching was the highest at pH
5. In the case of magnesium, the leachability of the solution of pH 5 was
significantly higher compared to the solutions with other pH values. In all
tests, the leaching rates were similar for different mixtures with similar
ageing periods. Moreover, with increasing ageing the leaching rates were
increased for all sample mixtures. This gave evidence for the elemental
dissolution due to continuous water saturation.
The leaching rate was similar in tests with solutions of pH 7 and 9. The
lowest leaching rate was observed with the ash + RS mixture at pH 7, while
the leaching rate of Ca, Mg and Sr solutions increased and that of the K
solution decreased with ageing. At pH 9, the leaching of pure ash samples
progressively decreased with ageing, while that of ash + PG and ash + RS
mixtures increased with increasing ageing.
The concentrations of toxic elements in leaching solutions at pH 7 were
the lowest, compared with solutions whose pH was 5 or 9 (Fig. 3). And,
mostly the ash + RS mixture had the lowest concentrations of leached elements. In fact, the leachability of this mixture decreased with time, reaching
its lowest value after 6 months (ash + RS6). However, a characteristic trend
was observed with all mixtures at all pH values when the concentration of
leached elements increased reversely to the previous behavior after 6 months
of ageing, particularly in case of ash + RS6. This might be attributed to the
effect of continuous water saturation after 6 months, which may have caused
re-dissolution of elements that was accompanied with further mineralogical
changes. This phenomenon has previously been observed in other researches
too [25, 26]. Therefore, it seems that water saturation should be discontinued
or gradually decreased until the end of a 6-month period for all mixtures in
order to stop elemental re-dissolution.
The higher concentrations of leached elements were observed at pH 5,
which was attributed to the acidic media favourable for the elements
mobility and dissolution. Neutral pH 7 may change to slightly acidic affinity
with time if in the area of mining the sulfur emissions reach the surface
water or rainwater and, as a result, decrease the acidity of water, thus causing an increase in the dissolution of toxic elements contained in the ash
tailings. Therefore, precautionary measures should be taken to prevent the
emission of gases, particularly sulfur, and the acidification of water.
The leaching of toxic elements such as chromium was maximum from the
ash + PG mixture, and was especially pronounced in the leaching test at pH
5 (Fig. 3). At the same time, the leaching of molybdenum from the ash + RS
mixture was the lowest This might be related to the increase of permeability
with time in all mixtures. The ash alone mixture had the highest PR in the
early stages, but with time that of the ash + PG mixture increased most. The
permeability of the ash + RS mixture remained low throughout the whole
ageing period, and the UCS of all samples increased with time. This explains
why the UCS values of ash alone and ash + RS mixtures were similar, being
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at the same time higher than that of the ash + PG mixture, whose UCS was
the lowest and PE higher.
Furthermore, the leaching characteristics of calcium seemed to reflect the
re-carbonization of portlandite in the ash samples as low-pH (5) solutions
primarily dissolve CaCO3. The ash + PG mixture best retained molybdenum,
although the progressive reversion to gypsum increased the leaching of this
heavy metal with time. This might be related to the increase of PE and
decrease in UCS, which was characteristic of the ash + PG12 mixture. A
similar pattern could be seen with chromium. The leached amounts of
selenium and vanadium were the lowest throughout the entire experiment
and across the entire pH range. At the same time, the ash + PG mixture could
lead to a short-term immobilization of toxic elements, but this advantage was
lost with time.
It is interesting to note that the ash + RS mixture slightly decreased the
leaching of toxic elements. This is especially notable given that the amount
of heavy metal bearing ash is diluted when mixed with other components.
Thus, a considerable advantage emerges from forming such mixtures to
minimize toxic elements leaching. There is a clear benefit from using RS as
an additive to minimize leaching under natural pH conditions. This is in
agreement with the increase in UCS and decrease of PE due to mineralogical
changes, i.e. the formation of CASH minerals. Furthermore, Cr(VI) in the
form of CrO4–2 was found to form a solid solution with SO4–2 in ettringite in
the cementitous system, due to the identical charges and comparable radii
[17, 27–30]. The hydration process is very essential in the bonding of
chromate into hydration cementitious products, lowering Cr leaching
[31, 32].
The adverse effect of continuous water saturation on toxic elements
leaching could be explained by the fact that ash is carbonaceous in nature
and when saturated with water the pH increases, turning the environment
alkaline. Some elements such as Cu, Zn, Cd and Pb are not highly mobile
due to their strong surface adsorption in a highly alkaline environment [33].
However, in the same environment, Mo, As, Se and Cr(VI) are mobile [34].
Nevertheless, at a relatively low pH (< 10.7) Ca-sulfoaluminates become
metastable and start to decompose into Ca-sulfate (e.g. gypsum and
bassanite), Al gel and carbonate polymorph [35–37]. Therefore, the increase
of pH due to continuous water saturation may be the reason for the desorption of toxic elements (Cr, Mo, V) into the leachate after a 6-month ageing.
This holds true also for ash + PG whose leaching is adversely influenced by
the long-term saturation, increasing the mobility of said metals. Moreover,
the high sulphate content may in fact lead to the formation of complexes that
increase the mobility of chromium and molybdenum when the mixture ages,
and cause secondary porosity and cracking that lowers the UCS and PE of
the ash + PG mixture.
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5. Conclusions
1. The results of the accomplished tests demonstrated noticeable variations
between the three mixtures. The ash + red soil and ash alone mixtures
showed the lowest concentrations of leached toxic elements with
increasing ageing, indicating them to be the most suitable additives for a
better ash tailings solidification and toxic elements immobilization.
2. The results of the leaching test for all mixtures at all ageing intervals
with respect to various pH values (i.e. 5, 7 and 9) showed that there was
a notable trend of the effect of lower pH of solution on increasing the
leachability of toxic elements. Moreover, the mixture composed of ash
and red soil had the lowest leaching values of toxic elements. This was
in agreement with the petrographic coagulation texture formed in a
particular texture and the higher values of unconfined compressive
strength and lower figures of permeability.
3. The X-ray diffraction revealed that in the mixture with red soil as an
additive there appeared increasing cement mineral assemblages such as
ettingrite and portlandite with ageing. This was evidenced by the higher
unconfined compressive strength and lower permeability values of this
mixture compared with other mixtures.
4. The most plausible natural pH in the real world is that of natural water.
The lowering of pH values can be achieved through continuous saturation which may lead to toxic elements dissolution. This was evidenced
by the increase in leaching rate after a 6-month ageing period.
5. Gas emissions from oil shale plants, particularly sulfur, could cause
acidification of water resources and rainwater in the area, thus
accelerating the leaching of toxic elements.
6. It is possible to achieve in ash higher concentrations of metals of
economic value such as Zn, Cr, Ni and V. Therefore, further investigation should be concentrated on the means of remediation of these metals.
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