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Abstract. The hydration of oil shale ash at different water-to-ash weight 
(W/A) ratios ranging from 0.4 to 0.8 was experimentally investigated. The 
ash hydrate’s physical characteristics, its particles’ elemental composition, 
and the existing crystalline phases were identified using N2 Brunauer-
Emmerich-Teller (N2-BET), Energy Dispersive X-ray (EDX) and X-ray 
Powder Diffraction (XRD) measurement techniques. The formed hydration 
cementitious products were found to be stratlingite (2CaO·Al2O3·SiO2·8H2O), 
ettringite (6CaO·Al2O3·3SiO3·32H2O), and melilite (2CaO·Al2O3·SiO2 ) in 
the oil shale ash hydrated at W/A = 0.6. These same phases with different 
relative amounts were found in the oil shale ash hydrated at W/A = 0.8 in 
addition to calcium silicate hydrates (CSH). The drop in the physico-thermal 
properties (bulk density and thermal conductivity) of the hydrated ash was 
attributed to the formation of cementitious products, mainly to stratlingite, 
melilite, and ettringite. The hydrated ash’s mechanical properties (bending 
and compressive strengths) were found to increase at higher W/A due to the 
formation of cementing materials, particularly CSH.

Keywords: hydration, pozzolan, compressive strength, bending strength, oil 
shale ash, calcium silicate hydrate.
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1. Introduction

The world’s known oil shale reserves are vast, being many times greater than 
the proven remaining resources of crude oil and natural gas [1]. Oil shale 
can be used as an energy source by retorting or direct combustion; however, 
both produce tremendous ash residue. The direct discharge of oil shale from 
the Jordanian Lajjun deposit for electric power generation often evolves 52 
to 57 wt% ash [2, 3] and thus causes severe environmental pollution and 
disposal problems unless correctly performed. There are different ways to 
utilize ash wastes, such as the well-developed technology using coal-derived 
fly ash and lime (CaO) in pavements, buildings, and bridge construction [4]. 
Al-Shawabkeh et al. [5, 6] have, moreover, shown that active sorbents for 
sulfur dioxide capture could be prepared by special treatment of fly ashes from 
both atmospheric fluidized-bed combustors and pulverized coal combustors. 
Usta et al. [7] mentioned that some types of ash could be used as a potential 
independent binder. However, they also claimed that other types of fly ash 
could require additional physical or thermal pre-treatments to make them 
fit for cement and concrete applications. Raado et al. [8] concluded that the 
high content of free CaO causes domination of quick lime-type hydration. 
Furthermore, they reported that the hydration process resulted in ettringite 
formation due to a sufficient amount of Ca(OH)2, followed by hydraulic 
reactions of calcium silicates and water. Mõtlep et al. [9] found that the ash left 
after burning kerogenous Estonian oil shale was composed of lime, anhydrite, 
Ca-silicate mineral phases, and X-ray amorphous Al-Si glass phase, which were 
unstable under open atmospheric and wet conditions, and become hydrated 
into metastable secondary phases portlandite (calcite), gypsum, ettringite, 
and hydrocalumite. Kuusik et al. [10] reported that hydrated ash contained 
different complex compounds, such as calcium silicate hydroxide hydrate 
Ca4∙5Si6O15(OH)3∙2H2O that represents silicates; besides, calcium aluminum 
oxide carbonate hydrate Ca6Al2O6(CO3)3∙32H2O/3CaO∙Al2O3∙3CaCO3∙32H2O 
and calcium aluminum oxide sulfate Ca4Al6O12(SO4)/3CaO∙3Al2O3∙CaSO4 
are present. Further, calcium aluminum iron oxide hydroxide 
Ca 12Al 13∙8Fe0.14O 32(OH) 2/11CaO∙6.9Al 2O 3∙0 .07Fe 2O 3∙Ca(OH) 2, 
brownmillerite Ca2(Al,Fe)2O5 and calcium aluminum iron oxide CaAl8Fe4O19/
CaO∙4Al2O3∙2Fe2O3 are present as Ca, Fe and Al compounds. Moreover, 
aluminum hydroxide Al(OH)3 as nordstrandite or vesuvianite ferrian  
Ca19(Al,Mg,Fe)11(Si,Al)18O69(OH)2 is found. During the open-air hydration of 
circulating fluidized bed combustion oil shale ash, Liira et al. [11] noted (1) a 
rapid free lime hydration into the portlandite reaction, which was completed 
in oil shale ash in 72 h; (2) the dissolution of anhydrite and periclase in 144 h; 
(3) a delayed, yet rapid formation of (crystalline) ettringite after 144 h and (4) 
a slow carbonation of portlandite and decomposition of ettringite into calcite 
and Ca-sulphate hemihydrate (bassanite) when pH decreases below 10.7 after 
portlandite has converted to stable calcite.
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Jozewicz et al. [12] reported that CaO-Al2O3-SiO2-CaSO4-H2O yielded 
cementitious phases originating from the pozzolanic reaction of lime with fly 
ash or clay. Likewise, Torrey [13] utilized coal fly ash to produce thermal 
insulation bricks in a process involving wet mixing of the ingredients of 77 wt% 
fly ash, 20 wt% lime, 3 wt% gypsum, and aluminum powder. The coal-derived 
ash, thus, requires at least lime and gypsum addition during hydrothermal 
treatment to undergo pozzolanic reactions with other siliceous or siliceous and 
aluminous material in the presence of water to form cementitious compounds.

Different from coal ash, oil shale ash possesses pozzolanic activity as 
well as hydraulic properties due to its high content of free lime and sulfur 
trioxide (SO3), and, therefore, it can develop hardness with water with no need 
for further additives [3, 14, 15]. The present work, therefore, was aimed at 
investigating the hydration effect on some physico-thermal (bulk density and 
thermal conductivity) and mechanical properties (bending and compressive 
strengths) of oil shale ash containing considerable amounts of free lime 
(26.2%) and anhydrite.

2. Experimental method

2.1. Oil shale

The oil shale samples utilized in this work were collected from the Lajjun 
deposit in the central coastal part of Jordan. Fischer assay analysis (wt%) 
showed Lajjun oil shale to contain 11% oil, 80.61% spent shale, 4% moisture 
and 4.39% off-gases. Table 1 presents the chemical composition of dried 
Lajjun oil shale and Estonian oil shale [16]. Both Jordanian and Estonian oil 
shales have an equal amount of mineral CO2, indicating the high content of 
carbonates such as calcite and dolomite. It is worth mentioning that Lajjun oil 
shale has a higher sulphur content in its organic part compared with Estonian 
oil shale. The amount of sulphur in Lajjun shale oil and in original oil shale 
was found to range from 7 to 9.5 wt% [17]. This fact adds environmental and 
economic restrictions to the future utilization of Jordanian oil shale.

Table 1. Chemical composition of Jordanian and Estonian oil shales, wt%, dry

Component Lajjun oil shale Estonian oil shale

Ash 57.19 50.5

CO2 (mineral) 19.75 19.8

Total S 3.26 1.63

Organic C 15.56 28.3
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Component Lajjun oil shale Estonian oil shale

H 3.43 3

N 0.80 0.53

O 1.96 –

2.2. Ashing, ash particle size distribution and composition

The oil shale samples were combusted in the laboratory-scale batch-loaded 
fluidized bed reactor at temperatures ranging from 750 to 830 °C. The ashing 
for the as-collected oil shale ash discharged from the reactor was conducted 
by placing it in an oven (carbolite furnace) and kept at a constant temperature 
of 200 °C (heating rate 10 °C/min) for one day to dry before use with no 
special pretreatment. Then the ash was ground and sieved less than 52 µm 
in diameter. The particle size distribution of a random ash sample is shown 
in Figure 1. This size distribution represents the actual one obtained after the 
ashing process and before the hydration process. Therefore, it may differ from 
the size distribution of the ash derived from the direct oil shale combustion in 
the fluidized bed reactor.

Fig. 1. Particle size distribution in the Lajjun oil shale ash.

Table 1 (continued)
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The particle diameter ranged from 1 to 52 µm, and the mass median 
particle diameter was 7.4 µm. The dried ash samples were also analyzed 
by X-ray Powder Diffraction (XRD) in the Laboratories Directorate of the 
Natural Resources Authority (Amman, Jordan) to determine their chemical 
composition. Table 2 reveals the chemical composition of Jordanian and 
Estonian oil shale ashes (on dry basis). The Estonian pulverized firing cyclone 
ash (PF/CA) was collected from a pulverized-firing cyclone [16]. The fact that 
the Jordanian ash contained a higher amount of SO3 (13.06 wt%) compared to 
the Estonian ash (3.4 wt% SO3) could indicate the formation of more ettringite 
during ash hydration. Both Jordanian and Estonian ashes contained relatively 
significant amounts of alumina (5.58 and 6.4%, respectively) and silica (19.53 
and 24.5%, respectively) which are essential for the pozzolanic reaction and 
strength gain.

Table 2. Chemical composition of Jordanian and Estonian oil shale ashes, wt%, 
dry

Component Lajjun ash Estonian ash (PF/CA)

CaO (total) 51.43 51.6

CaO (free) 26.2 22.7

SiO2 19.53 24.5

SO3 13.06 3.4

Al2O3 5.58 6.4

P2O5 4.34 –

Fe2O3 3.72 3.9

MgO 1.59 4.9

Na2O 0.53 0.14

TiO2 0.17 –

MnO 0.04 –

K2O 0.01 2
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2.3. Oil shale ash paste manufacturing method and characterization

The ash paste was prepared by slurring the dried ash with deionized water 
inside a vessel agitated at 160 revolutions per minute (rpm) for 7 min. The 
initial hydration of the ash resulted in mix temperatures exceeding 100 °C 
due to the exothermic reactions of water with the ash-free lime and, to a lesser 
extent, with calcium sulfate (CaSO4). Therefore, the 7-min hydration period 
minimizes this undesirable temperature rise. The added deionized water-to-
solid ash weight (W/A) ratios varied from 0.4 to 0.8. The paste was slowly 
poured into a wooden rectangular mold with a length, width and depth of 
6.0, 4.5, and 2.0 cm, respectively, without any need for vibration. It was then 
pressed (simple compaction) during the pouring process. A bigger mold size 
of 10.0 cm × 8.0 cm × 2.0 cm was tested at the beginning of this work, and 
no profound effect on the obtained findings was observed within 5 to 7% 
errors. The mold was then placed in a humidity-controlled chamber (Tabai 
Labostar, ESPEC LH-112T) for curing at 75% relative humidity and 80 °C 
for about three days. All the paste samples were prepared in the same fashion 
(pouring and pressing), and the physico-thermal and mechanical tests were 
repeated 2 to 3 times for each sample. The accepted accuracy of the obtained 
measurement results (within 4%) emphasized that sticking to the pouring/
compaction fashion in this work was fair and adequate.

The hydrate crystalline and glassy phases were determined using an X-ray 
powder diffractometer (Rigaku XRD). Next, the bulk density was determined 
by measuring the brick weight and volume, and the thermal conductivity was 
measured by a Quick Thermal Conductivity Meter (QTM-500, Kyoto Denshi 
Kyogyoo Kabushikigaisha). Finally, the mechanical properties (bending and 
compressive strengths) were measured with a tensile-compressive tester 
(Imada Factory, Load Tester Type SV55, Toyohashi, Japan).

3. Results and discussion

3.1. Nitrogen-Brunauer-Emmett-Teller physisorption analysis

The important pore characteristics of the ash before and after hydration were 
determined from the nitrogen (N2) absorption-desorption isotherms using 
the Brunauer-Emmett-Teller (BET) theory based on measurements with the 
accelerated surface area and porosimetry analyzer (ASAP 2020, Norcross, 
Georgia, USA). Table 3 lists the measured micro results as the specific surface 
area and specific pore volume.

A rough comparison between the generated figures indicates a significant 
improvement in the specific surface area and pore volume of the hydrated 
ash samples. For example, during ash hydration (at W/A = 0.8), the specific 
surface area and the cumulative pore volume increased over five times; such 
increase indicates the formation of micropores in the existing hydration 
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products (calcium silicates and calcium aluminates), which are known to 
possess large surface area and porosity [18–20].

3.2. X-ray Powder Diffraction and Energy Dispersive X-ray analyses

For the qualitative X-ray Powder Diffraction (XRD) and Energy Dispersive 
X-ray (EDX) analyses of the ash samples before and after hydration, the X-ray 
patterns and assignment of the peaks in the original (unhydrated) and hydrated 
ash samples are given in Figure 2. The mineralogical composition of the 
original ash mainly includes crystalline compounds quartz (SiO2), anhydrite 
(CaSO4), calcite (CaCO3), free lime (CaO), and periclase (MgO).

An amorphous halo appeared between the angular zone (2Θ) of 20°–55°, 
which corresponds to the glassy component of ash. In the ash hydrated at  
W/A = 0.6, the quartz reflection peaks disappeared entirely during the 
hydration reaction while relative amounts of calcite, lime, periclase, and 
anhydrite remained in the hydrated product. Thus, for this 0.6 ash, the formed 
hydration phases were identified to be stratlingite (2CaO·Al2O3·SiO2·8H2O), 
ettringite (6CaO·Al2O3·3SO3·32H2O), and melilite (2CaO·Al2O3·SiO2). At a 
0.8 hydration ratio, both quartz and lime peaks disappeared entirely during the 
hydration reaction. In contrast, new peaks of calcium silicate hydrates were 
detected in addition to stratlingite, ettringite, and melilite at different relative 
amounts. CSH and ettringite formed due to the hydration of a mix of coal fly 
ash, lime, and anhydrite, as reported by Tsuchiai et al. [21].

To quantitatively determine the current phases, an energy-dispersive X-ray 
analyzer (Superscan SSX-550 SEM-EDX, Shimadzu) was used to provide 
elemental identification and quantitative compositional information. The 
amounts of elements in different regions in the ash were analyzed to determine 
the type of phases formed in the hydrated sample.

The results for individual EDX microanalyses from variable regions (3 
to 5 areas per scanning electron microscopy (SEM) photo) of the 0.6 and 0.8 
ash samples (ash samples hydrated at W/A of 0.6 and 0.8) are presented in  
Table 4 as calculated from the quantitative analysis of the EDX spectra. 
(Details of the calculation are shown in the Supporting Information).

Table 3. Pore characteristics of original and hydrated ash samples 

W/A Specific surface area
Sp, m

2/g
Specific cumulative pore 

volume Vp, mm3/g

0 (original oil shale ash) 5.82 29

0.6 34.36 174

0.8 36.18 193
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Average Si/Ca and Al/Ca atom ratios of 0.463 and 0.976, respectively, 
were found in the 0.6 ash (Analysis Group 1 in Table 4) and 0.488 and 0.813, 
respectively, for the 0.8 ash (Analysis Group 2). The mean unit formula 
compositions were calculated as follows: 2CaO∙Al2O3∙SiO2: Si0.859∙Al1.809∙ 
Fe0.074∙ S0.163 Ca1.854∙Na0.023∙P0.042∙Mg0.028∙Ti0.000∙O7 for 0.6 ash, and Si0.988∙ 
Al1.645∙Fe0.066∙S0.103∙Ca2.024∙Na0.019∙P0.020∙Mg0.018∙Ti0.001∙O7 for 0.8 ash. These 
findings compare well with the ideal Si/Ca and Al/Ca atom ratios for the 
XRD-detected compounds, which were found to be 0.5 and 1.0 for stratlingite 
(2CaO·Al2O3·SiO2·8H2O) and melilite (2CaO·Al2O3·SiO2), respectively.

The mean unit formula compositions were calculated as 2CaO·Al2 O3·SiO2 
(Analysis Groups 4 and 5 in Table 4): Si0.179·Al1.324·Fe0.315·S2.302·Ca5.192·Na0.042· 
P0.249 ·Mg0.100·Ti0.001·O18 for 0.6 ash, and Si0.209·Al1.545·Fe0.153·S2.746·Ca4.880·Na0.019· 
P0.020· Mg0.018 ·Ti0.001·O18 for 0.8 ash. This is in good agreement with the ideal 
S/Ca and Al/Ca atom ratios for the XRD-detected compounds, which were 
found to be 0.5 and 0.33 for ettringite (6CaO·Al2O3·3SO3·32H2O).

The mean unit formula composition was calculated as 0.8–1.5(CaO)·SiO2· 
1–2.5(H2O) (Analysis Group 3 in Table 4): Si0.893·Al0.132·Fe0.032·S0.043·Ca1.273· 
Na0.019·P0.020·Mg0.018·Ti0.001·O3.5 only for 0.8 ash, which compares well with the 
ideal Si/Ca atom ratios for the XRD-detected compounds found to be between 
0.67 and 1.25 for CSH: 0.8–1.5(CaO)·SiO2·1–2.5(H2O).

From the above qualitative and quantitative analysis, we can conclude that 
the hydration of oil shale ash resulted in the formation of stratlingite, melilite, 
and ettringite (for 0.6 ash), and stratlingite, melilite, ettringite, and new CSH 
(for 0.8 ash).

Fig. 2. X-ray diffraction patterns of original (unhydrated) oil shale ash and hydrated 
ash samples (An – anhydrite, C – calcite, Q – quartz, L – lime, P – periclase, 
Me – melilite, St – stratlingite, Et – ettringite).
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3.3. Physico-thermal properties of produced hydrate

3.3.1. Thermal conductivity

The relationship between the bulk density of hydrated ash and the W/A ratio is 
depicted in Figure 3. The hydrated ash decreased the density from 1216 kg/m3 

at W/A of 0.4 to 1132 kg/m3 at W/A of 0.8.

Fig. 3. Change of bulk density of hydrated oil shale ash with water-to-ash weight ratio 
(W/A).

The thermal conductivity, as seen from Figure 4, was also found to 
decrease from 0.241 W/m∙K to 0.124 W/m∙K with W/A increasing from 
0.4 to 0.8. The associated reduction in thermal conductivity with density 
decrease was reported by many researchers [8, 22–29]. The main reason for 
the decline in bulk density and thermal conductivity is the porous nature of the 
pozzolanic products in the treated ash (the hydration reactions), in addition to 
the more porous structure developed through the slow water evaporation rate 
(dehydration) during the three days of the curing period. 



143Determination of some physico-thermal and mechanical characteristics of hydrated Jordanian...

Fig. 4. Variation of the thermal conductivity k of hydrated oil shale ash with water-to-
ash weight ratio (W/A).

The thermal conductivity values obtained in this work for the 0.6 to 
0.8 hydrated samples were in the range of 0.12–0.14 W/m∙K. Though the 
associated densities were within 1132–1163 kg/m3, the other properties of the 
hydration phases formed, such as the specific surface area and pore volume, 
are most probably responsible for the relatively low thermal conductivities 
attained.

3.3.2. Mechanical properties

The variations of the bending and compressive strengths with W/A are shown 
in Figure 5. Increasing the hydration ratio (i.e., W/A) from 0.4 to 0.8 resulted 
in approximately 60% and 100% increases in the compressive and bending 
strengths, respectively. Maximum bending and compressive strengths of 1.97 
and 3.47 MPa could be attained at a hydration ratio of 0.8. The strength gain 
of the hydrated fly ash was related to the formation of CSH and partly to the 
formed ettringite network (needles) in the early hydration time when the ash 
anhydrite reacts with aluminate and lime [4].
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Fig. 5. Variation of the bending and compressive strengths of hydrated oil shale ash  
with water-to-ash weight ratios.

 

The ettringite formation from the hydration of ash is not unexpected with 
the relatively high anhydrite amount in the Lajjun oil shale ash (13.06 wt% SO3, 
Table 2). The hydrated calcium silicates and aluminates were found to be 
mainly responsible for strength development in both cement-hardening 
reactions and pozzolanic reactions [30]. The 6% and 11% increase in the 
bending and compressive strengths of the 0.8 ash relative to that of the 0.6 ash 
is most likely ascribed to the CSH phase in the 0.8 ash.

Soon, the first oil shale-based power plant will start operation in Jordan. The 
desired massive ash will discharge and accumulate on the plant’s site. During 
the rainy season, the ash constituents’ leachability process will occur, and the 
leachate is expected to contaminate the ground and water surfaces. However, 
due to the limited work on the effect of oil shale ash on the environment 
[31–33] much more research work will be necessary.

4. Conclusions

The hydration of oil shale ash at different water-to-ash weight ratios ranging 
from 0.4 to 0.8 was experimentally investigated. The pozzolanic reaction 
between the hydrated ash constituents resulted in the following:
• formation of hydration cementitious products (stratlingite, ettringite, and 

melilite) in the ash hydrated at W/A = 0.6;
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• formation of calcium silicate hydrates in addition to stratlingite, ettringite, 
and melilite in the ash hydrated at W/A = 0.8;

• formation of stratlingite, melilite, and ettringite assumed to be responsible 
for the drop in the bulk density and thermal conductivity of the hydrated 
ash;

• higher increase of the bending and compressive strengths of the hydrated 
ash at higher W/A due to the formation of cementing materials, particularly 
calcium silicate hydrates.

Finally, it should be noted that the above results are valid only for the 
Jordanian Lajjun oil shale burnt under certain conditions, i.e. burning at 750 
to 830 °C inside a laboratory-scale batch-loaded fluidized bed reactor, and 
its derived ash prepared in conditions close to those mentioned in the current 
work.
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