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IN NIGERIA: ATHERMODYNAMIC APPROACH
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A thermodynamic model is applied to calculate the amount of oil shale ash
(OSA), which could be used as raw material in the manufacturing of ordinary
Portland cement (OPC). XRF, XRD and SEM analyses of the materials were
carried out, and the thermodynamic properties for pure materials in the
Ca0-90, system are obtained from literature, database of FACTSAGE and
STGE. The main minerals and liquid phase present after blending OSA with
cement raw material (employing different blending ratios) at different
temperatures indicate that 15 to 20% of OSA would be suitable as clinker
material. Temperatures of 1300 and 1400 °C can be used for such a blending
ratio due to relatively high amount of CsSand C,S. The XRD and SEM of the
blend at 1350 °C further show that C;S and C,S are the dominant species
present. Addition of OSA will definitely lower the clinkering temperature by
50 to 100 °C. Thermomechanical analysis for the suggested blend ratio
shows that the liquid is formed at temperatures higher than 1150 °C.

I ntroduction

Oil shales are rocks that yield oil upon pyrolysis and are considered one of
the largest fossil energy potential in the world. An oil shale deposit has been
discovered in the Lokpanta area of Abakaliki Fold Belt of the Benue Trough
in 1990, and it was named L okpanta oil shale deposit [1]. Previous studies on
the ail shale include: thermal and geochemical characterization of Lokpanta
oil shale [2], economic evaluation, recovery techniques and environmental
implications of oil shale[3], hydrocarbon potential and depositional environ-
ment of oil shale [4, 5].

Thereislittle or no awareness asto the use of oil shalein Nigeria because
of the early discovery of crude ail in the Niger Delta Basin. However, ail
shale can be utilized in manufacturing of Portland cement, as chemical feed-
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stock, brick, and as asphalt fillers in road construction as well as fossil fuel.
In addition to the utilization of spent oil shale after combustion, it can also
be used to reduce the temperature required for clinkering reactions.

The principal constituents of ordinary Portland cement (OPC) are
calcium silicates (CasSiOs and CaSiO,), aluminate (CasAl,Og), ferrite
(Cay(AlxFer ) 4010 and they are designated as C;S, C,S, C:A, and C,AF [6].
Other minerals such as gypsum, anhydrite, calcite, calcium and magnesium
oxides, Naand K sulphates are usually also present [6].

Thermodynamic models allow easy and fast parameter variations and
make it possible to predict the composition of mineral assemblages under
different conditions. The experimental determination of phase diagramsis a
time-consuming and costly task and becomes even more pronounced as the
number of components increases [7]. The calculation of phase diagrams
reduces the effort required to determine equilibrium conditions in a multi-
component system. A preliminary phase diagram can be obtained from
extrapolation of the thermodynamic functions of constituent subsystems.
This preliminary diagram can be used to identify composition and tempera-
ture regimes where maximum information can be obtained with minimum
experimental effort. This information can then be used to refine the original
thermodynamic functions [6].

A thermodynamic cement model has been developed and applied to
utilization of oil shalein cement clinkers and to envisageif it can provide the
energy source for the clinkering reactions in Jordan [7]. Generaly, high
percentage of ash in oil shale has been the greatest treat to its usability as
fuel. The recent call for alternative source of energy and ban on the importa-
tion of cement as well as the policy of government on self-sufficient in
cement production in Nigeria have prompted us to examine oil shale asaraw
material in the cement industry.

In this study, a comprehensive thermodynamic modeling was conducted
to understand the reactions and phases that exist when utilizing the oil shale
in production of cement clinker. The results of theoretical thermodynamic
equilibrium calculations are compared with experimental values for verifica-
tions of these calculations. It is to envisage that the result of this research
will therefore create the desired awareness for various stakeholders and
policy makers to vibrant ways of engaging and empowering the local cement
industry for sustainable devel opment.

Geological setting of L okpanta oil shale

A northeast-southwest trending belt of Cretaceous sedimentary rocks under-
lies the study area (Fig. 1). The detailed geology and information on the raw
oil shale are aready published [2-5]. The Eze-Aku Formation which is the
focus of this study consists of black calcareous shales, shelly limestones,
siltstones and sandstones that overstep the Asu River Group in most parts of
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Fig. 1. Geological map ot the lower Benue Trough, SE Nigeria (Modified after
Ehinola, 2002).

the Benue Trough [3-5, 8-11]. The Eze-Aku Formation represents the
second depositional cycle and has been dated late Cenomania — early
Turonian [2, 4, 5, 8, 12].
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Materials and methods

The sample materials for this study are oil shale ash (OSA) from Lokpanta
and Acha towns, limestones from Nkalagu quarry, clay (kaolinite), and
cement raw materials (from Dangote, and Benue cement companies). The
materials were crushed to <150 pm while the oil shale was ashed in a SRIX-
413 muffle furnace at different temperatures. 50 g of the oil shale sample
was heated in air to 500 °C in 30 minutes (at approximately 9 °C per
minute), 500 to 815 °C in 60 minutes (at approximately 5 °C per minute and
kept at 815 °C for 3 hours (at approximately of 5 °C per minute) and allow
to cool at normal temperature [7]. The particle size distribution of sample
materials used for this study is presented in Fig.2. The crystaline
component of each material was carried out using automated X' Pert Pro
PAnalytical X-ray diffraction (XRD) model. Each sample was put into the
sample holder, with two dlits of ¥2 and 1° selected for the incident beam path
and 5.0 mm dlit for the diffractive path. The compositions of the oil shale ash
(OSA), cement raw material, limestones, and clay are presented in Table 1,
while the crystalline components are indicated in Fig. 3 and summarized in
Table 2. The combination of XRF and XRD results was used to provide an
approximate analysis of the main component present in the ash (e.g.
anhydrite, quartz, kaolinite, magnetite, lime). Samples of cement raw
material from Dangote and Benue cement companies were blended with oil
shale ash at different temperatures. Samples of Nkalagu limestone and clay
(kaolinite) were also used (Table3). The scanning electron microscope
(SEM) analysis on different materials was carried out using JEOL JSM-
6700F model field emission scanning electron microscope. This confirms
that the main components present in OSA, limestone and clay are kaolinite,

calcite and quartz (Figures 4a-c).
+Ei=l—‘
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Fig. 2. Particle size distribution of oil shale ash, limestone and clay used for this
study.
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Fig. 4. Scanning electron photomicrograph of oil shale ash (OSA) (@), limestone (b),
clay (c). Ca—cacite, Q — quartz, K — kaolinite.
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Table 1. Chemical compositions of limestone, clay, oil shale ash (OSA),
and cement raw material (XRF analysis)

Oxide Percentage by weight
Limestone Clay QOil shaleash | Cement raw material

SO, 7.48 60.65 46.86 19.89
Cao 48.29 0.61 19.34 61.38
Fe,0; 1.12 0.64 3.21 2.98
Al,O3 2.61 25.73 10.03 6.03
MgO 0.77 0.09 0.91 1.78
MnO 0.02 0.01 0.03 0.15
Na,O 0.04 0.03 0.07 0.11
K,O 0.20 0.03 111 0.88
P,Os 0.10 0.03 0.37 0.22
TiO, 0.12 2.49 0.72 0.33
LOI 38.62 9.54 15.74 473
Total 99.37 99.50 98.39 98.63

Table 2. Crystalline components of limestone, clay, and oil shale ash material

(XRD analysis)
Mineras Limestone Clay Qil shaleash
Quartz 8.64 62.06 35.15
Cadlcite 91.36 - 35.15
Kaolinite - 37.94 18.63
Anhydrite - - 9.65
Magnetite - - 3.08

Blend No. Limestone Clay Qil ShaeAsh
OSA-1 60 10 25
OSA-2 55 25 20
OSA-3 55 20 25
OSA-3 50 20 30
OSA-4 50 15 35
OSA-5 50 10 40

Thermodynamic calculations

Table 3. Composition of blends at 1100, 1200, 1300, 1350 and 1450 °C

Thermodynamics calculations were performed using a computer program
(C++), and mathematical models which are normally used for predictions of
multiphase equilibra, liquidus temperatures, and proportions of liquid, and
solid phases in a certain atmosphere. The thermodynamic data used for this
study are obtained from literature [7, 13-22], phase diagrams, database of
sources such as FACTSAGE, H.S.C, CHEMSAGE, THERMOCAL and
STGE, as well as experimental data. Gibbs energy functions of all phases of
the system and especially the excess Gibbs energy coefficients of the solu-
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tion phases are necessary to calculate a temperature-composition phase dia-
gram. The CaO-SiO, system has been of great importance in the manu-
facturing of cement because CaO and SIO, are the mgjor components. The
thermodynamic properties of pure materials in the CaO-S O, system are
summarized in Table 4. A number of different mathematical approaches have
been previoudly used to produce a reasonably cal culated phase diagram. In this
study, the stoichiometric compound, solid solution of end members and the
liquid phases as well as formation energy of mixing were modeled.

The temperature dependence of the Gibbs energies of stoichiometric
compound phases is described as polynomial in Eq. (1),

G=a+bT +cTInT +dT? +eT " +fT3, (1)

where G is the standard Gibbs energy, T is absolute temperature, and a, b, c,
d, e and f are constants whose values need to be determined from
experimental data. The Gibbs energy is then obtained from the Gibbs-
Helmholtz equation

G =H, -Ts,, 2

where Hr and S are calculated using equations on Table 4.
The end-member (terminal) solid solutions (CaO and SiO,) are modeled
using the

G =Gy +Gigea + G- 3

Gig = XcaoGeao + X5028s02 4

Gigea = RT(Xca0 INXcoo + Xg0, 1N Xg02) ®)
Ges = XCaOXSOZZ Lca0,502 (XCaOt - Xsoz)i (6)

Ges IS the excess Gibbs energy, and expressed by the Redlich-Kister
polynomia [14, 18], where L is the binary interaction parameter that has
been optimized by several workers[14, 18, 19]. The temperature dependence
of L may be expressed as

L=a +QT, (7)

where g; and b, are considered as enthal py and entropy terms respectively.
The mole fractions can be obtained from Eq. (8):

_ Ncao .

N
Xgg, =TS0z )

X
CaO
Ncao *+ Ngo2 Ncao +Ngo2

where Xe.0 and Xgo, are the mole fractions, while nc.o and ngo, are number
of moles of CaO and SiO,, respectively [21].
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The association model was used to describe the Gibbs energy of the
liquid phase [14]. The association—species solution model uses intermediate
“Chemical species’ with their corresponding thermodynamic data, to repre-
sent the negative, non-ideal mixing of the end-member components in a
system. For example, a liquid CaSiO; (1) species is ideally mixed with end-
member CaO (I) and SiO; (1) to represent the liquid phase in the CaO-SiO,
binary system. While CaSiOs (1) may not exist as a chemical entity that can
be isolated and characterized, this species in the model can accurately
represent the negative interaction energy that occurs between calcium and
silicain oxide liquid solution [14].

The associate species for the modeling of the liquid phase include CaSiOs
(wollastonite) which is stable between 298 to 1398 K, CaSiO; (pseudo-
wollastonite) which is stable at 1398 to 1817 K, Ca,SiO, (calcium otho-
silicate), CaSiOs which is stable in the temperature range from 1523 to
2343 K and CasSi,O; (rankinite) which is stable up to 1737 K [17]. Based on
Besmann and Spear [14] equation:

Ges = Xs02 (1= Xg0,)[ (141000 -65T ) +( -10000 ~10T ) (1 2X40,)]- (9)

Chemical reactions and associated equilibrium constants can be used in
determining the relative amounts of each species[14].

CaQ, +S0,;, =CaS 0, Keq = (yCaSiO3(I))/ Vcao Yaooq) - (10)

However, the Gibbs energy of formation of the main species were
calculated using

Gf = Gp _Grl _Gr2 ' (11)

where G is standard Gibbs energy of formation, G, is the product and G,
and G, are reactants.

C++ computer program language was adopted for the above mathematical
models to calculate the quantities of minerals that are noted to be the most
important constituents in Portland cement such as tricalcium silicate (CsS),
calcium othosilicate (C,S), tricalcium aluminate (C;A) and tetracalcium
auminoferate (C,AF) at different temperatures.

Thermomechanic analysis

Thermomechanic analysis was carried out using a 50 mg sample of oil shale
ash compressed to 0.35 MPa. The ash pellet was sintered in an oven to
1450 °C and sintering occurred at 1050 °C. This was used to verify the
results obtained from the computer program calculations. Scanning electron
microscopic (SEM) images were obtained for the suggested blend at
appropriate temperature.
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Results and discussion

The thermodynamic properties for a pure CaO-SiO, system which includes
Ca0, Al,O3, SIO, and intermediate compounds such as CaSiO; CaSiO,,
CasSiOs, CaSi,0; and CagAlOq are presented in Table 4. The free energy
(G), enthalpy of mixing (H), entropy (S and heat capacity (Cp) are
calculated using Table4 equations, and a typical result of calculated
thermodynamic functions for the CaO-SiO, system at different temperatures
is shown in Table5. The results coincide excellently with those of the
database of Viewdata of Factsage 5.1 [22]. Computation of crystalline, solid
solution and liquid phases were performed using equations (1) to (11).
Figure 5 shows the results of thermodynamic calculations for oil shale ash
(OSA), CsS; occurring in large proportions. CsS and C,S which are
important constituents of Portland cement are formed below 1300 °C. The
low quantity of limein OSA would possibly affect its cementing properties,
asit is noted that the amount of lime to form CaO should be from 65 to 75%
(Fig. 6). C,S dtarts to precipitate out of the liquid slag above 1450 °C, and
thisis dightly different from the data reported for the Jordanian oil shale[7].
This may be attributed to the mineral composition of the Lokpanta oil shale.

Table 5. A typical result of calculated ther modynamic functions
for the CaO-SiO, system

Ca0-SiO, (wollastonite)

T(K) C, (Jmol K) H (Jmol) S(@molK) [

298.15 86.204312 | —1634676.420000 | 79.814260 | —1658473.041619
498.15 107.316273 | —1613213.165438 | 134.900188 | —1680413.694001
698.15 116.863081 | —1587931.187490 | 179.245724 | —1713071.589919
898.15 122171315 | —1561373.631277 | 214.537501 | —1754060.488168

1098.15 125573248 | —1534217.821997 243.534840 | —1801655.607024
1298.15 127.963617 | —1506712.802529 268.061376 | —1854696.677910
1498.15 129.751966 | —1478974.060548 289.284482 | —1912365.607024
1698.15 131.151368 | —1451064.505497 307.978030 | —1974057.397118
1813.00 146.440000 | —1451404.096000 287.418533 | —1972493.895522

2Ca0-Si0, (apha)
T (K) C, (Imol -K) H (Jmol) S (Jmol -K) G°
298.15 128.108993 | —2278595.980000 144.748016 | —2321752.600970
498.15 156.532353 | —2247289.509460 | 225.096780 | —2359421.470572
698.15 170.537014 | —2210381.174272 289.847263 —2412738.040687
898.15 178.145946 | —2171708.412521 341.196743 —2478154.267576

1098.15 182.853775 | —2132312.960125 | 383.150118 | —2553069.262143
1298.15 186.051088 | —2092544.892408 | 418.447536 | —2635752.561335
1498.15 188.372078 | —2052549.486054 | 448.853936 | —2725000.009954
1698.15 190.141584 | —2012397.762519 | 475536947 | —2819930.828574
1898.15 101.541736 | —1972129.202454 | 499.299104 | —2919873.795962
2098.15 192.682156 | —1931768.099806 520.712245 | -3024300.496708
2298.15 193.632664 | —1891330.651621 540.196845 | —3132784.029908
2498.15 194.439828 | —1850828.358366 558.070513 | —3244972.209224

Continued
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3Ca0-SiO, (hatrurite)
T (K) C, (IJmol -K) H (Jmoal) S (Jmoal-K) G°
298.15 150.853422 | —2929057.110000 169.905571 | —2979714.455994
498.15 212956083 | —2886465.893485 | 279.216891 | —3025557.787708
698.15 232.098880 | —2836217.557910 | 367.383947 | —3092706.660638
898.15 240.896833 | —2784519.010382 | 435.552235 | —3175710.250266

1098.15 245.865911 | —2732364.381225 | 490.461983 | —3270965.207774
1298.15 249.048185 | —2680008.925000 536.280042 | —3376180.860887
1498.15 251.264730 | —2627539.434037 575544732 | —3489791.774479
1698.15 252.903467 | —2574992.256128 609.881223 | —3610662.055712
1898.15 254.169752 | —2522385.506982 640.383514 | —3737929.474394
2098.15 255.181912 | —2469729.668497 667.820235 | —3870916.694458
2298.15 256.012756 | —2417031.597885 692.750954 | —4009077.202887
2498.15 256.709493 | —2364296.225386 715.595256 | -4151960.514538

3Ca0-2Si0, (rankinite)
T (K) C, (Imol -K) H (Jmoal) S (Jmol-K) G°
298.15 305.269112 | —3948801.630000 | 206.183102 | —4010275.121861
498.15 301.092166 | —3888583.196748 | 360.735072 | —4068283.372942
698.15 311.433486 | —3824228.235579 471.162317 —4153170.207287
898.15 320.012146 | —3756794.342669 | 559.073416 | —4258926.131175

1098.15 326.611689 | —3687512.279124 632.014689 | —4381559.209545
1298.15 331.781770 | —3617019.860256 694.266845 | —4518282.364534
1498.15 335.941793 | —3545671.477946 748524032 | —4667072.756053
1698.15 339.371104 | —3473682.084017 796.586329 | —4826405.158308
1898.15 342.256179 | —3401191.743607 839.712395 | —4995091.825540
2098.15 344.724790 | —3328297.007989 | 878.815134 | —5172182.981468
2298.15 346.867087 | —3255067.456144 914.576925 | —5356902.415656
2498.15 348.748447 | —3181555.046645 947.520822 | -5548604.187942
2698.15 350.417462 | =3107799.721279 978.056377 | -5746742.533838
2898.15 351.911039 | —-3033832.929471 | 1006.510154 | —5950850.331484

100
| —e—C3S2
80 ——(C2S
——CS
60
. —x— CAAF
=
= 40 —+— Liquid
20
0
1000 1200 1400 1600

Temperature, °C

Fig. 5. Thermodynamic equilibrium diagram for oil shale ash (OSA).
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Fig. 6. Phase diagram of the CaO-SiO, system [17, 22].

Main clinker minerals and liquid phase present after blending OSA with
cement raw material at 1250, 1300, 1350, 1450 °C were computed and the
results plotted as shown in Fig. 7. The results of the thermodynamic model-
ling (e.g. Fig. 7) show that even at the lowest level of OSA addition (15%),
the clinker minerals are very significantly altered. At 1250 °C, neither the
OSA blends nor the cement raw material would be a suitable clinker material
due to low amount of CsS which is reported to be stable at temperatures
between 1300 and 1800 °C. C3S and C,S are noted to be in equilibrium at
above 1250 and below 1420 °C [7]. The OSA blending ratio of 15 to 20%
could be used in making clinker materials at temperatures between 1300 and
1350 °C due to relatively high amounts of C;S and C,S. At this blending
ratio, there are enough liquids (>20%) to proceed to clinkering reactions
during the process of making cement. The minimum amount of liquid
required for clinkering reactionsis about 20% [7].

Table 3 shows the different blending ratios employed in the mathematical
computation of the raw materials which are considered in the manufacturing
of cement. The optimum blending ratio obtained for the constituents that is
close to Portland cement is 20% OSA, 15% clay and 65% limestone (Fig. 8).
The congtituents present at different ratios indicate that a temperature
between 1300 and 1400 °C can be used for the blending ratio that makes up
al necessary components of cement clinkers (Fig. 9). This is an indication
that the addition of OSA will reduce the required temperature to about
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Fig. 8. Calculation for the main constituents present when blending 25% OSA, 15%
clay and 60% lime.
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Fig. 9. Percentage of cement components present when blending 20% OSA, 15%
clay and 65% limestone.

1350-1400 °C instead of 1450-1500 °C. At this temperature, there will be
enough liquid constituents to undergo the clinkering reactions [7].

Thermomechanical analysis result for the suggested blend ratio shows
that the liquid has formed at temperatures higher than 1150 °C. Sintering
occurred at this temperature when OSA was not blended, and that resulted in
the shrinkage of the pellet. The XRD and SEM of the blend at 1350 °C show
that C;S and C,S are the dominant components present (Fig. 10).
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Fig. 10. XRD of the suggested blend ratio (a) and SEM of the suggested blend ratio at
temperature > 1350 °C (b).

Conclusions

Huge amounts of oil shale ash (OSA) and the cost of its disposal have been
the greatest challenge to usability of oil shale as a source of energy. An
attempt has been made on utilization of Lokpanta oil shale as raw material in
the cement manufacturing in Nigeria using a thermodynamic model. From
the different blending ratios employed in the thermodynamic calculation, the
optimum ratio obtained for the constituents that is close to Portland cement
was 20% OSA, 15% clay and 65% of limestone. Temperature between 1300
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and 1400 °C is suggested for the blending ratio that makes up all necessary
components of cement clinkersindicating areduction in the required clinker-
ing temperature. More experiments should be carried out on the suggested
blending ratio to ascertain the geotechnical engineering properties and
applications.
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