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a b s t r a c t

Bauxite was substituted with spent catalysts for clinker preparation. Three different clinkers were pre-
pared: one with bauxite as a reference, one with spent alumina catalyst and another with reduced fluid
cracking catalyst. Powder X-ray diffraction technique, thermal analysis and scanning electron microscope
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were used to characterize each clinker sample. Rietveld refinement shows that, in all clinkers prepared,
alite was formed with hexagonal lattice and monoclinic belite has higher unit cell volume compared to
the known �-Ca2SiO4. The physical and mechanical properties (specific area, setting time, heat of hydra-
tion, soundness and compressive strength) of the cement samples were studied. The results show that
substitution of bauxite by spent catalysts gave close results in terms of chemical composition, physical

es of
men
ietveld refinement and mechanical properti
quality of the prepared ce

. Introduction

There is growing interest all over the world about climate and
nvironmental issues. It is important to find a suitable solution for
any environmental problems caused by the present-day indus-

ries and manufacturing. For example, many chemical processes
nvolve the use of catalysts to increase their production rate. How-
ver, the catalytic activity decreases with time, and after several
hemical reactions, the catalyst has to be changed. In this study
wo types of petroleum refineries-spent catalysts were considered:
pent alumina catalyst (SAC) used to remove the contaminated HCl
n the gas during the processing of heavy oil in the refinery and
educed fluidized cracking catalyst (RFCC) used to crack the heavy
il to lighter products such as gasoline, kerosene, and naphtha-
ene. Once they became inactive, both catalysts are withdrawn from
he cracking unit, as by-product wastes and are replaced by active
nes. According to Petrochemical Refineries Company in Oman,
5–20 tonnes of waste RFCC and around 200–500 kg of waste SAC
re withdrawn daily from the refinery. The storage yard at the
lant has been accumulating around 20,000 tonnes, which causes
he storage of this type of material to become an environmental
ssue. Such types of wasted catalysts have an interesting chemical

omposition which has attracted many researches to study them as
ubstitutes for cement [1–5]. Portland cement clinker is manufac-
ured by proportionally mixing limestone, quartzophillite, iron ore
nd bauxite. The use of wastes from petroleum refineries as con-

∗ Corresponding author. Tel.: +968 24142449; fax: +968 24142449.
E-mail address: melghit@squ.edu.om (K. Melghit).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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the Portland clinker. Also it shows the spent catalysts do not affect the
t.

© 2010 Elsevier B.V. All rights reserved.

struction material has been gaining interest in recent years. Su et
al. [1] have demonstrated the advantage of reusing this waste cat-
alyst and their results indicate that the additive can replace up to
15–20% of cement where the quality of the cement remains close to
that without substitution. However, we are not aware of any studies
reporting the use of such waste catalysts samples in the prepara-
tion of Portland clinker instead of cement substitution. Thus, the
aim of this study is to investigate the use of spent catalyst RFCC
and SAC as substitutes for the raw material bauxite in the prepara-
tion of Portland clinker, and also to identify the crystalline phases
of the main clinker constituents by using Rietveld refinement.

2. Experimental

2.1. Materials

Samples of the raw materials were taken from different loca-
tions in Oman. Limestone (LS), Quartzophillite (QPh) and Iron
Ore (Iron) were sampled from Al-Rusyal. Imported bauxite was
obtained from Oman Cement Company (SAOG). The natural gyp-
sum (CaSO4·2H2O) was sampled from Ghabah in Oman. Both waste
catalysts, spent alumina catalysts (SAC) and reduced fluid crack-
ing catalyst (RFCC), were obtained from Petrochemical Refineries
Company LLC Oman. All raw materials were used without further
purification.
2.2. Preparation of the samples

Fig. 1 depicts the preparation steps of the Portland clinkers and
Portland cements in the laboratory. Mixtures of the raw materials

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:melghit@squ.edu.om
dx.doi.org/10.1016/j.jhazmat.2010.03.083
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Fig. 1. Preparation steps of Portland clinkers and cements in the laboratory.

Table 1
Composition of the raw materials for the preparation of Portland cement clinkers.

Raw meals Raw meals constituent (%)

Limestone Quartzophillite Iron Ore Bauxite RFCC SAC Total

3 3.74 – – 100.00
3 – 3.51 – 100.00
7 – – 2.07 100.00

(
T

2

a
m
a

Table 2
The cement grinding physical condition.

Parameter Cement samples
RM-BxtRef 86.03 7.30 2.9
RM-RFCC 86.78 5.78 3.9
RM-SAC 86.52 7.44 3.9

RM) were prepared according to the proportion shown in Table 1.
he grinding conditions of clinkers are reported in Table 2.

.3. Chemical and physical characterization
The raw materials, spent catalysts, clinkers and cements were
nalyzed by the chemical wet analysis methods. The sample was
ixed and fused with sodium carbonate in a platinum crucible at

round 950 ◦C. The obtained melt was dissolved in HCl solution,

Cmt-Bxt Cmt-RFCC Cmt-SAC

Grinding time, min 13.0 13.0 16.0
Specific area, m2/kg 307 309 309
Residue (170 �M) 0.5 0.7 0.7

Laboratory ball mill model NETZSCH D-8672.
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Table 3
Chemical analysis of raw materials for the production of Portland cement clinkers.

Oxides Content of raw materials (wt%)

Limestone Quartzophillite Iron Ore Bauxite RFCC SAC

SiO2 8.19 81.48 25.28 10.72 40.92 0.32
Al2O3 0.89 6.25 7.95 42.02 45.69 71.38
Fe2O3 0.48 3.78 48.86 13.65 2.67 0.01
CaO 49.11 2.58 1.12 5.48 5.65 0.51
MgO 1.21 1.79 0.24 1.22 0.00 0.16
K2O 0.15 0.42 0.28 0.14 0.09 0.04
Na2O 0.10 0.28 0.15 0.13 0.25 3.85
LOI 39.51 2.64 11.15 25.65 1.01 22.18
SO3 0.11 0.22 0.13 0.15 0.11 0.08
TiO2 0.19 0.15 0.14 0.18 0.00 0.00

Table 4
Mineralogical composition of the prepared Portland cement clinkers.

Mineralogical phase Cement clinkers composition (Bogue) (%)

Clk-BxtRef Clk-RFCC Clk-SAC

C3S 64.64 67.22 71.58
C2S 12.79 11.36 7.50
C3A 5.41 4.46 4.66
54 H. Al-Dhamri, K. Melghit / Journal of

ltered and the precipitate was ignited at 1000 ◦C and used to cal-
ulate the silica content. The filtrate was used to determine oxides
f aluminum, iron, calcium and magnesium by titrating with 0.04 M
tandardized EDTA solution. The chloride content in the sample
as determined by silver nitrate method. Na2O and K2O were
etermined with atomic absorption spectroscopy (using Spectra
A.20 Varian). The sulfate content was determined by dissolving

he sample in boiled HCl solution. To this solution barium chlo-
ide (10% BaCl2 solution) was added. The barium sulfate formed
as used to calculate the amount of SO3. The LOI was determined

n an oxidizing atmosphere by igniting known mass of the sam-
le at 980 ◦C. TiO2 was determined colorimetrically using Tiron
eagent. The measurement was carried out using spectrophotome-
er (HACH DR/2000, and wavelength of 410 nm). The free lime test
as carried out using the ethylene glycol method. A quantity of

round clinker was refluxed in ethylene glycol under boiling and
he resultant solution was filtered and titrated with 0.1 N HCl. The
rystalline structures of the as-prepared samples and the ther-
ally treated samples were analyzed at room temperature with

owder X-ray diffraction (XRD) using Philips 1710 diffractometer,
ith CuK� radiation (� = 1.54056 Å) and a graphite monochroma-

or. The samples were grounded manually to fine particles. The
RD measurements were carried out by step scanning method (2�

rom 5◦ to 70◦ with a scanning rate of 0.02/s and a step time of
s). The crystalline phases of clinker were determined by using
ietveld refinement which uses a least squares approach to refine
theoretical line profile until it matches the measured profile. This
llows us to determine the crystallography data of clinker phases.
he morphology and rough size of the particles were investigated
sing JEOL JSM-5600LV scanning electron microscope (at 20 kV).
ement/clinker powder particles were adhered in a 10 mm stub
sing double side carbon disc and placed in SEM chamber. Thermo-
ravimetry analysis (TGA) and differential thermal analysis (DTA)
f the raw materials (RM-BxtRef, RM-RFCC, RM-SAC) were car-
ied out using SDT 2960 Simultaneous DSC-TGA instrument. The
amples were manually grinded to fine particles and amounts of
1–15 mg were analyzed using platinum crucible. The heating rate
as 10 ◦C/min, under normal atmosphere (from room temperature

o 1200 ◦C). Compressive strength (using test machine ADR 1500
LE, at the ages of 2, 7 and 28 days), soundness and setting time
ere carried out according to the European Standard Methods for
esting of Portland cement [6,7]. The soundness is determined by
bserving the volume expansion of cement paste using Le Chate-
ier apparatus. The heat of hydration was carried out according to
STM C186-98 (Standard Test Method of Hydraulic Cement). For

he study of the hydration process by XRD techniques, the cement

Fig. 2. X-ray diffraction patterns of bauxite (Bxt), reduced fluid c
C4AF 12.93 13.48 13.27
LP 26.08 25.58 25.41

C3S: Ca3SiO5, C2S: Ca2SiO4, C3A: Ca3Al2O6, C4AF: Ca2(Al,Fe)2O5, LP: liquid phase.

pastes were prepared by mixing 500 g of cement with 130 mL of
distilled water. Then, they were cured in tap water and maintained
at the water temperature of about 20 ◦C. The cured samples were
taken out from the water at ages of 2 and 28 days, the hydrated
cement crushed and ground manually to fine powder prior to XRD
analysis.

3. Results and discussion

3.1. Chemical analysis of the raw materials

The chemical analysis of the raw materials is listed in Table 3.
The content of Al2O3 in RFCC is close to the contents in bauxite
where SAC has higher contents than bauxite and RFCC. Fig. 2 depicts
their powder X-ray diffraction patterns. Bauxite shows the follow-

ing crystalline fractions: aluminum hydroxide, aluminum silicate
and calcium carbonate. RFCC is a composite material [8] which
shows the following crystalline fractions: zeolite (Faujasite), sil-
ica and aluminum silicate. The spent alumina catalyst shows the

racking catalyst (RFCC) and spent alumina catalyst (SAC).
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Table 5
Crystallographic data of the polymorphs for six phases present in the prepared Portland cement clinker obtained from Rietveld refinement.

Space group Unit cell parameters (a, b, c in Å and ˛, ˇ, � in◦)

a b c ˛ ˇ � Rp Rwp

Clk-BxtRef

C3S R3m 7.052458 (2) 7.052458 (2) 24.965307 (1) 90 90 120 5.445 7.659
C2S P21/n 5.464 (3) 6.6944 (12) 9.744 (6) 90 98.27 (6) 90
C3A Pa3 15.2143 (7) 15.2143 (7) 15.2143 (7) 90 90 90
C4AF Ibm2 5.5361 (5) 14.6023 (10) 5.3148 (5) 90 90 90
CaOf Fm-3m 4.7998 (3) 4.7998 (3) 4.7998 (3) 90 90 90
MgO Fm-3m 4.2338 (4) 4.2338 (4) 4.2338 (4) 90 90 90

Clk-SAC
C3S R3m 7.051672 (2) 7.051672 (2) 24.970766 (1) 90 90 120 5.280 7.615
C2S P21/n 5.455 (11) 6.731 (3) 9.752 (12) 90 98.65 (13) 90
C3A Pa3 15.2060 (8) 15.2060 (8) 15.2060 (8) 90 90 90
C4AF Ibm2 5.5376 (3) 14.6036 (11) 5.3163 (5) 90 90 90
CaOf Fm-3m 4.79824 (19) 4.79824 (19) 4.79824 (19) 90 90 90
MgO Fm-3m 4.2348 (4) 4.2348 (4) 4.2348 (4) 90 90 90

Clk-RFCC
C3S R3m 7.055338 (2) 7.055338 (2) 24.976019 (1) 90 90 120 5.350 7.422
C2S P21/n 5.486 (6) 6.708 (2) 9.745 (9) 90 98.69 (9) 90
C3A Pa3 15.2054 (8) 15.2054 (8) 15.2054 (8) 90 90 90
C4AF Ibm2 5.5376 (4) 14.6084 (11) 5.3168 (5) 90 90 90
CaOf Fm-3m 4.80081 (19) 4.80081 (19) 4.80081 (19) 90 90 90
MgO Fm-3m 4.2377 (4) 4.2377 (4) 4.2377 (4) 90 90 90

C3S: Ca3SiO5 (alite), C2S: Ca2SiO4 (belite), C3A: Ca3Al2O6 (aluminate), C4AF: Ca2(Al,Fe)2O5 (ferrite), CaOf: free lime, MgO: periclase.

Fig. 3. TGA–DTA curves for the raw mixtures (a) RM-BxtRef, (b) RM-RFCC and (c) RM-SAC.
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ig. 4. Rietveld plot for Clk-BxtRef sample. The upper trace shows the observed data
lot of the difference between observed and calculated data. The vertical markers s

ollowing crystalline fractions: alumina and sodium chloride prob-
bly formed when removing contaminated HCl in the gas during the
efinery process. Fig. 3 depicts the DTA and TGA curves of bauxite,
AC and RFCC-containing raw materials. The weight loss is very

mall at lower temperatures, which indicates that the three mix-
ures do not contain adsorbed water. A sharp endothermic peak
an be seen at 250 ◦C (only in RM-BxtRef DTA curve) which corre-
ponds to loss of hydroxyls group from bauxite. Few other weak
road endothermic peaks can be seen in DTA curves. These could

ig. 5. Rietveld plot for Clk-SAC sample. The upper trace shows the observed data as dot
lot of the difference between observed and calculated data. The vertical markers show t
t, while the calculated pattern is represented by the solid line. The lower trace is a
he positions calculated for Bragg reflections. Inset SEM micrograph.

be, probably, related to endothermic chemical reactions or phase
transformation. A large amount of weight loss starts after 800 ◦C,
along with a strong endothermic peak in DTA curves. This corre-
sponds to the decomposition of calcium carbonate from limestone.

In the three mixtures, the decompositions take place at nearly sim-
ilar temperatures (846, 849 and 836 ◦C), and the amount of CO2
decomposed from the three mixtures are also similar (32.5% for
RM-BxtRef, 32.0% for RM-SAC and 33.0% for RM-RFCC). This may
lead us to conclude that the heating processes of the two mixtures

, while the calculated pattern is represented by the solid line. The lower trace is a
he positions calculated for Bragg reflections. Inset SEM micrograph.
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Fig. 6. Rietveld plot for Clk-RFCC sample. The upper trace shows the observed data as dot, while the calculated pattern is represented by the solid line. The lower trace is a
plot of the difference between observed and calculated data. The vertical markers show the positions calculated for Bragg reflections. Inset SEM micrograph.
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Fig. 7. Powder X-ray diffraction patterns of d

ontaining the spent catalysts (RM-SAC and RM-RFCC) are similar
o the reference sample containing bauxite (RM-BxtRef).
. Portland cement clinkers

The mineralogical compositions of the prepared Portland
ement clinkers are calculated using Bogue equations (Table 4).
he mineralogical phase’s contents are of acceptable composition,
hydrated cement (pastes for 2 and 28 days).

similar to those of industrial-manufactured clinkers. More specif-
ically, the alite phase shows an appreciable quantity in all three
samples; the clinker SAC has the highest amount of alite. XRD anal-

yses of the prepared Portland clinkers are presented in Figs. 4–6.
Using the Rietveld analysis (profile matching with constant scale
factor) available in FULLPROF program [9]. The space group and
unit cell parameters of the various polymorphs in the prepared
clinkers are listed in Table 5. All three samples were successfully
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Fig. 8. Powder X-ray diffraction patterns of hydr

tted with acceptable refinement parameters Rp and Rwp. The main
ineralogical phases detected are alite (C3S), belite (C2S), calcium

luminate (C3A), calcium aluminoferrite (C4AF), free lime (CaO),
nd periclase (MgO). The XRD analysis of the prepared clinkers
ndicates the formation of similar phases. According to the avail-
ble literature [10], there are many polymorphic forms of the alite
3S phases. The prepared clinkers were found to have alite with
exagonal lattice (space group R3m; a = b = 7.0567 Å, c = 24.974 Å,
= ˇ = 90◦, � = 120◦), similar to alite reported in literature [11,12].
elite was found to crystallize in a monoclinic system, similar to
he polymorph �-Ca2SiO4 [13]. However, the angle ˇ is higher
98◦ instead of 94.59◦); this leads to a unit cell with higher vol-
me (352.7 Å3 instead of 343.9 Å3). The SEM images of Clk-BxtRef,
lk-SAC and Clk-RFCC are shown inset of Figs. 4–6, respectively.
he as-prepared clinkers have similar microstructures and present
trongly agglomerated microsized particles. From the present
efinement, the as-prepared clinkers appear to have the same
hases with similar crystalline structures. The free lime in clinker
ontaining bauxite is found to be lower compared to the other clink-
rs containing spent catalysts; however its amount, determined
rom the chemical analysis, remains in the acceptable range.
.1. Portland cement

The XRD patterns of the Cmt-BxtRef, Cmt-SAC and Cmt-RFCC
amples (dry and hydrated), are reported in Fig. 7. The reaction

able 6
hysical properties of tested Portland cement.

Physical test Cement samples

Cmt-BxtRef Cmt-RFC

Soundness (mm) 0.90 1.10

Setting time
Initial (min) 130 95
Final (min) 153 111

Consistency (%) 25.8 25.0
Heat of hydrationb (kJ/kg) (7 days) 315.1 301.9

a Accordance to BS EN 197-1:2000, Class 42.5N (LA).
b Accordance to ASTM C186-98.
ement pastes for 2 and 28 days (2� = 17.5–18.4).

of cement with water, leads to the formation of new hydrate prod-
ucts such as crystalline calcium hydroxide Ca(OH)2 [14] along with
clinker phases. Similar phases are observed in all samples. The
diffraction peaks intensity of clinker phase’s decreases, after 28
days of curing, compared to the intensity of diffraction peaks of
hydrated phases. This can be seen, clearly, in Fig. 8 which shows
one diffraction peak of calcium hydroxide after 2 and 28 days of
curing.

4.2. Physical and mechanical testing

The physical properties of both cement powders and cement
mortar, prepared from the three mixtures are listed in Table 6. The
soundness measured, according to Le Chatelier test, varies from
0.90 to 1.10 mm while the limit according to EN 197-3 is 10.00 mm
[6]. The heat of hydration of cement prepared using SAC shows
the highest result (325.1 kJ/kg) compared to other samples. How-
ever, the heat of hydration results showed only slight differences
between the three samples. This could be related to the nearly sim-
ilar contents of C3A in the three samples (Table 4), as the majority
of the hydration heat should be released from C3S. Table 7 shows

the effect of spent catalyst content on the compressive strength of
hydrated cement samples (cured at 2, 7 and 28 days). At early age,
there are slight differences in compressive strength values between
the three samples. At 28 days, the Cmt-BxtRef and Cmt-SAC have
higher strength than Cmt-RFCC. The compressive strength of the

Specification standarda

C Cmt-SAC Minimum Maximum

0.90 – 10.00

147 60 –
167 – 600

26.0 – –
325.1 – –
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Table 7
Compressive strength of prepared Portland cements: Cmt-BxtRef, Cmt-RFCC and
Cmt-SAC. Cement:sand:water ratio = 1:3:0.5.

Cmt-BxtRef (N/mm2) Cmt-RFCC (N/mm2) Cmt-SAC (N/mm2)
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[

[

Phys. A 74 (2002) 86–88.
[13] J. Barbier, B.G. Hyde, The structure of the polymorphs of dicalcium silicate

Ca2SiO4, Acta Cryst. B 41 (1985) 383–390.
2 days 16.85 ± 1.21 17.73 ± 0.55 17.80 ± 0.00
7 days 31.40 ± 1.51 29.00 ± 0.43 32.20 ± 0.17
28 days 45.90 ± 1.53 42.50 ± 0.17 44.86 ± 0.03

ement prepared using RFCC is in the minimum limit permitted
y the standard specification [7]. Probably, this is related to the
ifference in minor impurities present within the samples.

. Conclusions

Chemical and physical analysis, carried out on the three types
f Portland clinkers and cement that were prepared from different
ources of alumina, show that these products meet the normal stan-
ards and specifications for Portland cement testing. Therefore, the
pent catalysts (SAC and RFCC) could be utilized to replace bauxite
n the manufacturing of Portland clinker. This could be a solution
or disposing spent catalysts from refinery companies.
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