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Abstract

Cement clinker production is a slow process as raw materials have to be treated at 1350-1450°C. Several modifications to the conventional
procedure have been proposed to improve the production process. In this work, we synthesize a Portland belitic clinker from calcite and natural
zeolite. The preparation through the conventional thermal treatment is compared to the material synthesized by a modified combustion method. This
procedure, using urea and ammonium nitrate, reduces drastically calcination time and temperature. The particle size effect of the initial minerals
is discussed. The compounds were identified by X-ray diffraction and scanning electron microscopy.
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1. Introduction

Portland cement is conventionally made by heating a mix-
ture of limestone and clay, or other materials of similar bulk
composition and sufficient reactivity, ultimately to a tempera-
ture of about 1450°C.! Cement industry contributes about 5%
to global anthropogenic CO; emissions, making the cement
industry an important sector for COj-emission mitigation
strategies. CO» is emitted from the thermal treatment of lime-
stone, from combustion of fuels in the kiln, as well as from
power generation.”> Many methods to increase energy effi-
ciency, such as optimization of the clinker cooler, a more
efficient preheating, better burners as well as process control and
management systems, have been suggested.”> These improve-
ments are only modifications of the conventional preparation
method.

An original approach is to try to obtain the cement clinker
applying the new synthesis methods for ceramics. In this sense,
combustion synthesis seems to be very promising. Indeed, com-
bustion synthesis® has emerged as an important technique for
the preparation and processing of advanced ceramics, it is an
attractive method to manufacture technologically useful mate-
rials rapidly and at lower costs if compared to the conventional
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ceramic synthesis processes. Another advantage of combustion
synthesis is the use of relatively simple equipment.

This method, through a redox reaction, produces oxides in
a very short reaction time, less than 5min.* Aqueous solu-
tions containing stoichiometric amounts of the respective metal
nitrates (oxidizers) and fuels like urea are mixed and heated.
Fuels as carbohydrazide, citric acid, glycine nitrate among oth-
ers may be used in the synthesis of a variety of single and mixed
ceramic oxides. Still, these fuels differ in their reducing power.
Urea is the most convenient as it produces the smallest volume
of gases (4 mol/mol of urea), it is readily available commer-
cially, it is economical, and, of course, it generates a very high
temperature.’

Still, the combustion synthesis may occur either not only in
liquid phase, i.e. solution combustion (SC) but also in solid state
phase, i.e. solid state combustion (SSC). In the SSC, initial reac-
tants, intermediates, and final products are all in the solid state,
and the solid reactant combustion follows a self-propagating
high temperature synthesis. Fumo et al. have reported the com-
bustion synthesis of calcium aluminates from the corresponding
metal nitrates.® Chong Chen et al. have studied the low temper-
ature combustion synthesis of alumina.’

However, it is not always easy to obtain the corresponding
metal nitrates. Furthermore, the reaction is complex as the role
of atmospheric oxygen cannot be neglected.®8 If no nitrates
are available, as when silicon oxidizer nitrate is needed, oxy-
gen from air can be considered as an external oxidant agent.’
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Thus, the very exothermic combustion of the fuel with air can
be used to raise temperature and synthesize ceramics even from
other compounds than nitrates.!? To reach a higher tempera-
ture, ammonium nitrate or oxygenated water can be added.!!
These procedures should reduce, on the one hand, temperature
as well as heating time in processes as important as the already
mentioned clinker production in cement industry.

mixture was deposited in a platinum crucible, the mixture was
heated in a plate for 3 min at 70 °C, then for 2 min at ca. 250 °C.
The resulting compound was beige humid and homogeneous. It
was, then, introduced in a preheated muffle at 1200 °C, the flame
was small and depending on the amount of ammonium nitrate
a high amount of gases was observed. After 15 min, the sample
was cooled outside the muffle and powdered to be characterized,
the following schema summarizes the procedure.

[ Limestone ] [ Zeolite J [ Urea

] [ Ammonium Nitrate ]

[ Mixture of powders with small amount water

v

[ Pre-heating: hot plate, 70 °C/3 min and 250 °C/2 min J

v

[ Combustion in a muffle pre-heated at 1200 °C/15 min

v

[ Fast cooling ~ 25 °C ]

v

Identification of the phases of Portland cement clinker
(X-ray diffraction)

Schema summarizing the SS preparation of Portland Cement Clinker

In this work, we present the synthesis of belite Portland
clinker through the use of a modified combustion method
inspired in the protocol reported in previous works.”~!3 Our pur-
pose is to obtain the di- and tri-calcium silicates which are the
main components of belitic cement clinker through the modified
SSC method from natural zeolite and calcite.

2. Experimental procedure
2.1. Materials

Two natural Mexican minerals were used as reactants. On
the one hand, calcite, from a zone close to Mérida, Yucatan,
was chosen as calcium source and, on the other, zeolite from
San Luis Potos{ as a source of silicon and aluminum.!*!> The
calcite is pure CaCOj3 as determined by X-ray diffraction. Zeolite
from San Luis Potosi (Tadeo Concession), kindly supplied by
Dr. Krason, is constituted mainly by clinoptilolite. Urea was
provided by Merck, 99.5% purity CO (NH3),.

As reference for the scanning electron microscopy study, two
industrial samples of cement were chosen. They are Portland
cements: cemento Portland ordinario and cemento blanco, both
from CEMEX.

2.2. Procedure
Calcite and zeolite were ground. The minerals were mixed

with urea and ground again. Ammonium nitrate was added at
this step. A minimum amount of water was then added and the

The relative amount of each reactant was determined from
the global reaction between calcite and zeolite:

78CaCO3 + Ca4Alg Si28072~24H20
— 14(Ca0)3Si0; + 14(Ca0),Si0; + 4(Ca0)3Al,03
+ 24H,0 + 78CO, (1

where the zeolite is calcium clinoptilolite (molar ratio Si/Al=3.5
and Ca/Si=0.14) as clinoptilolite is the main compound present
in the San Luis Potosi mineral. The ratio Si/Al=3.5 of the zeo-
lite is close to the required ratio to synthesize Portland clinker,
therefore, no aluminum compound had to be added. The amount
of calcite was adjusted to reach a value close to Ca/Si=3. Note
that in the zeolite a high amount of calcium is already present
(zeolite Ca/Si=0.14). In this work, we prepared samples with a
calcite:zeolite molar ratio of 78:1.

At 25°C, the reaction between zeolite and calcite requires
a reaction enthalpy of AH,=2955 kcal/mol of zeolite. Instead,
at 1450 °C the AH, turns out to be 7593 kcal/mol.'%17 As the
AH,;/mol of urea combustion with air is —129.9 kcal/mol of urea
at 25 °C, the required amounts of calcite, zeolite and urea can
be calculated.

To increase temperature, we used urea mixed to ammonium
nitrate, as it has been already reported, for the synthesis of
mullite.!® The redox reaction between urea and ammonium
nitrate is:

CO(NH3)(s) + 3NH4NO3(5) — COz(g) + 8H20(g) + 4N2(g)
@)
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Table 1
Sample labeling and preparation conditions (mineral particle size of 32 um).

Sample Calcite (mol) Zeolite (mol) Urea (mol) Ammonium nitrate (mol) [N Muffle temperature (°C)
C78U68 0.00977 0.000125 0.0085 0.0085 0.66 1200

C78U176 0.00977 0.000125 0.0220 0.0220 0.66 1200

C78U68H 0.0143 0.000182 0.0125 0.0125 0.66 1200

C78U176H 0.0143 0.000182 0.0320 0.0320 0.66 1200

Table 2

Samples prepared from a mineral particle size of 75 wm.

Sample Calcite (mol) Zeolite (mol) Urea (mol) Ammonium nitrate (mol) D, Muffle temperature (°C)
C78U68L 0.0143 0.000182 0.0125 0.0125 0.66 1200

C78U176L 0.0143 0.000182 0.0321 0.0321 0.66 1200

witha AH; = —214.461 kcal at 25 °C. Note that, in such reaction,
no nitrogen oxides are obtained.®’ Indeed, the amount of fuel to
react completely with the oxidizer depends on the final oxida-
tion state of nitrogen, carbon, and hydrogen. Nitrogen can have
a valence of +2 (as NO), +2x (as NO,), or +4 (as NO,) after the
combustion reaction. Therefore, calculations of the stoichiomet-
ric composition were based on the assumption that the nitrogen
species in the product has a valence of 0. Still, some authors sug-
gest that it may not be always the case, making the calculation
of stoichiometric amounts difficult.'8

In all samples, the molar ratio urea to ammonium nitrate
was 1.00, an urea excess of 200% was used as suggested by
Burgos-Montes et al.!® The parameter @, defined as the ele-
mental stoichiometric coefficient, correctly predicts whether a
mixture is fuel lean, fuel rich, or stoichiometrically balanced.?°
In our experiments, . =0.66 was maintained constant. As in
practice the thermodynamical conditions may be hard to obtain,
the relative amounts of urea to zeolite were varied in order to
optimize the clinker production.

Two samples were prepared with a ratio urea/zeolite equal to
68.68 and the other two with 176.00. The samples were labeled
with the letter C indicating that the following number is the ratio
calcite/zeolite (78.0) and U followed by the ratio urea/zeolite

* Lime *

e, \

T T T T T T T T T
20 30 40 50 60 70 80
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Fig. 1. X-ray diffraction pattern of the CONV sample.

(either 68.7 or 176.0). Then the sample C78U68.7 was prepared
with a calcite/zeolite ratio of 78 and a urea/zeolite ratio of 68.7.
The resulting molar values used in the synthesis and sample
labeling are presented in Table 1. The samples with the same
relative amounts but prepared with higher amount of reactants
(1.5 times) have the letter H at the end. For comparison pur-
poses a sample (CONV) was conventionally prepared treating
at 1200 °C for 15 min the mixture of 0.00977 mol of calcite and
0.000125 mol of zeolite, of course no fuel was added.

All the previous samples were prepared grinding the initial
minerals to reach a particle size of (32 pm). Two more samples
were prepared from minerals with a larger particle size (75 pm).
The labeling is the same used for the previous samples, only the
letter L was added at the end to show that they were prepared
from larger mineral particles. The synthesis conditions of these
samples are presented in Table 2.

2.3. Characterization techniques

All samples were characterized by X-ray diffraction and
scanning electron microscopy. A Bruker-axs D8-advance
diffractometer coupled to a copper anode X-ray tube was used
to identify the compounds present in the powdered samples.
A diffracted beam monochromator selected the Ka radiation.
The used electron scanning microscope was a Leica Cambrige
modelo Stereoscan 440. The samples were covered with gold
to avoid charge problems. To study the thermal behavior of cal-
cite, zeolite and urea a thermal gravimetric analysis (TGA) was
made in air atmosphere with a heating rate of 10 °C/min. A TA
Instruments, model 2950 was utilized.

3. Results and discussion

Fig. 1 presents the X-ray diffraction pattern of the conven-
tionally prepared sample, CONYV, from a mineral particle size
of 75 pwm. Only lime (CaO) was obtained. The peaks are sharp
and intense showing that the compound is highly crystalline. No
other crystalline compounds of silicon or aluminum are found.
Then, silicon and aluminum form amorphous compounds whose
presence is revealed by the background line which, in the interval
6-30° (20), is not flat.
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Fig. 2. Comparison between the X-ray diffraction patterns of samples C78U68
and C78U176.

Sample C78U68 was prepared through the modified com-
bustion method with urea and ammonium nitrate. The
corresponding X-ray diffraction pattern shows that the obtained
main compound is belite (CazSiOy4), alite (Ca3SiOs), calcium
aluminate (Caj2Al14033) and some gehlenite Cay (AI(AlS1)O7),
are also present. It has to be emphasized that no lime was iden-
tified.

If the ratio urea to zeolite is increased, sample C78U176,
the previous composition is almost reproduced, only the relative
amount of alite has slightly decreased (Fig. 2).

These two samples were prepared again using large amounts
of materials (1.5 times) but using the same relative amounts,
samples C78U68H and C78U176H. The purpose was to deter-
mine if there were some differences due to new thermal
gradients. In sample C78U68H the relative amount of alite
is higher than in C78U176H, in agreement with the previous
results, showing that an excess of carburant inhibits the alite for-
mation (Fig. 3). Fig. 4 compares the X-ray diffraction patterns
of samples C78U68L and C78U176L. These two preparations
are very similar.

To study the particle size effect of the raw materials on the
synthesized clinker, two more experiments were performed in
the same conditions. The particle size was now 75 wm instead of
32 pm (Table 2). Again, the main compound was belite and some
small amounts of alite and calcium aluminate but no gehlenite
were found. The main difference due to particle size seems to
be the amount of amorphous material, i.e. the shape of the back-
ground line and some CaO. These two samples contain more
non crystallized material. Again the relative content of alite is
higher in the sample prepared with a lower amount of fuel.

Scanning electron micrographs of the synthesized clinkers
and reference Cemex cements are shown in Fig. 5. In the sample
synthesized at 1200 °C with 200% urea excess and ammonium
nitrate needle and platelet like particles, irregular particles and
some bubbles due to gas escape are observed. Instead, the clinker

Belite

Alite

Calcium Aluminate
Gehlenite

+ %00

C78U176H

! F [ C78U68H
T T T 'l T T T T T
40 50 60 70

20 degree

80

Fig. 3. Comparison between the X-ray diffraction patterns of samples C78U68H
and C78U176H.

synthesized without ammonium nitrate is mainly constituted by
agglomerates of variable size. As expected, if neither urea nor
ammonium nitrate were used, the morphology turns out to be
definitely different, particles are globular and they associate to
form large agglomerates. Two more micrographs are included
they correspond to industrial Portland white cement produced
by Cemex. These materials present larger particles and seem
more homogeneous as they contain also gypsum, it is a finished
product.

Fig. 6 compares the TGA curves of urea, zeolite and calcite.
The decomposition of urea starts at 177 °C, whereas the zeolite
looses weight continuously up to 300 °C, such losses are due
to water elimination. Calcite disintegrates at 700 °C whereas
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kaﬂWmWAwﬂhwkk
b kadi IW“W\M

r T T T T J
28 30 32 34 36 38 40 42 44 46 48

PoX C78U176L

C78U68L

20 30 40 50 60 70 80
20 degree

Fig. 4. Comparison between the X-ray diffraction patterns of samples C78U68L
and C78U176L.
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Fig. 5. SEM images of belitic cement clinker (a) synthesized employing urea 200 wt.% over the stoichiometric and ammonium nitrate as combustion aids, (b)
synthesized using urea 200 wt.% over the stoichiometric, (c) synthesized without urea and without ammonium nitrate, (d) and (¢) SEM images of two industrial

cements.

ammonium nitrate at 210°C.?! Therefore, most probably, the
reaction sequence is urea, ammonium nitrate, zeolite decom-
position, and calcite decomposition to react and form other
compounds.

Our results show that belite clinker may be prepared from a
mixture of natural zeolite as aluminum and silicon source and
calcite as calcium provider. If the clinker is prepared by the mod-
ified combustion method, the muffle preparation temperature is
1200 °C instead of the usually accepted 1360 °C.?> With both
particle sizes (32 and 75 wm) of the raw materials, the belitic

clinker was obtained although the small amount of residual lime
varied, if the particle size was 32 um no lime was identified; still,
in this sample some gehlenite was obtained. This method is sim-
ple and fast as only one preheating step is required (70 °C/3 min
and ca. 250 °C/2 min on a plate) before introducing the sample
into the muffle at 1200 °C.

It is interesting to note that although many works have
reported the synthesis of some compounds present in cement
as calcium aluminates,® the used combustion method requires
nitrates which are not easily available. Our method is original
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Fig. 6. TGA curves from zeolite, calcite and urea.

and new as it proposes a modified combustion method which
provides a clinker as good as the one prepared by De La Torre et
al.22, Trezza and Scian,? Popescu et al.2* The lowest reported
temperature is 1260—1300 °C with time treatments from 15 min
to 1h,2>?* instead we obtained belitic clinker in one step at
1200 °C for 15 min. Other authors have proposed different meth-
ods to reduce treatment time and temperature. Hui Huang et al.
have prepared nanocrystals of B-dicalcium silicate through a
sol-gel and autocombustion method which reduced treatment
time to 4 h and temperature to 650 and 1100°C.%> Rodriguez
reports on cement synthesis of various chemical compositions
adding rice hull ash at 600, 800 and 1000 °C under sonication
with 2% and 3% of Ba.2® The modified combustion method
is, then, new and most promising as savings in external energy
consumption should be significant. Furthermore, it provides a
simple alternative to other elaborate and conventional methods.

The composition of the combustion prepared belitic clinker
depends on the amount of fuel and on the raw material particle
size. If the belitic clinker can accept some lime, the raw material
particle size can be larger. The typical size for raw materials
for the conventionally prepared clinkers is around 90 pm.! The
comparison of the results obtained with the two particle sizes of
the raw materials shows the presence of diffusion effects due,
essentially, to temperature gradients. Lime begins to be formed
at 800 °C and decomposes at 1350 °C.! Therefore, in the core
of large particles, temperature reaches a value close to 1100 °C
where lime is stable. Instead, if particles are small, no lime is
observed and temperature seems to be the same in the core as
in the particle surface. In small particle synthesis, no lime is
found whereas some gehlenite seems to be present, showing
that temperature reached at least 1350 °C in the whole particle.

If the amount of fuel is not enough or is too much the obtained
clinker has a different composition, results not reported here.
The use of a combustion aid is essential as it reduces the tem-

Table 3
Values of formation enthalpy of the involved compounds'-1%:17:29,

Compound AH;° at 25°C (kcal mol~')
CayAlgSirgO72-24H,0(s) —10147.32
CaCOs3(s) —288.45
CO(NH»)2(c) —79.71
NH4NO3(s) —87.46
(Ca0)3SiOx(s) —700.57
(Ca0),Si0x(s) —551.87
(Ca0)3A1,03(s) —858.34
COz(g2) —94.05
H,0(g) ~57.80
Na(g) 0
02(2) 0

perature of the reaction by ca. 150 °C although more gases are
produced.??

Our experiments with higher amounts of raw materials show
that the obtained clinker has a similar composition. Therefore,
there is no diffusional effect or any other effect on the resulting
compounds. Thus, fuel acts in the same way even if itis occluded
into the high mass of the reactants; there are no hot points or no
trapping of gases which diffuse easily.

Last but no least, some simple considerations on the energy
required in this process can be made. The energy for the clinker
production can be determined from the formation enthalpy
at 25°C (Table 3).!? The energy to produce conventionally
(calcination method) a kilogram of clinker is about 422 kcal.
This estimation does not include energy losses due to radi-
ation and convection, water evaporation, outgases and dust,
losses in the cooler among others which may increase this
value up to 3043 kcal if the process is dried with preheaters and
precalciner.?’ Following the same procedure the energy to pro-
duce a kg of clinker through the combustion method turns out to
be 433 kcal. Although the value obtained in the combustion syn-
thesis is larger than the value obtained through the conventional
method, it has to be emphasized that the synthesis temperature is
diminished. Indeed, it is reduced 250 °C. The preparation time
is only 25 min. The energy losses which increase enormously
the conventional synthesis are very much reduced in the pro-
posed combustion method. Lastly, the required equipment is
much simpler and the industrial reactants are rather economi-
cal: ammonium nitrate price is 302.4 $ per ton and urea is 325
$ per ton in 2007.28

4. Conclusions

We have shown that belitic clinker can be obtained through
a modified combustion method which reduces the temperature
synthesis to ca. 1200 °C. In this way the preparation of the clink-
ers turns out to be 25 min starting from the grinded raw materials.
Natural zeolite from San Luis Potos{ and calcite from Yucatan
are appropriate to synthesize belitic clinker. If the particle size is
75 pwm a small amount of lime is observed, instead if the particle
size is 32 pm no CaO is found.

The samples were prepared with urea and ammonium nitrate;
200% excess of urea and a very small amount of water provided
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the best clinker with a preheated muffle at 1200 °C. Only a pre-
treatment on a plate was necessary (70°C for 3 min and ca.
250 °C for 2 min) and 15 min in the oven. Last but not least, the
equipment was very simple.
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