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a b s t r a c t

The cement industry has for some time been seeking procedures that would effectively reduce the high
energy and environmental costs of cement manufacture. One such procedure is the use of alternative
materials as partial replacements for fuel, raw materials or even clinker. The present study explores
the reactivity and burnability of cement raw mixes containing fired red or white ceramic wall tile wastes
and combinations of the two as alternative raw materials.

The results showed that the new raw mixes containing this kind of waste to be technically viable, and
to have higher reactivity and burnability than a conventional mix, providing that the particle size of the
waste used is lower than 90 lm. The mineralogical composition and distribution in the experimental
clinker prepared were comparable to the properties of the clinker manufactured with conventional
raw materials. Due to the presence of oxides such as ZnO, ZrO2 and B2O3 in tile glazing, the content of
these oxides was higher in clinker made with such waste. The mix of red and white ceramic wall tile
waste was found to perform equally or better than each type of waste separately, a promising indication
that separation of the two would be unnecessary for the purpose described above.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Portland cement clinker production consumes large amounts of
energy (850 kcal per kg of clinker) and has a considerable environ-
mental impact. This involves massive quarrying for raw materials
(limestone, clay, etc.), as it takes 1.7 tonnes to produce 1 tonne of
clinker, as well as the emission of greenhouse and other gases
(NOx, SO2, CO2) into the atmosphere. Around 850 kg of CO2 are
emitted per tonne of clinker produced.

The cement industry is looking for solutions to these problems,
to attain sustainability and comply with the Kyoto Protocol com-
mitments [1,2]. For that reason, experimental ways are being
explored to develop cements whose manufacture is less energy-
intensive, less damaging to the surrounding environment and with
lower tendency to emit polluting gas. One way to reach this objec-
tive is the use of industrial waste and by-products as alternative
materials for cement manufacture. Such alternative materials
may partially replace fuel [3,4], conventional raw materials [5–
10] or clinker in the final composition of the cement [11–13].

A recent study [14] showed that the chemical and mineralogical
composition of certain types of ceramic wastes are appropriate for
inclusion in raw cement mixes. Such wastes are generated in tile
plants. As a result of an increasing demand for tile on the Spanish
market, production has grown to over 600 million m2 per year,
ll rights reserved.
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with a parallel increase of solid waste, which currently is estimated
to over 50,000 tonnes annually. Since the re-use of such waste in
tile manufacture itself is not technically viable, they are deposited
in regulated dumping grounds, creating an environmental
problem.

Reports have been published on the suitability of certain types
of ceramic waste as supplementary cementing materials [15,16],
together with clinker; there are no studies, however, on the use
of such waste in the manufacture of Portland cement clinker itself.
Consequently, the aim of the present research was to study the
reactivity and burnability of Portland cement raw mixes containing
ceramic wastes as a partial substitute for conventional raw
materials.
2. Experimental

2.1. Materials

Three types of red ceramic tile wastes were chosen:

R–R = Fired red ceramic wall tile.
R–B = Fired white ceramic wall tile.
R–M = Combination of red and white ceramic wall tile (i.e.
unseparated ceramic waste).

Ceramic wall tile wastes with an initial size higher than 5 mm
were crushed using a jaw crusher. Subsequently the ceramic
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Table 1
Waste particle size distribution: X > 90 lm fraction

Waste d10 (lm) d50 (lm) d90 (lm)

R–R 123.98 291.79 560.55
R–B 121.12 306.46 588.73
R–M 142.90 332.41 613.19
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wastes were grinded by hammer mill. Ceramic wastes were sieved
in order to obtain three particle size fractions, as follows:

1. All particles smaller than 45 lm (X < 45 lm).
2. Particle size ranging from 45 to 90 lm (45 < X < 90 lm).
3. All particles larger than 90 lm (X > 90 lm).

Table 1 gives the particle size distribution for this last fraction.
The mean chemical composition for each type of waste and

fraction is shown in Table 2. Table 3 provides the mineralogical
composition of these tiles as found with X-ray diffraction (XRD)
techniques.

To be able to evaluate the effect of particle size distribution of
the ceramic waste on raw mix reactivity and burnability, a con-
stant particle size, based on Miller’s [17] findings, was used for
all other raw materials throughout. Limestone particle size was
consistently smaller than 125 lm, while sand and clay particles
were smaller than 45 lm. The chemical analysis of these materials
is shown in Table 4. Ferric oxide (96% pure, Panreac chemical re-
agent) was used to correct the iron content.
Table 2
Global chemical composition of the ceramic waste and respective fractions

(wt. %) Ppc SiO2 Al2O3 Fe2O3 CaO MgO

R–R(GLOBAL) 0.36 63.8 17.4 3.55 6.55 1.90
R–R(X < 45 lm) 0.32 65.2 17.3 3.36 6.35 1.73
R–R(45 < X < 90 lm) 0.48 65.0 17.2 3.37 6.25 1.76
R–R(X > 90 lm) 0.32 62.9 17.7 3.64 6.70 2.01
R–B(GLOBAL) 0.48 64.8 18.0 1.82 9.92 0.42
R–B(X < 45 lm) 0.34 64.7 18.5 1.92 10.25 0.38
R–B(45 < X < 90 lm) 0.27 65.9 17.7 1.89 9.68 0.38
R–B(X > 90 lm) 0.36 64.1 18.2 1.67 9.83 0.47
R–M(GLOBAL) 0.29 62.2 16.8 4.7 6.75 2.71
R–M(X < 45 lm) 0.25 61.5 17.1 4.87 7.11 2.87
R–M(45 < X < 90 lm) 0.15 63.0 16.3 4.40 6.67 2.55
R–M(X > 90 lm) 0.37 61.4 16.8 4.63 6.88 2.63

(mg Kg�1) PbO BaO B2O3 Cr2O3 V2

R–R(GLOBAL) 290 1000 1370 115 12
R–R(X < 45 lm) 230 1300 1100 95 10
R–R(45 < X < 90 lm) 275 1300 1300 110 12
R–R(X > 90 lm) 320 700 1500 125 14
R–B(GLOBAL) 150 600 1830 120 11
R–B(X < 45 lm) 100 <0.01(%) 1590 80 7
R–B(45 < X < 90 lm) 130 400 1750 110 10
R–B(X > 90 lm) 190 800 1900 150 14
R–M(GLOBAL) 125 485 1835 59 15
R–M(X < 45 lm) 91 500 1350 40 11
R–M(45 < X < 90 lm) 103 500 1500 50 12
R–M(X > 90 lm) 125 700 1840 60 15

Table 3
Mineralogical composition of ceramic waste (% by weight)

Waste Quartz Anorthite K feldespar Albite Hematites

R–R 33 24 8 4 3
R–B 37 32 8 5 1
R–M 26 14 8 3 3
2.2. Raw mix preparation

The following parameters were constant in all the mixes and
they were adjusted according to Eqs. (1)–(3):

LSF ¼ðCaO=2:8SiO2 þ 1:18Al2O3

þ 0:65Fe2O3Þ � 100 ¼ 98%; ð1Þ
Ms ¼SiO2=Fe2O3 þ Al2O3 ¼ 2:30; ð2Þ
Mf ¼Al2O3=Fe2O3 ¼ 1:50: ð3Þ

where LSF is the lime saturation factor, Ms is the silica modulus and
Mf is the meeting modulus.

One raw mix was prepared for each fraction of the three types
of ceramic waste, along with one reference raw mix containing
no waste. Table 5 gives the percentage composition of these raw
mixes.

Given the minor differences between the global chemical com-
position and each particle size fraction of ceramic wall tile (see
Table 2), the raw mixes were prepared considering the global
chemical composition.

The raw mixes were prepared as follows: after in a turbula for
60 min, the components were stirred in a suspension with ethanol
in an agate mortar for 30 min, not to alter the pre-established par-
ticle size distribution. The excess of ethanol was removed by heat-
ing the mix under an infrared lamp. Tablets weighing around 4–5 g
each and 3 cm in diameter were prepared from each raw mix and
then clinkerized at the following temperatures: 1270 �C, 1350 �C,
1400 �C, 1450 �C, and 1500 �C. The samples were heated at each
temperature for 30 min and then cooled at ambient temperature.
Na2O K2O TiO2 MnO P2O5 ZnO ZrO2 SO3

1.27 3.05 0.61 0.04 0.23 0.35 0.5 0.06
1.35 2.83 0.59 0.03 0.20 0.12 0.31 0.04
1.29 2.99 0.56 0.04 0.22 0.20 0.35 0.04
1.22 3.19 0.65 0.05 0.25 0.54 0.67 0.08
0.62 2.09 0.70 0.01 0.21 0.42 0.31 0.13
0.44 2.05 0.71 0.01 0.21 0.14 0.14 0.16
0.46 1.94 0.70 0.01 0.20 0.25 0.19 0.14
0.83 2.14 0.68 0.01 0.21 0.70 0.49 0.11
0.81 3.95 0.67 0.04 0.17 0.36 0.32 0.05
0.77 3.99 0.66 0.05 0.21 0.26 0.24 0.05
0.81 3.78 0.66 0.04 0.18 0.31 0.25 0.04
0.85 4.27 0.67 0.04 0.19 0.52 0.38 0.02

O5 Co3O4 NiO CuO As2O3 Sb2O3 CdO

9 <20 <20 <20 <20 <20 <20
0 <20 <20 <20 <20 <20 <20
0 <20 <20 <20 <20 <20 <20
0 <20 <20 <20 <20 <20 <20
8 <20 <20 <20 <20 <20 <20
5 <20 <20 <20 <20 <20 <20
5 <20 <20 <20 <20 <20 <20
5 <20 <20 <20 <20 <20 <20
0 <20 <20 <20 <20 <20 <20
0 <20 <20 <20 <20 <20 <20
5 <20 <20 <20 <20 <20 <20
0 <20 <20 <20 <20 <20 <20

Diopside Gehlenite Zircon Wollastonite Amorphous phase

3 1 1 <1 24
<1 1 <1 6 9

5 1 1 4 34



Table 4
Chemical composition of the other prime materials used in the raw mix

(wt. %) ppc (1025 �C) SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 MnO P2O5 ZnO ZrO2 SO3

Limestone 40.5 5.6 1.3 0.58 51.1 0.58 <0.01 0.23 0.07 0.01 0.10 <20 mg/kg <20 mg/kg –
Sand 2.09 89.4 3.90 0.61 2.06 0.03 0.07 1.79 0.04 <0.01 0.03 <20 mg/kg <20 mg/kg –
Clay 9.20 52.0 15.1 6.02 4.01 4.95 0.58 4.55 0.73 0.10 0.15 <20 mg/kg <20 mg/kg 2.6

(mg Kg�1) PbO BaO B2O3 Cr2O3 V2O5 Co3O4 NiO CuO As2O3 Sb2O3 CdO

Limestone <20 <20 <20 <20 57 <20 <20 <20 <20 <20 <20
Sand <20 <20 <20 468 <20 <20 <20 <20 <20 <20 <20
Clay <20 725 480 75 195 <20 <20 <20 <20 <20 <20

Table 5
Raw mix composition (% by weight)

Raw mat. Reference R–R R–B R–M

Limestone 82.35 83.72 83.90 83.42
Clay 16.15 3.47 – 4.74
Sand 0.6 – – –
Fe2O3 0.91 1.31 1.71 1.13
Waste – 11.47 14.39 10.70
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2.3. Tests conducted

Differential thermal (DTA) and thermogravimetric (TG) analyses
were run on the raw mixes with an STA 409 thermal analyzer.
Samples weighing 250 mg were heated at a rate of 4 �C/min to a
maximum temperature of 1500 �C. The cooling rate was 10 �C/min.

The following tests were conducted on the clinker obtained:

(a) Chemical analysis, determining the component elements, Si,
Al, Fe, Na, K, Ca, Mg, Ti, Mn, P, S and Zr, with a PANALYTICAL
PW 2400 dispersive-wavelength X-ray fluorescence spec-
trometer. Pb, Zn, Ba, Cr, B, V, Co, Ni, Cu, As, Sb and Cd were
determined with a LEEMAN LABS INC. Direct Reading Echelle
inductively coupled plasma-optical emission spectrometer
(ICP-OES).

(b) Determination of the free lime as described in Spanish stan-
dard UNE 80-24386.

(c) XRD mineralogical analysis using a PHILIPS PW 1710 diffrac-
tometer. Samples were ground to a particle size lower than
45 lm. At 2h diffraction angles ranging from 5� to 60� using
a step of 0.020.

(d) Morphological analysis a Nikon Eclipse ME600 reflected
light microscope, for which the clinker was previously
encapsulated in epoxy resin, cut and polished.

3. Results and discussion

The reactivity and burnability of the raw mixes containing cera-
mic wastes were evaluated, in order to know the viability of the
use of these alternative raw materials as a partial substitute for
conventional raw materials. Also the content of minor components
on clinkers due to the presence of these wastes in the raw mixes
was evaluated. In the following, the results obtained and their
interpretations are presented.

3.1. Raw mix reactivity

Raw mix reactivity is defined by the overall reaction rate at a
temperature that enables the reaction to reach completion within
a reasonable time. This parameter depends on the chemical com-
position of the mix, the nature of the mineralogical species and
the particle size.
The main difference among the raw mixes containing ceramic
waste was the particle size of this component. Mix behaviour
was studied with DTA. The resulting heating curves are shown in
Fig. 1.

The graph on the left shows endothermal signals in the 780–
900 �C range, attributed to thermal decomposition (decarbonation)
of the limestone present in the mix. The DTA curves for the raw
mixes containing the R–B ceramic waste exhibit a wide endother-
mal signal between 875 and 885 �C, comparable to the signal in the
reference mix; however in the R–R and to a smaller extent in the
R–M mixes, limestone decomposition temperature appears to be
affected by the nature and particle size of the waste. The DTA
curves for the lower than 45 lm fraction of these types of waste
(R–R, R–M) present an endothermal signal at 870 �C, along with
other less intense signals at higher temperatures (around 880 �C).
This appears to indicate that the finer fractions of these wastes has-
ten limestone decomposition slightly, due perhaps to their higher
Fe2O3 content and different mineralogical composition, the amor-
phous phase content (see Table 3). The raw mix containing R–R
(45 < X < 90 lm) also exhibits other, less intense endothermal sig-
nals at lower temperatures (846–852 �C) attributed to decarbon-
ation due to internal heterogeneity.

The exothermal signals between 1220 and 1270 �C (right-hand
graph) could be attributed to solid state reactions and the progres-
sive formation of belite, gehlenite, C12A7, C3A and C4AF [18]. The
appearance of these signals at lower temperatures on the graphs,
particularly for the lower than 45 lm fractions of mixes containing
R–R or R–M wastes, is a sign of a slight higher reactivity.

Endothermal signals associated with melt taking place within
the clinker and the initial formation of alite crystals appeared at
temperatures of over 1300 �C. The endothermal signal between
1310 and 1340 �C is attributed essentially to the quaternary eutec-
tic in the CaO–SiO2–Al2O3–Fe2O3 system, in the C3S–C2S–C3A–C4AF
system it appears at 1338 �C [19]. The temperature and intensity of
this signal was also affected by the particle size of the ceramic
waste in the raw mix. This liquid phase was found to form at a
higher temperature in the reference mix than in any of the
waste-containing mixes when the particle size of the waste was
lower than 90 lm, confirming these results newly the slight higher
reactivity of the raw mix with R–R and R–M wastes. The signal was
also observed to be more intense on the DTA cooling curves for the
same mixes. The above observations were quantified by finding the
ratios between the areas of the exothermal crystallization signals
(between 1140 and 1420 �C) on the DTA cooling curves for the
waste-bearing mixes (see Fig. 2) and the areas on the curves for
the reference mixes. The results obtained are shown in Table 6.

The values of these ratios are an indication of the amount of li-
quid phase formed in the clinker obtained from ceramic wastes in
raw mixes to respect to reference clinker. Analysis of the data in
Table 6 show that, with one exception (the R–R mix (X < 45 lm)),
when the ceramic waste in the raw mix had particles smaller than
90 lm, more liquid phase was formed than in the reference mix.
The reason for this higher liquid phase content may lie in the
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Fig. 2. DTA cooling curves.

Table 6
Ratios between the areas of exothermal signals between 1140 and 1420 �C on DTA
cooling curves

Areawaste/Arearef

R–R(X < 45 lm) 0.97
R–R(45 < X < 90 lm) 1.09
R–R(X > 90 lm) 0.84
R–B(X < 45 lm) 1.12
R–B(45 < X < 90 lm) 1.06
R–B(X > 90 lm) 0.65
R–M(X < 45 lm) 1.10
R–M(45 < X < 90 lm) 1.03
R–M(X > 90 lm) 0.91
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greater burnability of the fired clay in ceramic waste than of the
clay used to prepare the reference mix, and the existence in the for-
mer of minority elements that favour melt, such as ZnO [18] and
B2O3.

In other words, when the particle size of any of the three types
of ceramic waste was less than 90 lm, reactivity was higher in the
alternative than in the conventional raw mix, although the differ-
ence was less pronounced when R–B waste was used. As may be
inferred from Table 1, the over 90 lm fraction contained very large
particles, with only 10% of the sample lower than 125 lm; this
may also explain the distinctly lower reactivity of mixes containing
this fraction.

Table 7 shows the results of the semi-quantitative XRD analysis
conducted on the different types of clinker obtained. The charac-
ters in the cells represent the intensity of the diffraction lines
analyzed and, consequently, the amount of each phase present in
the respective raw mix. The diffraction lines used for the various
phases were: CaO(Lime) – 53.84 2h (JQDS 4-777 I/Io 44 %), C3S –
51.88 2h (JQDS 11-593 rhombohedral I/Io 90%, JQDS 13-272 I/Io
40 %), bC2S – 31.06 2h (JQDS 33-0302 I/Io 20 %), cC2S 20.55 2h (JQDS
31-2974 I/Io 44%), C3A – 47.59 2h (JQDS 32-0149 I/Io 45%), C4AF –
33.87 2h (JQDS 30-0226 I/Io 100) and C12A7 – 18.32 2h (JQDS 9-413
I/Io 94%).

This mineralogical analysis confirms the lower reactivity of the
raw mixes containing ceramic waste with particles larger than
90 lm. Mayenite (C12A7), for instance, was found in the clinker ob-
tained at 1270 �C and its content was greater when the larger than
90 lm fraction was used. c-C2S was also detected in the clinker at
this temperature. Furthermore, the clinker obtained from raw
mixes containing this fraction of the waste product more free lime
and belite both at all clinkerization temperatures tested.

Raw mixes containing the R–B waste exhibited lower reactivity
than those containing other types of waste: the clinker obtained
from raw mixes with R–B waste at temperatures up to 1400 �C
had a high free lime content even when the smaller than 90 lm
fraction was used.

The XRD results showed that the mineralogical composition of
the clinker obtained from raw mixes containing ceramic waste
was more or less similar to the composition of the reference clinker
at all temperatures; moreover, no significant differences were
found between R–R and R–M waste.

A morphological analysis of the clinker obtained at 1450 �C con-
firmed the XRD results. Fig. 3 shows the micrographs of the refer-
ence clinker and the clinker obtained at 1450 �C from raw mixes
containing the three types of ceramic waste, all with a particle size
lower than 45 lm. In this regard, the phase distribution and size of
the R–R and R–M clinkers were comparable to the findings for the
reference clinker (Fig. 3B, D). The clinker containing the R–B waste,
however, showed heterogeneous alite crystal size and a higher bel-
ite phase content. These results are indicative of the lower reactiv-
ity of the R–B waste raw mix already detected.

Fig. 4 shows the micrographs of the clinker obtained at 1450 �C
from raw mixes containing R–R and R–M ceramic waste, with a
particle size from 45 to 90 lm. It can be detected that the phase
distribution is consistent in the clinkers. The distribution of alite
crystals was more uneven and the belite content higher in clinkers



Table 7
Semi-quantitative XRD analysis of clinker phases

Reference R–R(X < 45 lm) R–R(45 < X<90 lm) R–R(X > 90 lm) R–B(X < 45 lm) R–B(45 < X < 90 lm) R–B(90 lm) R–M(X < 45 lm) R–M(45 < X < 90 lm) R–M(X > 90 lm)

Phases at 1270 �C
C3S ++ ++ ++ + ++ ++ + +++ ++ +
bC2S + + ++ +++ ++ ++ +++ ++ +++ +++
C3A ++ ++ + + ++ ++ ++ ++ ++ ++
C4AF ++ ++ ++ ++ ++ ++ ++ ++ ++ +++
CaO(Free) + + + +++ ++ ++ +++ + + +++
C12A7 0 0 0 + + + + 0 0 +
cC2S – – – 0 – 0 0 – – 0

Phases at 1350 �C
C3S +++ +++ +++ ++ +++ +++ ++ +++ +++ +
bC2S 0 + ++ ++ + + +++ + + +++
C3A ++ + + + + ++ ++ + ++ ++
C4AF ++ ++ ++ ++ ++ ++ ++ ++ ++ ++
CaO(Free) + + + + + + ++ + + ++

Phases at 1400 �C
C3S +++ +++ +++ ++ +++ +++ ++ +++ +++ +++
bC2S 0 0 0 + 0 0 ++ 0 0 +
C3A + + + + + + + + ++ +
C4AF ++ ++ ++ ++ + + ++ ++ ++ ++
CaO(Free) 0 0 0 ++ 0 + ++ 0 + ++

Phases at 1450 �C
C3S +++ +++ +++ ++ +++ +++ ++ +++ +++ +++
bC2S 0 0 0 + 0 0 ++ 0 0 +
C3A + + + + + + + ++ ++ ++
C4AF ++ ++ ++ ++ + + ++ ++ ++ ++
CaO(Free) 0 0 0 + 0 0 ++ 0 0 ++

Phases at 1500 �C
C3S +++ +++ +++ +++ +++ +++ ++ +++ +++ +++
bC2S 0 0 0 0 0 0 + 0 0 0
C3A + + + + + + + ++ ++ ++
C4AF ++ ++ ++ ++ + + ++ ++ ++ ++
CaO(Free) 0 0 0 + 0 0 ++ 0 0 +

Symbol criteria +++ (abundant), ++ (moderate), + (little) and 0 (traces).
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containing ceramic waste than in the conventional product
(Fig. 3A). According to the XRD results (see Table 7), reactivity
was good in these raw mixes, especially considering that the refer-
ence clinker used for comparison was prepared from a mix with an
optimum particle size for all components [17].

The morphological analysis provided further evidence of the
lower reactivity of clinkers containing a particle size of over
90 lm. Phase distribution was highly uneven as can be seen in
the micrographs in Fig. 5, where large belite clusters (indicative
of non-reactivity) may be easily seen in the matrix formed.

3.2. Raw mix burnability

Raw mix burnability is related to the rate at which CaO com-
bines during the thermal process. Burnability is evaluated in terms
of chemical, physical and mineralogical parameters. Table 8 gives
the free lime values obtained for the clinker prepared.

A comparison of the findings shows that burnability was good
in the clinker made from raw mixes containing waste material
with a particle size lower than 90 lm and comparable to the values
found for reference specimen, when R–M ceramic waste was used,
free lime content of the waste-based material was measured less
than that of the conventional one. When the particle size was over
90 lm, burnability was rather poor, although as pointed out ear-
lier, this fraction was particularly coarse. At clinkerization temper-
atures below 1400 �C, the free lime content in the R–B type clinker
was higher than in all the others, confirming the lower reactivity
observed in the tests discussed earlier.

Eq. (4) proposed by Miller [17], based on chemical parameters
and particle size, was used to evaluate the burnability in this
study:
CaO1400 �C ¼ 0:31ðLSF� 100Þ þ 2:18ðMs� 1:8Þ þ 0:33K

þ 0:73Q þ 0:34Aq; ð4Þ

where LSF is the lime saturation factor, Ms is the silica modulus, K is
the percentage of limestone with a particle size > 125 lm, Q is the
percentage of sand > 45 lm; Aq is the percentage of clay material >
63 lm.

The value of the coefficient for Aq can be found by substitut-
ing the free lime values obtained at 1400 �C, the parameters used
to prepare the raw mixes (LSF = 98% and Ms = 2.30) and the Aq
content corresponding to the percentage of ceramic waste in
the raw mixes (see Table 5) in Eq. (1); parameters Q and K can
be disregarded because all the quartz (Q) and the limestone (K)
crystals were smaller than 45 and 125 lm, respectively. The va-
lue of the coefficient is indicative of the contribution of the cera-
mic waste to the final free lime content in these clinkers. The
values found for the Aq coefficients for each clinker are given
in Table 9.

The results listed in Table 9 show that the raw mixes containing
ceramic waste with a particle size lower than 90 lm had better
burnability values than Miller’s empirical mixes. In Miller’s equa-
tion, the coefficient for the clay material fraction with a particle
size lower than 63 lm is 0.34 (see Eq. (1)). This coefficient was
found to be from 65% to 88% lower in the raw mixes containing
ceramic waste with a particle size below 90 lm. This means that
only a minor amount of the final free lime in the clinker can be
attributed to the waste particles.

The coefficient was larger than Miller’s in mixes with waste par-
ticles larger than 90 lm, although attention is again drawn to the
fact that over 90% of the particles in this fraction were larger than
500 lm.
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3.3. Minor components

Table 10 shows the results of the chemical analysis of clinkers
obtained at 1450 �C. The oxide content of the principal constitu-
ents was similar in all clinkers, regardless of whether the raw
mix contained ceramic waste. Differences were observed, how-
ever, in the percentage of certain elements and heavy metals
present. Specifically, the clinker obtained from raw mixes with
Fig. 3. Micrographs of clinker obtained at 1450 �C. Particle size of ceramic w

Fig. 4. Micrographs of clinker obtained at 1450 �C. Particle size of ceramic was
ceramic waste contained more ZnO, ZrO2 and B2O3. These ele-
ments are found in tile glazes, which would explain the higher
content in clinker made from such raw mixes. Table 10 also
shows that the amount of ZnO and ZrO2 in the clinker depends
on the particle size and type of waste used. The ZnO content in-
creased by more than 350% and the ZrO2 content by from 100 to
250% as waste particle size increased from the finest (X < 45 lm)
to the coarsest (X > 90 lm) fraction. For both oxides, but
aste in raw mix: X < 45 lm (B = Belite; A = Alite; FF = Interstitial phase).

te in raw mix: 45 < X < 90 lm (B = Belite; A = Alite; FF = Interstitial phase).



Fig. 5. Micrographs of clinker obtained at 1450 �C. Particle size of ceramic waste in raw mix: X > 90 lm (B = Belite; A = Alite; FF = Interstitial phase).

Table 8
Clinker free lime content

Clinker 1270 �C 1350 �C 1400 �C 1450 �C 1500 �C

R–R (X < 45 lm) 4.36% 2.47% 1.46% 1.03% 0.55%
R–R (45 < X < 90 lm) 4.98% 2.95% 1.75% 0.57% 0.41%
R–R (X > 90 lm) 14.95% 9.55% 7.25% 6.03% 4.06%
R–B (X < 45 lm) 6.37% 2.37% 1.47% 1.01% 0.41%
R–B (45 < X < 90 lm) 8.48% 2.59% 2.19% 0.91% 0.48%
R–B (X > 90 lm) 23.14% 12.05% 8.66% 6.00% 7.15%
R–M (X < 45 lm) 4.71% 1.92% 0.85% 0.59% 0.34%
R–M (45 < X < 90 lm) 4.85% 2.98% 1.13% 0.89% 0.34%
R–M (X > 90 lm) 22.42% 9.33% 8.97% 6.7% 3.94%
Reference 4.05% 2.03% 1.59% 0.45% 0.42%

Table 9
Clinker Aq coefficients

Sample Coefficient

R–R (X > 45 lm) 0.0863
R–R (45 < X < 90 lm) 0.1115
R–R (X > 90 lm) 0.5911
R–B (X > 45 lm) 0.0694
R–B (45 < X < 90 lm) 0.1195
R–B (X > 90 lm) 0.5691
R–M (X > 45 lm) 0.0289
R–M (45 < X < 90 lm) 0.0617
R–M (X > 90 lm) 0.7944

804 F. Puertas et al. / Cement & Concrete Composites 30 (2008) 798–805
especially in the case of ZrO2, the difference between the finest
and the intermediate particle size (45 < X < 90 lm) was less pro-
nounced than the difference between the intermediate and the
coarsest size. The concentration of these metals was obviously
much higher in the coarsest fraction of the waste. The nature of
the waste also appeared to affect the concentration of these oxi-
des, which was higher in waste R–B.
Table 10
Chemical composition of clinker obtained at 1450 �C (% by weight)

(wt.%) Ref. R–R(X < 45 lm) R–R(45 < X < 90 lm) R–R(X > 90 lm) R–B(X < 45 lm)

SiO2 20.9 20.8 21.1 20.6 21.1
Al2O3 5.6 5.6 5.5 5.5 5.8
Fe2O3 3.56 3.57 3.56 3.55 3.59
CaO 67.0 67.6 67.0 67.1 67.9
MgO 2.06 1.48 1.41 1.41 0.85
Na2O 0.12 0.14 0.22 0.22 0.11
K2O 0.28 0.22 0.54 0.55 0.21
TiO2 0.21 0.20 0.21 0.21 0.21
MnO 0.04 0.01 0.01 0.01 0.01
P2O5 0.11 0.12 0.12 0.14 0.15
ZnO <0.0020 0.0130 0.0240 0.0620 0.0195
ZrO2 <0.0020 0.0365 0.0400 0.0770 0.0210
SO3 0.079 0.035 0.022 0.033 0.023
PbO <0.0020 <0.0020 <0.0020 <0.0020 <0.0020
BaO 0.0120 0.0170 0.0180 0.0100 <0.0020
B2O3 0.0080 0.0255 0.0270 0.0260 0.0250
Cr2O3 0.0015 <0.0020 <0.0020 <0.0020 <0.0020
V2O5 0.0075 0.0055 0.0065 0.0050 0.0050
Co3O4 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020
NiO <0.0020 <0.0020 <0.0020 <0.0020 <0.0020
CuO <0.0020 <0.0020 <0.0020 <0.0020 <0.0020
As2O3 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020
Sb2O3 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020
CdO <0.0020 <0.0020 <0.0020 <0.0020 <0.0020
According to the literature [18,20,21], ZnO enhances raw mix
reactivity, acting as a mineralizer and fusing agent. Its presence
in raw mixes affects not only silicate, but also aluminate phase for-
mation. The high concentration of this oxide in clinker obtained
from ceramic waste might explain both the higher reactivity
and the more abundant liquid phase observed in such mixes.
ZrO2, in turn, is known to have no substantial effect on the reactive
R–B(45 < X < 90 lm) R–B(X > 90 lm) R–M(X < 45 lm) R–M(45 < X < 90 lm) R–M(X > 90 lm)

21.4 21.4 21.0 21.4 21.0
5.7 5.8 5.7 5.5 5.6
3.57 3.35 3.45 3.34 3.30

67.6 67.4 67.0 66.9 67.0
0.85 0.88 1.56 1.51 1.44
0.12 0.17 0.17 0.18 0.20
0.18 0.50 0.36 0.43 0.62
0.21 0.21 0.18 0.18 0.18
0.01 0.01 0.01 0.01 0.01
0.14 0.14 0.15 0.13 0.13
0.0320 0.0990 0.0170 0.0270 0.0750
0.0280 0.0690 0.0160 0.0198 0.0520
0.017 0.018 0.033 0.017 0.029

<0.0020 <0.0020 <0.0020 <0.0020 <0.0020
0.0050 0.0115 0.0030 0.0080 0.0120
0.0250 0.0260 0.0220 0.0225 0.0220

<0.0020 <0.0020 <0.0020 <0.0020 <0.0020
0.0040 0.0050 0.0050 0.0060 0.0060

<0.0020 <0.0020 <0.0020 <0.0020 <0.0020
<0.0020 <0.0020 <0.0020 <0.0020 <0.0020
<0.0020 <0.0020 <0.0020 <0.0020 <0.0020
<0.0020 <0.0020 <0.0020 <0.0020 <0.0020
<0.0020 <0.0020 <0.0020 <0.0020 <0.0020
<0.0020 <0.0020 <0.0020 <0.0020 <0.0020
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processes involved in clinker formation, although it may impact
the size and shape of alite and belite crystals due to the alterations
induced in the physical properties of the liquid phase [22]. Accord-
ing to Kakali et al. [23], the presence of this oxide in clinker may
retard the initial hydration reactions and lengthen setting times.
This issue is being addressed in ongoing studies.

The results for B2O3 (see Table 10) indicate that its content in all
the clinkers was practically constant, on the order of 0.025% and
therefore independent of the fraction of waste used. Nonetheless,
the concentration of this oxide was around 200% higher in the
alternative than in the reference clinker. Although B2O3 is known
to be able to inhibit C3S formation and favour belite phase stabil-
ization that effect was not observed in the present study, where
the alite content in all the experimental clinkers was comparable
to the content in the reference.

The much lower chromium content in the clinker made from
raw mixes containing ceramic waste was due to the absence in
these mixes of sand, the component which, as Table 4 shows,
had the highest chromium content. Such a low Cr content in clin-
ker made from ceramic waste is a very promising finding in view of
the present demands to reduce Cr (VI) in cement or eliminate it
altogether for its deleterious effects. The results for the other
minority elements analyzed indicate that this content was not af-
fected by the composition of the cement raw mix.
4. Conclusions

The results obtained in the present study confirm the technical
viability of utilizing certain types of ceramic waste as raw materi-
als in the mixes used to manufacture Portland cement clinker. The
following major conclusions may also be drawn from the study:

(a) Raw mixes containing ceramic waste with a particle size
smaller than 90 lm exhibited good reactivity. The formation
temperature of the liquid phase was lower and phase con-
tent higher than in the reference mix. When ceramic waste
with a particle size below 45 lm was used, the solid state
reactions also took place at a slightly fast rate. The mineral
composition and phase distribution in the clinker obtained
were comparable to the properties of clinker manufactured
with conventional raw materials.

(b) The new raw mixes exhibited higher burnability than the
traditional mix when the particle size of the ceramic waste
was lower than 90 lm.

(c) ZnO, ZrO2 and B2O3 concentration was high in the waste-
containing clinker due to the presence of these oxides in tile
glazing. The effect of these compounds on the hydration of
the respective cements must be ascertained. At the same
time, the chromium content in these clinkers was observed
to be low, because raw mixes containing waste require no
sand, which has relatively high chromium content.

(d) The raw mixes containing red ceramic wall tile waste
(higher Fe2O3 content and larger amorphous phase), i.e. R–
R and R–M, were found to be more reactive. The good perfor-
mance of the R–M waste, indiscriminate mix of red and
white ceramic wall tile, is a promising indication that the
separation of different types of waste would not be neces-
sary in order to obtain a technically acceptable material.
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