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� Sustainability is the key word in the development of new technologies.
� The use of alternative materials in the cement paste is focused.
� Cement pastes and cement pastes blended with Sugar Cane Straw Ashes were studied.
� Our findings contribute in the phase identifications of cementitious pastes.
� The pozzolanicity of the agroindustrial wastes was proven using synchrotron radiation.
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a b s t r a c t

Sugar and alcohol industries generate large amount of wastes that could produce ashes of great reactivity
with pozzolan properties. The objective of this paper is to evaluate the pozzolanicity of Sugar Cane Straw
Ashes (SCSA), thermal treated, at different curing times. Employing Synchrotron X-ray radiation for XRD
measurements, scans from 10� to 110� (h� 2h setup) allowed the quantification of several phases of the
cement pasts through Rietveld analysis. The SCSA substitution of 20% (weight) in Ordinary Portland
Cement (OPC) has improved the AFt (Ettringite) formation up to 47% for 90 days curing time. The
Portlandite concentration analysis allowed concluding that this addition of SCSA in OPC has caused a
delay in the cement setting time. Moreover, the behaviour of the C3S and Calcite contents in both OPC
and OPC/SCSA samples were determined by refinement of the XRD pattern using the Rietveld method.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Industrial production of cement in Brazil started in 1920, reach-
ing a maximum of 40.2 million tones in 1999 [1]. Despite of a series
of up and downs due to economic upheaval, another peak of 65
million tons was attained in 2011. Preliminary information about
cement consumption on April 2013 reached 5.9 million of tons [2].

Nowadays, the Brazilian cement industry is among the 10
largest cement world producers and consumers, has a modern
industrial park, is internationally recognised for recycling waste
minerals and by preserving the environment (low CO2 emissions)
and also by the use of biomass for power generation. Despite these
mitigating factors, the expansion of construction activity in Brazil
motivates the search for materials that can replace cement. This
replacement is necessary due to the environmental and social
impacts caused by the production of cement.

Researches involving the use of pozzolans in cementitious
matrices have increased significantly in recent years. In the
absence of natural pozzolan, cement industries look for new mate-
rials in agroindustry. Several authors have reported the use of
agroindustrial ashes to partially replace Portland cement [3–7].

The use of sugar cane straw, as forage, contributes to decrease
the soil erosion and to reduce the carbon emission from soil to
atmosphere [8]. Furthermore, the wastes of sugar cane production
can be recycled by biorefinaries to get energy with a substantial
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generation of ashes. Since Brazil is the world’s largest producer of
sugar cane having a huge organic by-products surplus of bagasse
and straw [8,9] has a strong interest in finding a way to recycle this
waste. One possible solution could be its combustion. Indeed, some
authors have reported that these wastes when burned under
controlled temperature may show high reactivity, reacting as a
pozzolanic material [10,11].

To assess a pozzolanic material it is necessary to carry out a
complete series of chemical, physical and mechanical tests to eval-
uate its performance. One of them involves the direct identification
of calcium silicate hydrates (CSH) phases, promoted by pozzolanic
reaction, as a function of time [12–14] up to ninety days. This can
be carried out by X-ray diffraction, quantifying both the initial
crystalline phases and the hydration products over long periods
(months), since the pozzolanic reaction is normally slow.

The aim of this paper, consequently, is to evaluate the poz-
zolanic reaction in blended cement pastes, both without (control)
and with sugar cane ashes added, treated at 700 �C, for periods of
three, seven, twenty-eight and ninety days. To achieve that, syn-
chrotron X-ray diffraction data acquired at the Brazilian facilities
of LNLS, have been studied and crystalline phases quantified by
Rietveld analysis in order to have a picture of the major phases
evolution during the cement pastes hydration.
2. Experimental procedure

2.1. Materials

2.1.1. Sugar Cane Straw Ashes (SCSA)
The sugar cane straw was harvested from Centro de Tecnologia

Canavieira (CTC), placed at Piracicaba, São Paulo – Brazil. It was col-
lected directly from the ground and exposed to the natural environ-
ment to naturally dry for 24 h. The ash was obtained from the
burning control in an electrical furnace with 10 �C/min heating rate
during 3 h at 700 �C X(hereafter SCSA). The production of the ashes
was divided in two levels in order to obtain a homogeneous burning,
according to Fig. 1. On reaching the first temperature level, 400 �C,
the system remains 20 min in order to burn all the organic matter
to get the best homogenisation of the ash. In the second level, the
material was maintained at 700 �C for 1 h. At the end, the muffle
furnacewas turnedoff anda slowandnatural coolingprocess began.
The muffle furnace model 10013 from Jung, used to treat the sam-
ples, has the dimension of 27 cm � 40 cm � 100 cm. Afterwards, it
was used a rotormill fromTecnal tomill the ashes at 200 rpmduring
120 min.
Fig. 1. Temperature treatment of the sugar cane straw ash.
2.1.2. Ordinary Portland Cement (OPC) and OPC/SCSA
The highly initial resistance cement, Ordinary Portland Cement

(OPC), (CPV-ARI, Cauê) was utilised in this study, according to the
ABNT NBR 5733 (1991) [15]. This cement does not show mineral
additions. On the other hand it shows higher quantities of C3S
and C2S than others, resulting more reactivity. It was prepared
two pastes, the control (pure OPC) and OPC/SCSA (80%/20% by
weight). OPC, without mineral addition, calcium hydroxide (95%
of purity) and deionised water were used in blended cement
pastes. Firstly, OPC and ash was mixed and then it was added deio-
nised water; the water/binder ratio was 0.5. After mixing the mate-
rials, pastes were stored in sealed plastic bottles and then left in a
curing room at 20 �C until the tests applied. At ages test manual
grinding pulverised the samples. The hydration of the samples
was stopped by putting the samples into an acetone solution.
Afterward, samples were dried at 60 �C for 30 min in furnace.

2.2. Experimental characterisation techniques

2.2.1. SCSA
The chemical composition of the ash was determined using the

X-ray fluorescence method, Axios from Panalytical, and the loss on
ignition (LOI) was measured according with ASTM C 114 method
[16]. X-ray diffraction (XRD) of SCSA was performed at D10B-
XPD [17] and D12A-XRD1[18] in the Brazilian Synchrotron
Laboratory (LNLS) using 4 + 2-circle Huber diffractometers in a
high-resolution mode, with Ge 111 analyser crystal, at 8 keV.
This mode was chosen in order to minimise the superposition of
neighbouring Bragg peaks allowing for more reliable solution of
the mineralogical characterisation. Data were obtained at room
temperature, in a h� 2h geometry (Bragg–Brentano configuration),
with a flat plane sample holder, over a 2h range of 10–70� with a
step size of 0.01� and a step time of 1s. Granulometric distribution
of Ordinary Portland Cement and ash were measured using a
Malvern Mastersizer 2000 apparatus which allows an analysis of
particles by laser diffraction from 0.02 to 2000 lm in liquid mode
as dispersant, with 10–15% of obscuration and ultrasonic agitation
for 60 s. The fineness of the material is an important parameter to
evaluate the pozzolanicity. Higher the contacts surface of the poz-
zolan with calcium hydroxide, greater the rate of pozzolanic
reaction.

2.2.2. Ordinary Portland Cement (OPC) and OPC/SCSA
Synchrotron X-ray powder diffraction has become a well-

established technique, being suitable for applications in character-
isation of cementicious materials [19,20]. This technique that pre-
sents the advantage of large photon flux of a synchrotron source
and high resolution compared with the conventional X-ray diffrac-
tometers, allow us to evaluate with more accuracy the composition
of blend paste cement in different curing time. In order to monitor
the reaction between SCSA and Ca(OH)2, XRD analysis at 3, 7, 28,
90 days was applied to the pastes.
3. Results and discussion

3.1. Chemical and physical characterisation of SCSA

The chemical composition and LOI of the ash are shown in
Table 1. A pozzolan should present in its chemical composition sil-
ica as the predominant phase and at least 50% of the sum of the
oxides: SiO2, Al2O3 and Fe2O3. The presence of certain chemical ele-
ments such as sodium and potassium may be undesirable, because
they provoke alkali-aggregate reaction in the cement matrix. The
SO3 content should be a maximum of 5% [16]. The chemical com-
position of SCSA is presented in Table 1, contain 61.0% of SiO2,



Table 1
Chemical composition and loss on ignition (LOI) of the ash, in mass percent.

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O SO3 P2O5 K2O Cl LOI
61.0 9.20 4.99 1.29 4.40 2.79 0.15 3.85 2.29 6.98 0.55 2.08

Fig. 2. XRD pattern of SCSA.

Fig. 3. Particle distribution size.
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and low content of undesirable elements. The loss on ignition is
also consistent with the maximum value stipulated by the stan-
dard, which is 6.0%.

X-ray diffraction (XRD) of ash were obtained at room tempera-
ture, in a h� 2h geometry, over a 2h range of 10–70� with a step
size of 0.01� and a step time of 1s. Fig. 2 shows the mineralogical
characterisation of the SCSA.

Through the technique of X-ray diffraction (XRD), it becomes
possible to identify differences in the formation of amorphous or
crystalline silica; moreover amorphous material presents high
reactivity. XRD pattern of SCSA indicates the presence of quartz
and amorphous structure for the silica as displayed in Fig. 2.

In the inset of Fig. 2, we observe an amorphicity halo in the
angular 2h range of 20–30� further crystalline phases. Vitreous
materials show a central halo at the 2h around 22� which it is
related to the overlap of amorphous forms of silica [21]. Thus, this
amorphicity halo indicates the ash reactivity.

The fragmentation of the particles of mineral additives is
required to activate chemical reactions, and these reaction rates
are proportional to the specific surface of the material, which var-
ies as the inverse of particle size [22]. The particle size (expressed
in lm) distribution parameters of ash are: 1.545, 9.022, 46.995 and
17.40 for D10, D50, D90 and the average size, respectively. Also in
Fig. 3 the graphical distribution can be seen.

Materials with D80 (passing size) below 60 lm and specific sur-
face area above 300 m2/kg result in materials that can be classified
as pozzolans [23]. Therefore, the SCSA has a high fineness, which is
an indication of reactivity.
3.2. XRD analysis

X-ray diffraction is a well-known and very useful tool for struc-
tural analysis, since the interaction of this kind of radiation with
the analysed material provides important information for a good
characterisation, allowing qualitative studies just by observing
‘‘fingerprints” of the sample components. The association of this
knowledge with the advantage of the high intensity and resolution
of the beamline employed here [17], it was possible to identify all
primary phases in the pure OPC and OPC/SCSA pastes, such as Alite,
Belite, Portlandite, Calcite, Ettringite and Brownmillerite, identified
on Table 2. Therefore, Fig. 4 shows the comparison between the
pure OPC and treated OPC/SCSA at 700 �C, aged 3, 7, 28 and 90 days
of curing time, as well as the above mentioned phases, besides the
presence of other distinct phases, although they are not identified
directly on Fig. 4, just the first three ones and quartz. It should be
noted that quartz was only observed on samples containing SCSA
provided by extraction ground site residues.

The presence of Portlandite (CH) contribution in pure OPC and
OPC/SCSA (700 �C) samples was not observed for SCSA sample
(Fig. 2), which confirms its presence occurs only through the
mixture of OPC and SCSA. Quantitative analysis is always a good
improvement for analyses and, for X-ray diffraction, it can



Table 2
Phase description of the SCSA/OPC pastes component.

Phase Formulae Crystal system notation Nomenclature

Alite [39] C3SiO5 Trigonal R3m C3S
Belite [38] C2SiO4 Monoclinic P121/c1 C2S
Portlandite [36] Ca(OH)2 Trigonal P-3m CH
Ettringite [34] Ca6Al2(SO4)3(OH)12�26H2O Trigonal P31c AFt
Calcite [35] CaCO3 Trigonal R-3c CaCO3

Brownmillerite [37] Ca2(Al,Fe)2O5 Orthorhombic Pcmn C4AF
Quartz [40] SiO2 Trigonal P32 2 1 SiO2

Fig. 4. Selected region of XPD patterns for pure cement cured at 3, 7, 28 and 90 days
compared to cement with SCSA cured at the same ages.
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normally be achieved by discriminating the major identified
phases and then, taking the ratio between their more intense peak
areas [24]. This represents a simple approach or a first approxima-
tion method, which is not so robust when applied to overlapping
peaks and that should be replaced with several advantages by
the Rietveld structure refinement method [25–28]. Rietveld analy-
sis is able to distinguish among overlapped peaks from distinct
phases, using published structures from the literature, also allow-
ing a full pattern analysis for the XRD data essential for the quan-
tification of all included phases of the investigated samples.

In this study, Rietveld analysis was done with the help of TOPAS
[29]. Usually, the refinement result appears as both experimental
and calculated data, as well as the graph of the difference between
them plotted below, in a single diagram, as shown in Fig. 5 for the
OPC (5.a) and OPC/SCSA 700 �C (5.b) cured for 3 days. The Bragg
peak positions of the crystalline phases used in the refinement
are also depicted at the bottom of Fig. 5. A good briefing to the
refinement status is the reliable factors (Rexp, Rwp) and the GOF
(Goodness of Fit), shown in Table 3. Although all results are
exhibited in the table, only the 3 days OPC and OPC/SCSA analyses
are plotted.
Fig. 6 shows the phase analysis of a control sample (OPC). One
can observe that the quantity of CH increases 20% in the cure per-
iod from 3 to 90 days. On the other hand the sum of the poly-
morphs C3S and C2S decrease approximately 21%. The AFt has
two behaviours: (1) the percentage remains around 3–4% from 3
to 7 days; (2) the percentage increases to 6% from 7 to 28 days
and to around 9% from 28 to 90 days. According to the literature
[30], AFt delays the degradation process of the polymorphs alite
and belite, and consequently the production process of portlandite.

Fig. 6 displays all phases observed in OPC and OPC/SCSA at dif-
ferent curing times, for easier comparison of the samples. Note that
only for OPC/SCSA samples it is observed the low-quartz. The port-
landite (CH) behaviour, for the first 28 days, is quite different for
OPC and OPC/SCSA samples. For OPC, its concentration has a great
increase for this period, while for OPC/SCSA it appears roughly
stable.

Distinct assumptions can be considered regarding C3S, C2S and
calcite. One can observe from Fig. 6(a) and (b) that, while C2S con-
tent is almost the same for both phases after 90 days, C3S exhibits
a three times higher content for the OPC/SCSA in comparison to
OPC sample. Then, one can assume that OPC/SCSA is more brittle
than the OPC paste. However, a closer observation of these results
shows that, the calcite phase also presents an increment (two
times) in its concentration ratio. This difference in calcite concen-
trations should give to the OPC/SCSA sample more strength or, in
other words, a better resistance to compression [30]. Actually,
these two distinct observations should compensate each other
and, the investigation of the resistance to compression by means
of the Tukey method [31], for both OPC and OPC/SCSA samples
have shown similar results. Furthermore, a broader vision of the
calcite content observation is shown in Fig. 7, where a distinct
behavior for both samples up to 28 days happens, while it
increases for OPC/SCSA, decreases for OPC, corroborating the above
mentioned conclusions.

According to the literature [32,33], the addition of reactive poz-
zolan, as gypsum and other sulphate compounds, react with cal-
cium aluminate in the cement to form ettringite within the first
few hours after mixing with water. Within 24 h, essentially all of
the sulphur in the cement is consumed to form ettringite.
However, Fig. 8 reveals that the reaction to produce AFt continues
with the curing time in a different way for OPC and OPC/SCSA
pastes. For the OPC/SCSA, the AFt portion increases by approxi-
mately 47% if compared to the AFt concentration in OPC for 28 days
curing time.
4. Conclusions

The objective of this paper is to investigate important issues
such as ash addition in OPC, the effect of curing time in pure
Ordinary Portland Cement (OPC) and Sugar Cane Straw Ashes
(OPC/SCSA – @700 �C), that needs to be studied to evaluate its
industrial applicability. The idea of introducing agroindustrial
wastes, as sugar cane ashes into the OPC, opens a wide field of



Fig. 5. Diffractograms of OPC (a) and OPC/SCSA (700 �C) (b) samples appear also with the angular position of the identified phases from top to bottom: Ettringite, Belite, Alite,
Brownmillerite, Calcite, Portlandite and Quartz (present only in OPC/SCSA sample). Both samples were taken for 3 days of curing time.

Table 3
Rietveld reliability factors and GOF for all analysed samples.

Sample Rwp Rexp GOF (Rwp/Rexp)

OPC 3 days 13.10 8.12 1.61
OPC 7 days 13.45 6.51 2.07
OPC 28 days 13.36 6.04 2.21
OPC 90 days 17.38 14.40 1.21
OPC/SCSA 3 days 12.77 7.43 1.72
OPC/SCSA 7 days 15.18 11.99 1.27
OPC/SCSA 28 days 14.28 11.49 1.24
OPC/SCSA 90 days 14.24 12.59 1.13
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applicability. Therefore, it is necessary to know its behaviour
according to the mineralogical variability.

The existence and behaviour of the main compounds such as
alite, belite, portlandite, ettringite, calcite, brownmillenite and
quartz observed into OPC and OPC/SCSA(@700 �C) were analysed
using the association of the synchrotron radiation at LNLS,
Campinas, SP, Brazil, and, the Rietveld refinement method.
Nevertheless, it should be mentioned that, the present paper is
focused in the crystalline phases of the compounds and therefore,
the well-known amorphous component C–S–H was not taken into
account in the analyses.

The comparison between the Portlandite behaviour in both OPC
and OPC/SCSA samples, allowed to conclude that the addition of
the SCSA in OPC cause a delay in the cement setting time (hardness
process), through the analysis of the early stages, i.e., 3 days cured
samples. This delay is the consequence of the sum of the effects
induced by existing gypsum (63%, not computed in Rietveld anal-
ysis) in the cement Portland and by the silicates, aluminates and
ferrites that also composed the SCSA. The observed difference in
the evolution of AFt for the two OPC and OPC/SCSA samples (up
to 47%) gives rise to the conclusion that the substitution of 20%
of cement by SCSA, provokes a significantly increase of AFt, as
expected from pozzolanic materials. The similar observed beha-
viour for the C3S (more brittle) and calcite (more strength) of
higher concentrations for OPC/SCSA samples in comparison to
the OPC, after 90 days, leads to opposite conclusions regarding



Fig. 6. Observed phases at (a) OPC and (b) OPC/SCSA: CH, C2S, C3S and AFt.

Fig. 7. The evolution behaviour of calcite from OPC and OPC/SCSA.

Fig. 8. Evolution of the Ettringite phase for OPC and OPC/SCSA.
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the resistance to compression. Nevertheless, it was concluded that
they compensate each other, a result that was corroborated by
Tukey method, as well as by the distinct evolution of the calcite
content in the early stages (up to 28 days). The cement industry
is responsible for around 7% of CO2 emissions in the planet due
to the combustion and to the decarbonation process. The use of
sugar cane ashes in the Portland cement should contribute as a sig-
nificant improvement in the sustainability. Furthermore, the
pozzolan from the agroindustrial wastes frequently is cheaper than
the clinker, notwithstanding its substitution to be limited. The con-
clusion of this study is that the replacement of 20% of the clinker by
the SCSA, shows the same mechanical resistance as a good option
to recover the agroindustrial wastes. The OPC/SCSA pastes demon-
strate a similar mechanical behavior as the OPC pastes, including
the 7 days curing time. Here, it has been proven the pozzolan activ-
ity of the SCSA through the X-ray diffraction measurements associ-
ated with Rietveld analysis.
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