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This study evaluated the feasibility of using sugar cane bagasse ash (SCBA), a by-product of the 
sugar cane ethanol industry, obtained under controlled calcination as a partial replacement for Portland 
cement in mortars. Materials with pozzolanic characteristics may be used to partially replace cement 
in mortars or concrete and are known to provide durability to the products. Initially, TG/DTA curves 
of the sugar cane bagasse were conducted to define suitable calcination temperatures (500°C, 600°C 
and 700°C), and tests were conducted to characterize the physical-chemical parameters of the SCBA 
and the pozzolanic activity according to NP EN 196-5. The results showed the technical feasibility of 
using the SCBA as a pozzolanic material in construction, which would provide an alternative to proper 
disposal for this waste while providing products with high technical performance.
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1. Introduction
Sugar cane is one of the most significant products of the 

Brazilian economy. Brazil has become the largest producer 
of not only sugar cane but also sugar and ethanol made 
from sugar cane. This ethanol is gaining popularity on the 
international market with the growing demand for new clean 
energy alternatives. Due to this demand, the sugar cane 
ethanol industry will continue to grow in the coming years, 
causing an increase in waste generated by this industry. 
This waste has the potential to cause serious environmental 
problems if it is improperly disposed.

Historically, sugar cane is one of the main products of 
Brazilian agriculture. It has been cultivated since the era 
of Portuguese colonization and emerged in the eighteenth 
century when sugar became the main export of the country. 
Currently, Brazil is the leading producer of sugar cane and 
the source of over half of the sugar traded in the world. The 
average rate of increase in annual production expected until 
2018-2019 is 3.25%1.

Bagasse is a residue that is generated by the sugar cane 
processing to obtain the final product (sugar or ethanol). 
Much of this bagasse is burned in boilers in a co-generation 
power process. This process has the potential to make some 
industries energy self-sufficient, and could provide the 
possibility of selling surplus power. The process of burning 
bagasse generates sugar cane bagasse ash (SCBA), which 
is a major final waste from the sugar cane industry. The 
amount of bagasse produced annually in Brazil represents 
approximately 30 wt% of the sugar cane processed in plants2, 
assuming an ash yield of 10 wt% after calcination3.

Today, Portland cement is the most widely used building 
material in the world. The worldwide use of this material is 
expected to continue to grow because this material offers 
desirable properties at a low cost4. The world production of 
Portland cement is approximately 3.3 billion tons (2010) and 
has shown steady growth in recent years5. The utilization 
of solid wastes as mineral admixtures to partially replace 
cement could preserve the non-renewable resources that are 
required for the production of cement and could therefore 
contribute to sustainable concrete construction. Hence, the 
inclusion of SCBA in concrete could serve as an effective 
means of its disposal.

The use of supplementary cementitious materials 
(SCMs), such as fly ash, ground granulated blast-furnace 
slag, silica fume, red mud and metakaolin, as part of binders 
for concrete has been increasing throughout the world, 
particularly in the production of high-strength and high-
performance concrete. This replacement is possible because 
of the potential ability of these materials to enhance the 
properties and performance of concrete through their filler 
effect and through the pozzolanic reaction6-9.

According to Johari et al.7, different types of materials 
used as partial cement replacement materials or as mineral 
additives can have different effects on the properties of 
cementitious matrices due their different chemical and 
mineralogical compositions, as well as different particle 
characteristics, which determine their water requirement, 
packing ability, and their reactivity when used as part of a 
binder for concrete. In general, the use of these materials 
in concrete has been associated with the refinement of the 
concrete pore structure.*e-mail: verasribeiro@hotmail.com
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The pozzolanic activity of a material primarily depends 
on two factors: the amount of calcium hydroxide available 
for the reaction with the pozzolan and the reaction rate that 
this combination occurs. The amount of available calcium 
hydroxide depends on the chemical properties of the 
pozzolan used, the nature of its active phase, the content 
of SiO

2
 in the active pozzolan and the Ca(OH)

2
/pozzolan 

ratio in the mixture. The reaction rate depends on physical 
factors, such as the surface area of pozzolan, the solid to 
water ratio of the mixture and the temperature.

The benefits of pozzolanic materials is due to their 
physical and chemical characteristics, such as their effects 
on particle packing and their ability to provide amorphous 
silica to react with Ca(OH)

2
 during the cement hydration 

reactions10. When amorphous silica comes into contact with 
water, it solubilizes into an alkaline solution and reacts 
with Ca+2 ions, forming hydrated calcium silicates similar 
to those produced through cement hydration reactions. 
Paula et al.3 found that the composition of SCBA was 
approximately 84% silica. Similar values were also found by 
Lima et al.11 and Frías et al.12, who found silica composition 
percentages of 75% and 70%, respectively. SCBA therefore 
has high levels of silica under normal conditions, and if 
suitable calcination parameters are used, such as controlled 
calcination temperatures, heating rate and burn time, it is 
possible to keep the silica in the amorphous state10.

Burning bagasse for energy generation produces ash 
as a final waste product. However, due to the absence of 
a pulp washing process prior to its use in industry, the 
waste obtained is often referred to as sugar cane bagasse 
ash11,13, which is actually a mixture of sand from cutting 
the cane and ash from burning bagasse. This waste, which 
is referred to as sugar cane bagasse ash sand (SCBAS) in 
this report, usually consists of a much larger amount of sand 
(approximately 98 wt%), and a small amount of ash. Most 
of the waste collected from plants is sugar cane bagasse 
ash sand (SCBAS).

High-purity sugar cane bagasse ash (SCBA) is obtained 
by calcining the sugar cane bagasse after the sand that is 
mixed with the material has been washed away. Burning 

bagasse without sand forms a residue composed of only 
ash. This paper will evaluate the properties of this ash and 
how these properties change under different calcination 
scenarios.

Several studies have investigated the feasibility of 
using both types of waste in construction. Lima et al.11 used 
SCBAS in their studies and showed the feasibility of their 
use in the replacement of fine aggregate in mortars, while 
Nunes et al.13 has observed a gain of resistance in concrete 
when up to 13 wt% of Portland cement was replaced by 
SCBAS. Cordeiro et al.10  used sugar cane bagasse ash 
that was obtained after washing bagasse and verified the 
existence of pozzolanic properties, confirming the feasibility 
of its use as a partial replacement for Portland cement. Frías12 
notes that even with cross-contamination by soil particles, 
ash obtained under controlled calcination conditions have 
higher pozzolanic activity than waste obtained directly 
from the production line of the sugar cane ethanol industry.

Materials with pozzolanic characteristics may be used 
to partially replace cement in mortars or concrete, and 
has been shown to increase the durability of products14,15. 
This study evaluates the pozzolanic activity of calcined 
sugarcanesugar cane bagasse ash (SCBA) in cementitious 
matrices and determines the best calcination temperature 
for its production.

2. Material and Methods

2.1. Material

The mortars were produced with Portland cement type 
CP V - ARI. The fine aggregate used was natural siliceous 
sand. The sugar bagasse was supplied by União Industrial 
Açucareira Ltda. from Amélia Rodrigues, Bahia, Brazil.

The waste from the production of sugar and ethanol 
is usually stored outdoors (Figure 1a). Figure 1b shows 
a sample of bagasse, in natura. The sugar cane bagasse 
ash (SCBA) used in this study was obtained by calcining 
the sugar cane bagasse after it was subjected to a washing 
process to remove the sand grains mixed with the product.

Figure 1. (a) Storage of bagasse on União Industrial Açucareira Company; and (b) Sugar cane bagasse ash sample, in natura.
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2.2. Methods

2.2.1. Materials characterization

The sugar cane bagasse ash (SCBA) was characterized 
by X-ray diffraction (Rigaku Geirgeflex ME 210GF2 
Diffractometer, configured with CuKα radiation, 40 KV 
voltage, 100 mA current, 2θ scanning and scanning speed 
4º/min). Relevant physical parameters, such as the specific 
surface area (estimated by BET using a Micrometrics 
Gemini 2370 V1.02) and specific gravity (estimated 
using a Helium Pycnometer Accupyc 1330 V2.01 from 
Micrometrics) were determined.

In addition to the physical characterization of sugar 
cane bagasse, the microstructural characterization was also 
performed using scanning electron microscopy (SEM). 
For this study, a thin gold coating layer was used, which 
served as a means of conducting electrons. The samples 
were analyzed in a Zeiss FEG scanning electron microscope 
containing an energy dispersive X-ray spectroscopy (EDS) 
detector. A 25 kV voltage and 15 mm working distance 
were used.

TG analysis was carried out on a Labsys Setaram with 
dry N

2
 as the stripping gas to study the thermal behavior 

of the SCBA and to define the calcination conditions. The 
heating rate was 10ºC/min, and the samples were heated 
from 20°C to 1100°C.

2.2.2. SCBA calcination

The sugar cane bagasse ash (SCBA) was calcined using 
a Linn Elektro Therm oven with a heating rate of 10°C/min. 
Three distinct temperatures were selected (500, 600, and 
700°C) according to the TG results. The dwell time was 
fixed at 6 hours.

2.2.3. Dosage and physical characterization of mortars

The mortar formulation used as a reference was prepared 
in a 1.0:3.0:0.50 (cement:sand:water) weight ratio. Distinct 
mortars in which Portland cement was partially replaced 
by SCBA (10 wt%) and calcined at different temperatures 
were analyzed.

After mixing, prismatic specimens 4×4×16 cm3 in size 
were molded and left for 24 hours, after which they were 
immersed in water and placed in a climatic chamber at 
38 ± 2°C with 60% relative moisture for 28 days. After this 
curing period, five specimens of each composition were 
selected, and the flexural and axial compressive strength 
was evaluated.

The values of axial compression and flexural strength 
were determined as the average of the five values for 
each composition and mortar age (3, 7 and 28 days after 
molding) and were obtained with a CONTENCO 120-T 
testing machine at a load of 1.5 mm/min. The values that 
differed by more than 5% from the average were discarded 
and replaced by the results of new tested samples.

2.2.4. Pozzolanic activity

The pozzolanic activity of the SCBA was evaluated 
by determining the physical and chemical parameters of 
the mixtures. The physical determination follows the NBR 
13279 Brazilian standard (“Mortars applied on walls and 

ceilings - Determination of the flexural and the compressive 
strength in the hardened stage”). The water to binder 
(cement + pozzolan) and binder to aggregate ratios were 
kept constant and were equal to 0.5 and 3.0, respectively. 
However, the water to cement ratio was higher (0.56) for 
mixtures containing 10 wt% SCBA.

The pozzolanic characteristic of the SCBA was 
evaluated by chemical tests according to NP EN 196-5. 
According to this standard, the pozzolanic index is 
determined by comparing the amount of calcium hydroxide 
present in the aqueous solution that contacts with the 
hydrated sample after a defined period of time to the amount 
of calcium hydroxide required to saturate the environment 
with a similar alkalinity. The test is considered positive if 
the calcium hydroxide concentration in solution is lower 
than the saturation concentration.

A mixture of 20 g cement to 100 ml distilled water was 
used as the standard. The SCBA mixture evaluated contained 
15 g cement and 5 g SCBA per 100 ml distilled water. Two 
replicas for each test were left in a climate chamber at 
40 ± 2°C and a relative humidity of 60% for 14 days.

3. Results and Discussion

3.1. Materials characterization

The Portland cement (CP V-ARI) used in this study had 
a specific surface area of 0.8924 m2/g and a specific gravity 
of 3.17 kg/dm3. The sand had a specific surface area of 
0.012 m2/g and a specific gravity of 2.60 kg/dm3.

The received sugar cane bagasse contained approximately 
70% sand (Figure 1b). The bagasse was washed to remove 
the sand, dried and calcined to form a powdered additive. 
The morphology of sugar cane bagasse is illustrated in 
Figure 2. The composition of the bagasse was mainly 
composed of carbon and silicium, according to the EDS 
analysis.

TG/DTA curves of the sugar cane bagasse are 
presented in Figure 3 and were conducted to determine 
suitable calcination temperatures.

For temperatures up to 480°C, the material showed 
a continuous weight loss, reaching approximately 77%. 
This result suggests that the occurrence of decomposition 
reactions, such as those involving the removal of adsorbed 
water and organic matter. Weight loss was not observed at 
temperatures above 480°C, suggesting that the decomposition 
reactions were complete.

Thus, based on the results of TG shown in Figure 3, 
calcination temperatures were chosen as 500°C, 600°C 
and 700°C. The ashes resulting from exposure to these 
temperatures were mineralogically analyzed by XRD 
(Figure 4).

According to Figure 4, an increase of the amorphous 
character of ash can be visualized (XRD background, 
where the hump is caused by the present amorphous, non-
diffracting, component) primarily by the alpha phase silica 
(SiO2

) and the formation of calcium silicate and calcium 
aluminate phases, neither of which were observed at 500°C. 
Thus, it is observed that the reactivity of the ashes increases 
when the calcination temperature is increased and stabilizes 
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after 600°C, which is in agreement with the results observed 
in the TG curve (Figure 3).

Cordeiro et al.10,16 showed that burning ashes between 
400°C and 600°C produces an increase in the pozzolanic 
activity index with increasing firing temperatures due to the 
loss of carbon during the calcination process. According to 
these authors, the formation of crystalline silica compounds 
is observed at a firing temperature of 800°C, causing a 
drop in the pozzolanic activity index at that temperature. 
These authors suggest that the optimal temperature for 
the production of pozzolanic SCBA is 600°C because at 
this temperature it is possible to generate predominantly 
amorphous silica with a pozzolanic activity index of 77% 

Figure 2. SEM micrographs and EDS of sugar cane bagasse after washing.

Figure 3. TG curve of the sugar cane bagasse.

Figure 4. X-ray diffraction patterns of the sugar cane bagasse ash 
obtained after calcination at 500, 600 and 700°C.
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Table 1. Effect of the calcination temperature on the main physical properties of SBCA.

Calcination Temperature Specific surface area BET 
(m2/g)

Specific gravity (g/cm3) Unitary mass (g/cm3)

500°C 32.9708 4.19 0.055

600°C 32.3502 3.17 0.089

700°C 31.6265 3.24 0.090

Figure 5. Particle size distribution of the cement and the SCBA 
after calcination at 500, 600 and 700°C.

Figure 6. SEM micrographs and EDS of sugar cane bagasse ash (SCBA) after calcination at (a) 500°C, (b) 600°C and (c) 700°C.

and a loss of ignition of 5.7% when accounting for the 
NBR 12653 Brazilian standard determinations (“Pozzolanic 
Materials - Requirements”).

Other researchers3,13  have shown that it is feasible to 
replace up to 20% of Portland cement (OPC) by SCBA, 
producing higher resistance values in replacement levels up 
to 15%. Paula et al.3 noted that for a calcination temperature 
of 600°C for a period of 6 hours, it is possible to obtain ash 
with SiO

2
 content 84 wt%, both in the crystalline phase as 

in the amorphous phase and that it is possible to replace 
OPC with ashes up to 20 wt%.

Calcination also changes some physical characteristics 
of the powder that might affect its reactivity. The values for 
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specific surface area, specific gravity and unit weight are 
given in Table 1. The evolution of grain size distribution is 
shown in Figure 5.

Increasing the calcination temperature tends to reduce 
the powder’s density due to organic matter and water 
removal, and the grain size tends to increase as a result of 
the combination of components. However, the surface area 
of each powder remained almost unchanged.

Changes in the SCBA morphology from differing 
calcination temperatures can be seen in Figure 6. According 
to XRD results, the ash obtained at 600°C has a higher 
amorphous character, which is confirmed in the SEM 
images (Figure 6b) and shows a tangled phase without a 
well-defined format.

3.2. Verification of pozzolanic activity by 
chemical test method

European Standard NP EN 196-5 compares the quantity 
of calcium hydroxide present in the aqueous solution in 
contact with cement hydrated after 14 days to the amount 
of calcium hydroxide required to saturate the environment 
of equal alkalinity. A material is considered pozzolanic if 
the calcium hydroxide concentration in solution is lower 
than the saturation concentration. These results are shown 
in Figure 7.

The pozzolanic effect is denoted by a decrease in CaO 
concentration in the liquid phase because calcium hydroxide 
generated through cement hydration is sequestered and 
combined by the pozzolan. As shown in Figure 7, the 
reference Portland cement does not qualify as a pozzolanic 
material because the cement alone is not pozzolanic. It is 

Figure 7. Diagram for determining the SCBA pozzolanicity 
according to the NP EN 196-5 standard.

Figure 8. Axial compressive strength of mortars in which Portland cement was partially replaced by SCBA (10 wt%) and calcined at 
different temperatures.

Figure 9. Flexural strength of mortars in which Portland cement was partially replaced by SCBA (10 wt%) and calcined at different 
temperatures.
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the addition of the pozzolan in the presence of water that 
binds the calcium hydroxide that is formed by the cement 
hydration and lowers the calcium oxide content of the liquid 
phase of the cement paste8,9,17.

The CaO and OH- ion concentrations decrease in the 
solution when SCBA is added, and a clear pozzolanic action 
is observed for mixtures containing SCBA independent 
of the calcination temperature of the ash. It is generally 
accepted that the activity of the cementitious mineral mainly 
depends on its active SiO

2
 and Al

2
O

3
 content. Thus, the 

amount of dissolved SiO
2
 and Al

2
O

3
 in the NaOH solution 

can be used to evaluate the activity of the cement6.

3.3. Verification of pozzolanic activity by 
physical test method

Mechanical properties are holistic indicators of the 
microstructure development of cement matrices upon 
hydration. In addition to the chemical effects, values are 
mainly controlled by physical parameters such as porosity 
and compactness. The grain size distribution of components 
and the water to binder ratio are relevant parameters that 
control the workability of the mixtures in its fresh state and 
also affect the mechanical strength of the hardened bodies. 
Hence, the effect of a single component, such as the SBCA, 
is difficult to evaluate by only evaluating the mechanical 
strength of the mortar.

The comparisons of the mechanical test results are 
presented in Figures 8 and 9. The results show that the use 
of SBCA generates mixtures that have acceptable values 
of axial compressive strength in all situations. Optimal 
behavior is achieved by the use of SBCA calcined at 600°C.

The compressive strengths of mortars are presented in 
Figure 8. The specimens that ruptured after 3 days showed 
an increase in resistance in relation to the reference, which is 
also observed at 7 and 28 days, although the increase is less 
pronounced. The results of the flexural strength (Figure 9) 
confirm the behavior observed in axial compression, 

showing a trend of increased resistance at all ages examined. 
These results confirm the results of the chemical tests, 
suggesting the great technical potential of SCBA as a partial 
replacement for Portland cement.

According to Nunes et al.13, the pozzolanic reaction 
from the use of SCBA is extremely slow, especially when an 
efficient grinding process is not used. Thus, it is believed that 
studies using specimens aged for longer times will provide 
more satisfactory results.

4. Conclusions
Based on an analysis of the results, the following 

conclusions can be drawn:
•	 With	increasing	calcination	temperatures	of	the	sugar	

cane bagasse, there is an increase in the particle size of 
the resulting ash and a decrease in the specific gravity 
due to the loss of organic matter;

•	 The	SCBA	obtained	from	calcination	temperatures	of	
500°C, 600°C and 700°C presented high pozzolanic 
activity as determined by the chemical test;

•	 According	to	the	XRD	results,	the	SCBA	calcined	at	
600°C shows a higher amorphous character, which is 
illustrated by the greater reactivity of this material;

•	 The	 mortars	 prepared	 with	 a	 10	 wt%	 partial	
replacement of Portland cement by SCBA showed 
better mechanical properties compared to reference 
mortar for all temperatures examined, but particularly 
at calcination temperatures of 600°C and 700°C;

•	 The	calcined	SCBA	appears	to	be	a	promising	partial	
substitution for Portland cement.
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