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The industrial waste generated from sugar produc-
tion, i.e. bagasse is further used as a biofuel. This  
generates a huge amount (44,000 tonnes/day) of waste 
in the form of sugarcane bagasse ash (SCBA). As-
received boiler SCBA shows lower performance in 
terms of pozzolanic characteristics. In this study, the 
role of mechanical and thermal treatment in improv-
ing the pozzolanicity of SCBA has been examined. The 
preliminary characterization of SCBA was done using 
laser granulometry, SEM, XRF, XRD and TG analy-
sis. The four methods were adopted to quantify the 
pozzolanic behaviour, viz. reactive silica determina-
tion, pozzolanic activity index, electrical conductivity 
drop and Chapelle activity. Further, the experimental 
data were analysed using ANOVA. The coefficient of 
regression (0.86–0.99) reflects effective and significant 
logarithmic models. The study concludes that the 
adopted processing of SCBA is highly effective in im-
proving the pozzolanicity. Thus the processed SCBA is 
a sustainable solution to the cement industry. 
 
Keywords: Biofuel, cement industry, sugarcane bagasse 
ash, sustainable pozzolana. 
 
DEVELOPING countries like India generate a significant 
amount of solid waste from agro-industries. The sugar-
cane biomass is one of the most generated solid wastes  
in India, viz. 91.262 MT/annum (refs 1, 2). This accumu-
lated biomass is generally used as biofuel for generating 
heat energy to run various industrial operations. It pro-
vides abundant amount of waste (sugarcane biomass ash; 
SCBA), i.e. 44,000 tonnes/day. The cement industry con-
tributes to 5% of global CO2 emissions, of which 50% is 
released from the chemical decomposition of calcium 
carbonate and 40% is from the burning of conventional 
fossil fuels to generate heat energy. Unlike coal, the use 
of biomass as a fuel does not contribute to CO2 emissions 
due to the cogeneration neutralization reaction3. Imple-
mentation of cleaner production practices using alterna-
tive raw waste-based materials will make the cement 
industry sustainable4,5. 
 The SCBA available from different industrial sources 
in the environment shows inconsistent behaviour of poz-
zolanic characterization and physio-chemical properties. 
This is due to variation in crop origin, soil conditions, 

weather conditions of a crop region and industrial com-
bustion conditions3,6. The uncontrolled combustion con-
ditions in the sugar industry lead to the formation of 
crystalline phases of silica, which affects the pozzolani-
city. It happens mainly because of the insufficient amount 
of oxygen in the boiler and higher rate of heating7. The 
reduction of the residence time of sugarcane biomass in 
the boiler results in the generation of bulk amount of un-
burnt carbonaceous matter in its ash. The as-received 
SCBA particles from the industry have irregular size 
(coarse and fine) and shape (round, angular, cellular, 
prismatic and fibrous). The finer SCBA has a higher spe-
cific surface area responsible for the early hydration of 
cement8,9. The pore spaces between the transition zone of 
aggregate and cement paste get filled by the micro-
structured particles of SCBA. This densification restricts 
the entry of water and protects the reinforcement steel 
against corrosion, and makes the structure more durable8–

13. Hence it is necessary to treat the as-received SCBA 
mechanically and thermally. 
 The present study examined the effect of processing 
treatments like milling and calcination on particle size 
and mineralogical phases, which have a direct impact on 
pozzolanicity. The study was focused on finding the op-
timum conditions of mechanical (milling operation) and 
thermal treatment. The quantification of pozzolanic beha-
viour was carried out using a pozzolanic activity index, 
electrical conductivity drop, Chapelle activity and the 
amount of reactive silica. In addition, results of pozzolan-
ic characterization were analysed using mathematical 
models (analysis of variance; ANOVA). The statistical 
correlation of pozzolanic properties was developed.  

Materials 

The residual SCBA was provided by the Wainganga Sug-
ar Mill, M/s Manas Group of Industries, Maharashtra,  
India. In the sugar industry, residual sugarcane biomass 
was burnt in the temperature range 300–600°C under un-
controlled conditions. 
 A wide range of particle sizes was observed in the gra-
nulometric distribution. The D10, D50 and D90 of the  
as-received SCBA were found to be 10.33, 55.00 and 
126.58 μm respectively. 
 The X-ray fluorescence method presented the chemical 
composition dominated by the percentage of silicon  
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dioxide (SiO2) (79.50) and loss on ignition (LOI) value 
was found to be 4.95%. The crystalline mineral phases of 
silica (cristobalite and quartz) and calcium carbonate 
(calcite) present in the as-received SCBA (AR-SCBA) 
were identified using X-ray diffractometer. 
 Ordinary Portland cement (53-grade) conforming to 
BIS 12269: 2013 and natural river sand was used in the 
making of cement mortar blocks for the analysis of poz-
zolanic activity index14. The saturated solution of calcium 
hydroxide [Ca(OH)2] was used for performing electrical 
conductivity test. Distilled water and chemically pure 
calcium oxide were used for Chapelle activity measure-
ments. 

Method adopted 

The physical characterization of raw SCBA, i.e.  
AR-SCBA was carried out by testing its consistency, set-
ting time, soundness, lime reactivity, drying shrinkage, 
specific gravity, moisture content and bulk density. 
 Consistency (BIS 4031 (Part 3): 1968 (reaffirmed 
2000)), setting time (BIS 4031 (Part 5): 1968 (reaffirmed 
2000)) and soundness test (by autoclave method; BIS 
4031 (Part 3): 1968 (reaffirmed 2000)) were carried out 
using the respective procedures, except that instead of 
cement a mix of AR-SCBA and cement was used for the 
analysis15,16. The ratio of AR-SCBA : cement was taken 
as 0.2N : 0.8, where N is the ratio of the specific gravity 
of AR-SCBA and cement.  
 Lime reactivity and drying shrinkage of AR-SCBA 
were measured according to BIS 1727: 2004 (ref. 17). 
Specific gravity (using the Le Chatelier method) and 
moisture content were measured in accordance with BIS 
1727: 2004, and bulk density according to BIS 2720 (Part 
28): 2010 (refs 17, 18). 
 With an aim of obtaining higher specific surface area, 
the AR-SCBA was ultra-milled mechanically in a vibrat-
ing cup mill for four different durations, viz. 0.5, 5, 10 
and 15 min. The respective samples were designated as 
SCBA-M0.5, SCBA-M5, SCBA-M10 and SCBA-M15, 
where M represents the mechanical treatment. The prin-
ciple behind the milling operation of the vibrating cup 
mill is based on the motion of the cylindrical core placed 
in the system of two empty cylinders. Vibrations of 
smaller amplitude and higher frequency, responsible for 
the milling were created by the movement of the cylin-
drical core away from the centre of the system and  
towards the circumference of the outer cylinder. As 
SCBA is a soft material, sliding action (friction force) ef-
ficiently reduces the particle size instead of collision (im-
pact force). So, the vibrating cup mill was selected for the 
study over the ball mill. 
 In case of thermal treatment, the samples, viz.  
AR-SCBA, SCBA-M0.5, SCBA-M5, SCBA-M10 and 
SCBA-M15 were burnt in a muffle furnace at an optimum 

temperature of 800°C for 2 h duration. The heating rate 
was maintained at 10°C/min. The respective thermally 
treated samples were designated as AR-SCBA:T, SCBA-
M0.5T, SCBA-M5T, SCBA-M10T and SCBA-M15T, 
where T represents the thermal treatment. After combus-
tion and cooling in the muffle furnace, the samples were 
taken out for further examination. 
 The laser granulometric analysis was carried out using 
a laser particle size analyser (Saturn Digitizer model 
5205, Jawaharlal Nehru Aluminium Research Develop-
ment and Design Centre, Nagpur, India). Distilled water 
was used as a dispersant. The distribution of particle sizes 
was analysed by D10, D50 and D90 values. The surface 
texture of the carbon-coated sample particles was studied 
using scanning electron microscope (JSM-6380A, Vis-
vesvaraya National Institute of Technology, Nagpur,  
India) at a potential difference of 5 kV. The quantitative 
X-ray fluorescence analysis (PANalytical PW2403  
MagiX, Indian Bureau of Mines, Nagpur, India) was car-
ried out to check the chemical compositions of the re-
spective samples. X-ray diffraction (PANalytical X’Pert 
Pro; at 40 kV and 30 mA) was used for mineralogical 
phase analysis. The scanning range was 10.0–64.9 with a 
degree of 2θ (step of 0.04) being maintained. Copper was 
utilized for X-ray diffraction. Thermogravimetric (TG) 
analysis was done to check the mass change with respect 
to temperature (Diamond TG, PerkinElmer, Jawaharlal 
Nehru Aluminium Research Development and Design 
Centre, Nagpur, India). It determines the thermal stability 
of the material. 
 The pozzolanic behaviour was studied using pozzolan-
ic activity index, electrical conductivity drop, Chapelle 
activity and amount of reactive silica. The correlation 
was developed between pozzolanic behaviour of the  
mechanically treated and thermally treated SCBA sam-
ples. 
 In accordance with BIS 2250: 2000, the mortar blocks 
(70.5 mm × 70.5 mm × 70.5 mm) were prepared to test 
the pozzolanic activity index19. This index was calculated 
as the percentage ratio of 28 days compressive strength of 
sample block to that of a control block. The sample 
blocks were prepared by replacing 35% (by volume) of 
cement by the respective treated SCBA20. 
 The electrical conductivity test gives a measure of the 
pozzolanic activity of the mineral admixture. First, the 
electrical conductivity of 200 ml saturated Ca(OH)2 
solution was measured at 40°C. Next, 5 g of the 
respective treated SCBA sample was added to the 
saturated solution of calcium hydroxide. The solution was 
stirred continuously and electrical conductivity was 
measured again. The drop in electrical conductivity gives 
a measure of pozzolanic activity21. 
 Chapelle activity gives the pozzolanic reactivity in 
terms of reacting Ca(OH)2. First, 250 ml of distilled 
water was mixed with the 1 g of mineral admixture (i.e. 
treated SCBA samples) and 1 g of calcium oxide powder. 
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After magnetic stirring of the solution, it was kept in the 
oven at 90°C for 16 h duration. The solution was allowed 
to cool and then titrated against 1N HCl acid using 
phenolphthalein indicator at room temperature. The titre 
values give the amount of reacted Ca(OH)2 (ref. 22). 
 The reactive silica of the treated SCBA samples was 
determined by acid washing technique. The treated SCBA 
sample was weighted in an analytical weight balance. 
One gram of the sample was boiled in concentrated acid 
solution. The solution was then filtered through Whatman 
filter paper No. 40. The filtrate was washed with distilled 
water and dried in a furnace at 900°C for 1 h duration. 
The percentage loss in weight gives the amount of non-
reactive silica23. 
 The effect of mechanical treatment and thermal treat-
ment on pozzolanic reaction kinetics of SCBA was stu-
died and correlation was developed between the various 
pozzolanic properties. 

Results and discussion 

Table 1 shows the physical characterization of AR-SCBA. 
The consistency of the control cement paste was found to 
be 31%. According to BIS 12269: 2013, ordinary Port-
land cement (53-grade) has consistency in the range  
30–32%. The presence of fibrous and porous particles  
increases the water requirement of AR-SCBA-blended 
cement to achieve the required consistency. The setting 
times were observed to be higher because of the same 
reason. Lower values of specific gravity (1.95) and bulk 
density (0.302 kg/l) of AR-SCBA were observed due to 
the presence of light-weight fibrous carbonaceous matter. 
A minor expansion (0.082%) and drying shrinkage 
(0.132%) were observed in the autoclave soundness test 
and the drying shrinkage test respectively. Lime reactivi-
ty depends upon the reaction product of reactive silica 
(present in AR-SCBA) and hydrated lime. It was ob-
served to be less than the permissible limit because AR-
SCBA has the crystalline phases of silica as well as un-
burnt carbonaceous matter, which makes it non-reactive.  
 
 
Table 1. Physical characterization of as-received sugarcane biomass  
  ash (AR-SCBA) 

  Permissible limit  
Physical properties Results (BIS 3812 (Part 1): 1981)25 
 

Consistency (%) 36.5 – 
Setting time (min)  – 
 Initial 190 
 Final 275 
Specific gravity 1.95 – 
Lime reactivity (N/mm2) 2.6 Min 4.5 
Drying shrinkage (%) 0.132 – 
Soundness by autoclave (%) 0.082 – 
Moisture content (%) 6.0 – 
Bulk density (kg/l) 0.302 – 

The porous and cellular nature of particles increases the 
water absorption capacity of AR-SCBA, resulting in the 
natural moisture content of 6%. 
 Figure 1 shows the cumulative particle size distribution 
of AR-SCBA and mechanically treated samples (SCBA-
M0.5, SCBA-M5, SCBA-M10 and SCBA-M15). Due to 
the vibratory and sliding action of the cylinders, reduc-
tion in particle size was observed. A significant reduction 
in particle size of the AR-SCBA sample was seen after 
the milling duration of only 30 sec. Faster particle brea-
kage kinetics was observed in the vibrating cup mill. The 
results of the mechanical treatment indicate that the  
increase in milling time reduces particle size. The range 
of D10 and D90 values of the mechanically treated sam-
ples was observed to be 1.172–0.807 μm, and 23.309–
12.093 μm respectively, while AR-SCBA presented D10 
and D90 values of 10.334 and 126.581 μm respectively.  
 
 

 
 
Figure 1. Particle size distribution curves of as-received sugarcane 
biomass ash (AR-SCBA) and mechanically treated SCBA samples. 
 

 
 
Figure 2. Distribution of D10, D50 and D90 (μm) of AR-SCBA and 
mechanically treated SCBA samples. 
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Table 2. Chemical characterization of AR-SCBA 

Oxides SiO2 LOI P2O5 CaO MgO Fe2O3 Al2O3 MnO2 Na2O 
 

Percentage 79.50 4.95 3.20 3.14 2.07 1.12 1.03 0.13 0.12 

 
 

 
 

Figure 3. Microstructure of (a) AR-SCBA and (b) SCBA-M15T. (c) Magnified SCBA-M15T. 
 
 
 

 
 
Figure 4. Oxide composition of AR-SCBA, thermally treated (AR-
SCBA:T) and combinedly treated sample (SCBA-M15T). 
 
 
The average particle size (i.e. D50 = 55.009 μm) of  
AR-SCBA was found to reduce to 3.521 μm (sample 
SCBA-M15) (Figure 2). 
 Figure 3 shows the microstructure of AR-SCBA and 
combinedly treated SCBA sample. The sugarcane bio-
mass fibre mainly consists of cellulose, pentosane and 
lignin. The burning of sugarcane biomass causes the de-
composition of lignin and volatilization of cellulose, 
leading to rapid weight loss of biomass. Figure 3 c shows 
the porous structure of SCBA. Cellular, prismatic and  
irregular-shaped particles in a variety of sizes were ob-
served in AR-SCBA (Figure 3 a). The particle size was 
reduced due to mechanical treatment (Figure 3 b). 
Change in particle shape was observed due to the com-

bustion process. The spherical and prismatic-shaped par-
ticles were found to be rich in silica. 
 The chemical characterization of AR-SCBA was domi-
nated by silica (SiO2) (79.50%). The addition of SiO2 + 
Al2O3 + Fe2O3 was calculated to be 81.65% (Table 2),  
which is greater than the permissible limit of 70% as spe-
cified in BIS 3812 (Part 1): 1981. The LOI value and 
MgO percentage were below 12 and 5 respectively. SO3 
value was 1.23%, i.e. less than 3% (Table 2). It shows the 
favourable conditions for using SCBA as a pozzolanic 
material. All the permissible chemical composition limits 
are given in BIS 3812: 1981. Figure 4 compares the effect 
on chemical oxide composition by thermal treatment and 
the combined (mechanical plus thermal) treatment. 
Thermal treatment increased the (SiO2 + Al2O3 + Fe2O3) 
content from 81.65% to 84.12%, while the combination 
of both treatments increased it further to 85.34%. In case 
of SiO2 content, thermal treatment improved it from 
79.50% to 81.89%. While the combined effect of both the 
treatments increased it up to 83.13%. No significant 
changes were observed in the MgO and SO3 contents. 
Thermal treatment reduced the LOI value considerably, 
due to the combustion of unburnt/or partially burnt car-
bon particles (from LOI of 4.95% (AR-SCBA) to 0.96% 
(AR-SCBA:T)).  
 Figure 5 presents X-ray diffractograms of AR-SCBA 
and the combinedly treated SCBA (SCBA-M15T). AR-
SCBA had the mineral phases namely calcite (CaCO3), 
cristobalite (SiO2) and quartz (SiO2), while SCBA-M15T 
was completely in the amorphous phase. A decrease in 
maximum intensity of the diffractogram was observed  
after the combined (mechanical and thermal) treatment. 
The maximum intensity of AR-SCBA and SCBA-M15T 
was observed to be 650 and 374 respectively. Higher in-
tensity and narrower peaks were converted to minimum 
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Figure 5. X-ray diffractograms of (a) AR-SCBA; (b) SCBA-M15T. 
 
 

 
 

Figure 6. Thermogravimetric analysis of AR-SCBA. 
 
 
number of peaks with lesser intensity scattered in a wide 
angular range. 
 The TG curve of AR-SCBA showed different regions 
of mass losses with respect to increased temperature 
when subjected to the combustion process (Figure 6). Up 
to 500–600°C, the water molecules present in the pores 
evaporated and the sample was subjected to mass loss 
(5.35%). Later, mass loss (2.27%) occurred at 800°C due 
to thermal degradation. Finally, a mass gain of 0.25% 
was observed because of the sintering action of the  
sample.  
 At 800°C, all the unburnt or partially burnt organic 
matter burnt out and resulted in the pure form. No further 
mass loss was observed after 800°C, and so the samples 
were thermally treated at the said temperature. 
 Figure 7 shows a plot of the behaviour of pozzolanic 
activity index and amount of reactive silica with respect 
to milling duration. Milling operation (mechanical treat-
ment) improves both the above-mentioned properties. An 

increase in pozzolanic activity index and reactive silica 
with an increase in milling duration was observed to fol-
low the nonlinear logarithmic curve pattern. Figure 7 also 
shows the equations of the curve patterns. R2 value of the 
pozzolanic activity index for as-received and thermally 
treated SCBA samples was 0.9613 and 0.9562 respective-
ly. While the R2 value of reactive silica for as-received 
and thermally treated SCBA was 0.9029 and 0.9610 re-
spectively. Reactive silica is the key parameter in deter-
mining the potential of pozzolanicity. Reduction in 
particle size significantly improved pozzolanic perfor-
mance. Further improvement was observed due to the 
thermal treatment. So a combination of mechanical and 
thermal treatments was found to give much better results. 
Figures 8 and 9 illustrate the confidence (confidence level = 
95%) and predicted curves of the pozzolanic activity in-
dex and reactive silica respectively. Predicted values 
were calculated using the respectively fitted curve equa-
tions. The experimental data were analysed using 
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Table 3. Regression analysis and statistics of pozzolanic characterization 

Dependent variable     Type  Regression equation R2 (%) F-value (lack of fit) P-value 
 

Pozzolanic activity index As-received sample y = 22.12*ln(x + 14.05) 0.9613 4158.15 8.21E-6 
 Thermally treated sample y = 23.55*ln(x + 16.21) 0.9562 4753.85 6.72E-6 
 Confidence and predicted bands y = 0.96x + 2.47 0.96 244.3 2.79E-7 
Reactive silica As-received sample y = 23.17*ln(x + 14.04) 0.9029 1590.8 3.46E-5 
 Thermally treated sample y = 19.02*ln(x + 46.05) 0.9610 48649.49 2.05E-7 
 Confidence and predicated bands y = 0.94x + 4.2 0.9347 114.59 5.09E-6 
Electrical conductivity drop As-received sample y = 1.15*ln(x + 9.13) 0.8712 519.86 1.84E-4 
 Thermally treated sample y = 1.065*ln(x + 67.45) 0.9388 72231.07 1.13E-7 
 Confidence and predicated bands y = 0.98x + 0.048 0.9795 383.59 4.80E-8 
Chapelle activity As-received sample y = 185*ln(x + 4.69) 0.9580 584.05 1.55E-4 
 Thermally treated sample y = 197*ln(x + 7.34) 0.9377 762.82 1.04E-4 
 Confidence and predicated bands y = 0.95x + 17.39 0.957 178.11 9.49E-7 

 
 

 
 

Figure 7. Relation of pozzolanic activity index and reactive silica with respect to the milling duration. 
 
 

 
 
Figure 8. Confidence and predicted bands of the pozzolanic activity 
index. 

 
 

Figure 9. Confidence and predicted bands of reactive silica. 
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Figure 10. Relation of electrical conductivity drop and Chapelle activity with respect to milling duration. 
 
 
 

 
 
Figure 11. Confidence and predicted bands of electrical conductivity 
drop. 
 

 
 

Figure 12. Confidence and predicted bands of Chapelle activity. 
 

 

ANOVA. Table 3 presents the F-values and P-values of 
the analysis. The F-values of the pozzolanic activity in-
dex and reactive silica models ranged between 114.59 
and 48649.49. The P-values of all the respective fitted 
models were less than 0.0500, which implies that the  
fitted models are statistically significant and effective 
(Table 3).  
 Figure 10 shows the relation of electrical conductivity 
drop and Chapelle activity with respect to milling 

duration. A drop in electrical conductivity of the 
saturated calcium hydroxide solution was observed due to 
the fixation of dissolved calcium hydroxide on the 
surface of the respective pozzolana. The greater the loss 
of electrical conductivity, the more is the pozzolanic 
reactivity of the sample. The increasing pattern of drop in 
electrical conductivity of both the as-received and 
thermally treated samples followed a nonlinear 
logarithmic curve. The respective R2 values were 0.8712 
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Figure 13. Relation between: a, Reactive silica and pozzolanic activity index; b, Chapelle activity and reactive silica; c, Electrical conductivity 
drop and reactive silica; d, Chapelle activity and pozzolanic activity index; e, Electrical conductivity drop and pozzolanic activity index; f, Chapelle 
activity and electrical conductivity drop. 
 
 
and 0.9388. The results indicate that the mechanical 
treatment improves the specific surface area of the 
sample particles, indirectly improving the lime fixation 
rate. So, a major drop in electrical conductivity was 
observed in the sample milled for a duration of 15 min 
compared to other milling durations. The thermally 

treated samples showed further improved results of drop 
in electrical conductivity.  
 The Chapelle activity test was carried out at 90°C, in-
stead of room temperature, as the pozzolanic activity 
reaction rate is higher at an elevated temperatures24. The 
relationship between Chapelle activity and milling 
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Table 4. Regression analysis and statistics of the relation between pozzolanic properties 

    F-value 
Relation  Sample Regression equation R2 (%) (lack of fit) P-value 
 

Reactive silica and pozzolanic activity index As-received y = 22.57*ln(x – 43.65) 0.9965 45,309.65 2.28E-7 
 Thermally treated y = 18.79*ln(x – 17.67) 0.9753 76,855.10 1.03E-7 
Chapelle activity and reactive silica As-received y = 160.47*ln(x – 53.32) 0.8897 221.17 6.59E-4 
 Thermally treated y = 176.32*ln(x – 50.42) 0.8752 380.09 2.94E-4 
Electrical conductivity drop and reactive silica As-received y = 1.065*ln(x – 49.49) 0.9814 3611.86 1.01E-5 
 Thermally treated y = 1.29*ln(x – 41.12) 0.8690 33,727.12 3.56E-7 
Chapelle activity and pozzolanic activity index As-received y = 52.65*ln(x – 52.65) 0.9562 560.0768 1.65E-4 
 Thermally treated y = 196.34*ln(x – 58.56) 0.9973 17,690.28 9.37E-7 
Electrical conductivity drop and pozzolanic  As-received y = 1.12*ln(x – 48.89) 0.9968 21,004.06 7.24E-7 
 activity index 
 Thermally treated y = 1.05*ln(x + 5.71) 0.9265 60,171.84 1.49E-7 
Chapelle activity and electrical conductivity drop As-received y = 484.88*ln(x – 0.66) 0.9290 344.7576 3.40E-4 
 Thermally treated y = 1450.51*ln(x – 3.167) 0.9516 983.89 7.11E-5 

 
 
duration also lead to a similar conclusion. The Chapelle 
activity is mainly concerned with particle size of the 
sample. As expected, the Chapelle activity was found to 
increase with an increase in milling duration. The R2 val-
ue of Chapelle activity for the as-received and thermally 
treated sample was 0.9580 and 0.9377 respectively. Fig-
ures 11 and 12 illustrate the confidence (confidence lev-
el = 95%) and predicted bands of drop in electrical 
conductivity and Chapelle activity respectively. Table 3 
shows results of ANOVA. The F-values of drop in elec-
trical conductivity and Chapelle activity models ranged 
between 178.11 and 72231.07. All the respective P-
values were less than 0.0500, which implies that the fitted 
logarithmic models are statistically effective and signifi-
cant (Table 3). 
 Additionally, the relationships between all the pozzo-
lanic properties (pozzolanic activity index, reactive silica, 
electrical conductivity drop and Chapelle activity) were 
developed (Figures 13 a–f ). All the relation curves were 
fitted nonlinearly with the logarithmic pattern successful-
ly. Overall a good correlation was developed, as the R2-
values varied between 0.8690 and 0.9973. This shows 
that all the pozzolanic properties are directly related to 
each other by the logarithmically fitted models. The ex-
perimental results were analysed using ANOVA. Table 4 
provides a summary of the results of statistical regression 
analysis. The lack of fit (F-values) of all the logarithmic 
fitted models ranged between 221.17 and 76855.10. All 
the respective P-values were less than 0.0500, which  
implies that the fitted models are effective and signifi-
cant.  

Conclusion 

The pozzolanic properties of SCBA can be improved  
either by mechanical treatment (milling the sample in a 
vibrating cup mill) or by thermal treatment (calcination of 
the sample at 800°C for 2 h duration). A combination of 

both treatments was observed to give improved results of 
pozzolanic properties. 
 Based on the interpretation of the XRF, XRD and SEM 
data, the treated sample had more reactive silica/ 
amorphous silica, necessary for the pozzolanic activity. 
The TG test resulted in an optimum burning temperature 
(800°C) to give the pure form of silica. 
 The pozzolanic behaviour of SCBA samples can be 
quantified by measuring various properties, namely poz-
zolanic activity index, reactive silica, electrical conduc-
tivity drop and Chapelle activity. 
 Sample milled for 15 min duration in a vibrating cup 
mill followed by calcination at 800°C resulted in maxi-
mum pozzolanic activity. 
 All the above-mentioned pozzolanic properties are  
directly related and best-fitted by the nonlinear logarith-
mic model. The coefficient of multiple regression (0.86–
0.99) showed that the fitted model was effective and sig-
nificant. 
 
 

1. Singh, J. and Gu, S., Biomass conversion to energy in India – a 
critique. Renew. Sustain. Energy Rev., 2010, 14, 1367–1378. 

2. Rajamma, R., Ball, R. J.. Tarelho, L. A. C., Allen, G. C., 
Labrincha, J. A. and Ferreira, V. M., Characterisation and use of 
biomass fly ash in cement-based materials. J. Hazard. Mater., 
2009, 172, 1049–1060; doi:10.1016/j.jhazmat.2009.07.109. 

3. Katare, V. D. and Madurwar, M. V., Experimental characteri-
zation of sugarcane biomass ash – a review. Constr. Build. Mater., 
2017, 152, 1–15; doi:10.1016/j.conbuildmat.2017.06.142. 

4. Potgieter, J. H., An overview of cement production: how ‘green’ 
and sustainable is the industry? Environ. Manage. Sustain. Dev., 
2012, 1, 14. 

5. Mishra, S. and Siddiqui, N. A., A review on environmental and 
health impacts of cement manufacturing emissions. Int. J. Geol. 
Agric. Environ. Sci., 2014, 2, 26–31. 

6. Cordeiro, G. C., Use of sugar cane bagasse ash and rice husk ashes 
as a mineral admixture in concrete. D Sc Thesis, Universidade 
Federal do Rio de Janeiro, Brazil, 2006. 

7. Hamad, M. A. and Khattab, I. A., Effect of the combustion 
process on the structure of rice hull silica. Thermochim. Acta, 
1981, 48, 343–349. 



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 116, NO. 5, 10 MARCH 2019 750 

8. Heikal, M., Ali, A. I., Ismail, M. N. and Ibrahim, S. A. N., 
Behavior of composite cement pastes containing silica nano-
particles at elevated temperature. Constr. Build. Mater., 2014, 70, 
339–350; doi:10.1016/j.conbuildmat.2014.07.078. 

9. Madani, H., Bagheri, A., Parhizkar, T. and Raisghasemi, A., 
Chloride penetration and electrical resistivity of concretes 
containing nanosilica hydrosols with different specific surface 
areas. Cem. Concr. Compos., 2014, 53, 18–24; doi:10.1016/j. 
cemconcomp.2014.06.006. 

10. Neville, A. M. and Brooks, J. J., Concrete Technology, Prentice 
Hall, Malaysia, 2010. 

11. Liu, J., Li, Q. and Xu, S., Influence of nanoparticles on fluidity 
and mechanical properties of cement mortar. Constr. Build. 
Mater., 2015, 101, 892–901; doi:10.1016/j.conbuildmat.2015. 
10.149. 

12. Nili, M. and Ehsani, A., Investigating the effect of the cement 
paste and transition zone on strength development of concrete 
containing nanosilica and silica fume. J. Mater. Des., 2015, 75, 
174–183; doi:10.1016/j.matdes.2015.03.024. 

13. Metha, P. K. and Monteiro, P. J. M., Concrete: Microstructure, 
Properties and Materials, McGraw Hill, New York, USA, 2013. 

14. BIS, Ordinary Portland cement – specifications. Bureau of Indian 
Standards, New Delhi, IS: 12269, 2013. 

15. BIS, Methods of physical tests for hydraulic cement – 
determination of soundness. Bureau of Indian Standards, New 
Delhi, IS: 4031 (Part 3), 1968. 

16. BIS, Methods of physical tests for hydraulic cement – 
determination of initial and final setting times. Bureau of Indian 
Standards, New Delhi, IS: 4031 (Part 5), 1968. 

17. BIS, Methods of test for pozzolanic materials. Bureau of Indian 
Standards, New Delhi, IS: 1727, 2004. 

18. BIS, Methods of test for soils – determination of soils in place, by 
the sand replacement method. Bureau of Indian Standards, New 
Delhi, IS: 2720 (Part 28), 2010. 

19. BIS, Code of practice for preparation and use of masonry mortar. 
Bureau of Indian Standards, New Delhi, IS: 2250, 2000. 

20. Brazilian Association of Technical Standards, Pozzolans – 
pozzolanic activity – determination of pozzolanic activity index 

with Portland cement. ABNT NBR 5752 , Rio de Janeiro, Brazil, 
1992. 

21. Luxan, M. P., Madruga, F. and Saavedra, J., Rapid evaluation of 
pozzolanic activity of natural products. Cem. Concr. Res., 1989, 
19, 63–68. 

22. Raverdy, M., Brivot, F., Paillere, A. M. and Dron, R., 
Appréciation de l’activité pouzzolanique de constitutes 
secondaires. In Proceedings of 7e congre's international de la 
chimie des ciments, Paris, France, 1980. 

23. IBM, Manual of procedure for chemical and instrumental analysis 
of ores, minerals, ore dressing products and environmental 
samples. Indian Bureau of Mines, Nagpur. 2012. 

24. Dwivedi, V. N., Singh, N. P., Das, S. S. and Singh, N. B., A new 
pozzolanic material for cement industry: bamboo leaf ash. Int. J. 
Phys. Sci., 2006, 1(3), 106–111. 

25. BIS, Pulverized fuel ash – specification: for use as pozzolana in 
cement, cement mortar and concrete. Bureau of Indian Standards, 
New Delhi, IS 3812 (Part 1), 1981. 

 
 
 
ACKNOWLEDGEMENTS. We thank Visvesvaraya National Insti-
tute of Technology (VNIT), Nagpur for allowing to carry out this re-
search work, M/s Manas Group of Industries for providing the raw 
material, Jawaharlal Nehru Aluminium Research Development and  
Design Centre (JNARDDC) and the Indian Bureau of Mines (IBM) for 
help in mechanical treatment. We also thank M/s Heat Treat Well for 
the thermal treatment, Maharashtra Enviro Power Limited and the  
Department of Metallurgical and Materials Engineering, Visvesvaraya 
National Institute of Technology, and Geotech Services Nagpur, for 
support during experimentation. The support provided by Department 
of Statistics, University of Nagpur is highly appreciated. 
 
 
Received 27 June 2018; accepted 30 November 2018 
 
 
doi: 10.18520/cs/v116/i5/741-750 

 
 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


