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INTRODUCTION 
 
In the previous study preliminary investigations on the chemical and mechanical activation of 
low calcium fly ash were presented1.  The study revealed that sodium hydroxide in low 
concentration was the most effective chemical activator for the low calcium fly ash.  The 
pozzolanic activity of a fly ash depends upon many parameters, most important of which are 
fineness, amorphous matter, chemical and mineralogical composition and the unburned carbon 
content2-4.  The present study uses various low calcium fly ashes for alkali activation to 
understand further the mechanism of low concentration sodium hydroxide activation.  
Compressive strength measurements, X ray diffraction, SEM and hydration calorimetry 
characterization techniques were used to understand what physical and chemical factors 
responsible for the effective sodium hydroxide activation. 
 
EXPERIMENTAL 
 
Three low calcium fly ashes and one bottom ash were used in this study.  The ashes are: 1): 
MRL-PSU code- B 97; 2) MRL-PSU code- Q 185; and 3) MRL-PSU code- Q161.  The 
following sample designations were used in this study: 100% OPC - Ordinary Portland Cement; 
UT - untreated fly ash mixed with OPC; WT - ash treated with water and mixed with OPC; 
CtLo - ash treated with 0.08 N NaOH and mixed with OPC; and CtHi - ash treated with 0.8 N 
NaOH and mixed with OPC.  The activated fly ash slurry and cement - fly ash paste preparation 
was carried out as reported earlier1.  The prepared slurries were blended with OPC Type I cement 
(MRL-PSU code - I-40) in the ratio of 80: 20 with W/S 0.30.  Compressive strengths were 
measured as mentioned in earlier1.  The other characterizations were carried out as follows. 
 
Isothermal calorimetry was performed for samples 100% OPC, Q185UT, Q185WT, and 
Q185CtLo.  These mixtures contain OPC: Q185 in the ratio of 80:20.  The W/S ratio was 
maintained at 0.30 for all the samples.  Heat evolution during the first 24 hours of hydration was 
measured using a Thermonetics Calorimeter, Model # C12-45-2E.  A Haake A 82 bath was used 
to maintain isothermal conditions.  The heat evolution was recorded using a strip chart recorder, 
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Model # 3314, supplied by Soltec Corporation.  The chart speed was maintained at 1 cm/hour for 
all the measurements.   
 
X-ray phase analysis was conducted on the as received ashes (B-97, Q185, and Q161).  The 
samples were sieved to pass 325 mesh and slurry mounted on a zero background quartz plate 
using ethanol.  The powder patterns were gathered over the range of 5 to 60 ο 2 Θ at a scanning 
rate of 2 � 2 Θ per minute.  All the measurements were carried out using a Scintag PAD-V 
diffractometer supplied by Scintag Inc.  The data were processed using an automated graphics 
workstation, Scintag Vax 3100. 
 
Microstructural features were examined for the as received fly ash (B-97), and the fly ash treated 
with 0.08 N NaOH for 2 hours.  Specimens were fractured and small samples were affixed to the 
SEM specimen holder with silver paint resin.  Specimens were coated by sputtering with a very 
thin layer of gold to promote electrical conductivity.  A dual stage scanning electron microscope 
Model ISI-DS 130 was used for the measurements.  
 
RESULTS 
 
Mineralogical composition of the three fly ashes was determined using X ray diffraction and 
chemical phase analysis technique5.  X-ray powder diffraction patterns for as received ashes 
show quartz as the major crystalline phase with broad hump indicating the presence of 
amorphous content.  The ashes also contain minor amounts of mullite and heamatite crystalline 
phases.  The amorphous content of these ashes vary in amount.  The quantitative phase 
determination of the ashes was done using an ortho phosphoric acid dissolution method5.  The 
quantitative chemical phase analysis result is given in Table 1.  As shown in the Table 1, quartz, 
and, mullite, and soluble silicate phase contents varies from ash to ash.  The surface area is also 
different for the three ashes (Table 1).  
 
 
Table 1.  Quantitative Phase Analysis and BET Surface Area of the Fly Ashes 
 
Property B 97 Q 185 Q 161 
Quartz(%) 17 10.0 2.0 
Mullite (%) 11 22 25 
Heamatite (%) Trace Trace Trace 
Soluble 
Silicates (%) 

70 68 73 

BET Surface 
area (m2/gm) 

1.16 1.47 1.13 

 
 
Compressive Strength 
 
Sodium hydroxide in two concentrations- 0.08 N and 0.8 N was used as a chemical activator.  
The activated OPC-Ash admixture pastes were prepared as mentioned in the previous study1.  



  

The compressive strengths measured for these compositions at 1 and 28-day curing periods are 
given in Figures 1 to 3.  All the ashes show higher 1 and 28-day strength for CtLo treated 
samples than the untreated samples of the same curing periods.  On the other hand, CtHi treated 
samples show low compressive strengths at 1 and 28-day curing periods indicating a poor 
activation. Poor dispersion of the fly ash particles were observed in the slurries prepared using 
high concentration sodium hydroxide. The reduction in surface area for the CtHi may be due to 
the formation of an agglomeration after the treatment and this in turn responsible for the lower 
compressive strength. 

 

Pre-Treatment of Fly Ash  

 

The significance of pre-treatment of the fly ash particles with sodium hydroxide prior to  mixing 
with OPC was investigated with the following experiments.  OPC-ash mixture was prepared in 
two ways: 

i. Slurry:- Cement-ash mixture prepared from digested fly ash (activated by NaOH) 
suspension. 

ii. Dry Mix:- OPC, fly ash and sodium hydroxide mixed directly in dry form and paste made 
with water. 

 
The slurry and dry mixture were made using Q185 ash with 0.08 and 0.8 N NaOH.  The samples 
are designated as Q185CtLo (slurry, 0.08 N) and Q185CtLoD (dry, 0.08 N) and Q185CtHi 
(slurry, 0.8 N) and Q185CHiD (dry, 0.8N).  The compressive strengths were measured for the 
compositions at 1-day hydration.  The results are given in Figure 4.  Dry mixing produced lower 
compressive strength than the slurry mixing.  During the processing of the fly ash slurry, NaOH 
attacks the surface of the fly ash particles at a high alkaline pH.  The corroded surface provides 
more surface area for further attack by sodium hydroxide.  As more surface of the fly ash particle 
is exposed and no longer smooth due to chemical attack, pozzolanic reactivity of fly ash 
increases immediately after mixing with cement.  This is one of the reasons for the improved 
compressive strength observed in slurry mixing than the dry blending.  
 
Effective Alkali Concentration 
 
Optimization of sodium hydroxide concentration was carried out using the fly ash B-97.  Fine ash 
(BET 2.90 m2/g) after attrition milled for 10 minutes was taken for this study.  The sodium 
hydroxide concentration was varied from 0.05 N to 0.25 N.  The 1 and 28-day compressive 
strength obtained for various alkali concentrations are given in Figure 5.  All the formulations 
produced equal or higher 1-day compressive strength than the 100% OPC control mixture.  
Sodium hydroxide concentration below 0.1 N produced 5 to 10 % increase in compressive 
strength over 100 % OPC control mixture.  However the 28-day strength decreased as the alkali 
concentration increased beyond 0.1 N.  



  

Morphology of the Treated Fly Ash  
 

The morphological characterization were carried out on the as received and treated B 97  ash 
with  0.1 N NaOH for 2 hours.  The SEM microstructure obtained for these samples are given in 
Figure 6 a and b.  It is clearly observed that the as received ash (Figure 6 a) retains its smooth 
spherical surface of fly ash particles whereas the treated ash shows (Figure 6 b) spots of erosion 
on the spherical surface of the fly ash particles due to alkali treatment.  The surface erosion of the 
fly ash particles provides more reactive surface for cement hydration during mixing with OPC.  

Heat of Hydration 
 

The calorimeteric heat evolution profiles were obtained for the hydrated pastes of 100% OPC, 
OPC : Q185UT, OPC : Q185WT, and OPC : Q185CtLo admixtures.  The early heat of hydration 
pattern for CtLo samples are roughly equal to that of 100% OPC.  In the case of UT heat 
evolution was delayed till 15 hours of hydration.  The similar heat evolution profiles for 100% 
OPC and OPC : CtLo pastes indicates that the surface of the fly ash particles are attacked and 
renewed during the chemcial treatment.  

 
CONCLUSION 
 
Low concentration of sodium hydroxide is an effective chemical activator for all the fly ashes 
studied.  The chemical and the mineralogical composition of the low calcium fly ashes do not 
influence the alkali activation.  The treatment of the fly ash particles with NaOH prior to paste 
formation with OPC is necessary for the early strength development.  Morphological and heat 
evolution studies reveal that the possible surface renewal effect of the fly ash particles may be 
key to the effective chemical activation.  The optimization studies show that the sodium 
hydroxide concentration between 0.05 N and 0.1N produces the best alkali activation effect for 
the low calcium fly ash.  
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