International Journal of Structural and Civil Engineering
ISSN : 2277-7032 Volume 1 Issue 8 (August 2012)
http://www.ijsce.com/ https://sites.google.com/site/ijscejournal

EFFECT OF SYNTHESIZING PARAMETERS ON
COMPRESSIVE STRENGTH OF FLYASH BASED
GEOPOLYMER PASTE

Kushal Ghosh 'and Dr. Partha Ghosh >
'Vocational Research student , Department of Construction Engineering, Jadavpur
University, Kolkata, India
*Asst. Professor, Department of Construction Engineering, Jadavpur University,
Kolkata, India

Abstract. The objectives of the present research is to appreciate the effect of
synthesizing parameters on engineering properties of Geopolymer composites
manufactured using locally available low calcium fly ash . Fly ash used are
lignite coal based and falls under class F category. The current research utilizes
low calcium fly ash obtained from a thermal power plant located near Kolkata,
India. The broad areas of present research include: Manufacturing of
Geopolymer and a comprehensive study on the effect of synthesizing
parameters on compressive strength of Geopolymer paste. The effect of
synthesizing parameters such as Alkali content (Na,O/Al,O;), Silica content
(Si0/Al,03) and Water to Geopolymer binder ratio have been studied and
arrived at certain level of understanding regarding manufacturing and
compressive strength, which will be useful to the researchers and manufacturers.
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1 Introduction

Geopolymers is an inorganic polymeric materials formed by activating silica-
aluminum rich minerals with alkaline or alkaline-silicate solution at ambient or
higher temperature level. Potential applications includes: fire resistant materials,
thermal insulating material, low energy tiles , waste containment, paver blocks etc.

Geopolymerisation is a very complex multiphase exothermic process, involving a
series of dissolution-reorientation-solidification reaction analogous to zeolite
synthesis. High alkaline solutions are used to induce the silicon and aluminium atoms
in the source material to dissolve, forming three dimensional polymeric structure
consisting of -Si-O-Al-O- bonds, represented as follows

Mn [—(SIOQ) Z—AIOZ] n- WHZO

Where: M = the alkaline element or cation such as potassium, sodium or calcium;
the symbol — indicates the presence of a bond, n is the degree of polycondensation or
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polymerisation; z is 1, 2, 3, or higher. The exact reaction mechanism which explains
the setting and hardening of geopolymers is not yet quite understood, although it is
thought to be dependent on the aluminosilicate base material as well as on the
composition of alkaline activator. ( Ref. to Fig.1).

Optimization of such a complex system requires systematic study of a number of
synthesizing parameters as well as of their interactions. Secondly, fly ash from
different sources show different level of reactivity under specific geopolymer
synthesis conditions and consequently affects the final properties. Hence for
manufacturing high performance geopolymer binder from fly ash, it is necessary to
understand the effects of a various synthesis parameters and their relationship with
mechanical properties and microstructure. The Geopolymer mix composition is
normally controlled by adjusting alkali and silicate content of activating solution. The
SiO/Al,0; molar ratio is an extremely important parameter which has major
influence on physical and mechanical properties as well as on its microstructure.

The properties of fly ash based geopolymer in fresh and hardened state depends on
chemical composition and quantity of fly ash as well as activator solution. Curing
condition is also another important aspect. It may be noted here that, percentage of
Na,O (by weight of fly ash) and SiO,/Na,O ratio of the mix significantly affect
workability, setting time and physico-mechanical properties of geopolymer. The
workability of the mix depends on viscosity of mix. The viscosity of gel increases
with time due to geopolymerisation process. A study on loss of flow with time is
necessary to determine handling time of geopolymer mix. The percentage of Na,O
and SiO,/Na,O ratio of mix also affect development of internal pore structure of
geopolymers and subsequently the strength and durability. The characterisation of
internal pore structure can be made by using simple methods like measuring water
absorption, apparent porosity and water sorptivity. Therefore, the effect of
synthesizing parameters on engineering properties of geopolymer composites has
been considered for systematic research . Moreover, these studies are important for
locally available fly ash for wide applications in the industry.
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2. EXPERIMENTAL INVESTIGATION

The experimental investigation has been conducted mainly at Jadavpur University,
Kolkata, India. Some studies have been made at University Science and Instrument

Solid aluminosilicate source + Alkali silicate'hydroxide activating solution
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Figure- 1.1 : Schematic outline of the reaction processes in geopolymerisation

Center (USIC), Jadavpur University and Central Glass and Ceramic Research Institute
(CGCRD), Kolkata, India. The humidity and ambient temperature in the laboratory are
ranging from 75% to 90% and 25°C to 40°C respectively. The experimental
methodology was divided in to two main parts: (1) preparation of geopolymer mix
and test specimen and (2) testing and characterization of geopolymer. The laboratory
tests were conducted as per relevant Indian standard /ASTM codes. The
characterisation of geopolymers was carried out using XRD to elucidate
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mineralogical changes leading to microstructure changes. 50x50x50 cube specimens
were tested.

2.1 Raw Materials

Typical locally available low calcium Class F fly ash from a thermal power station
near Kolkata was used throughout the research. The alkaline activator solutions were
prepared by mixing sodium hydroxide in pellets form in sodium silicate solution and
distilled water.

2.1.1 FLYASH

In the present research work, typical low calcium, Class F dry fly ash obtained
from a local thermal power plant, located near Kolkata, India, was used as the basic
aluminosilicate material to manufacture geopolymers. The chemical compositions of

the fly ash, as determined by X-Ray Fluorescence (XRF) analysis, are given in Table
2.1.

Oxide Mass (%)
SiO, 55.15
Al,O5 30.85
FCQO3 3.15
TiO, 1.85
CaO 2.45
MgO 0.35
K,O 0.8
Na,O 0.65
SO; Nil
P>0s 0.5
Lor 0.45

Table 2.1: Chemical composition of the fly ash (mass %)

The total percentage of (SiOy+ AlL,Os;+ Fe,03) is greater than 70%. The calcium
oxide content is less than 10%. Hence, as per ASTM C 6128-03, it can be classified as
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class F fly ash (or siliceous pulverised fuel ash conforming to IS 3812(Part-I)-2003
specifications). The colour of the fly ash was dark gray. About 90% of the particles
were smaller than 45um, and the Blain specific surface area of fly ash was 395m’/kg.
The Scanning Electron Microscopy (SEM) image of fly ash show that the fly ash
particle are generally spherical in shape of varying size.

The mineral composition of fly ash was obtained by XRD analysis and it was
found that the major crystalline constituents of fly ash included quartz (SiO,), mullite
(Al,O3), and magnetite (Fe;O4). The fly ash is also constituted of an X-ray amorphous
phases indicated by the broad hump registered between 260 =20° and 30°

2.1.2 ACTIVATOR SOLUTION

The alkaline activator was combination of sodium silicate and sodium hydroxide
solutions. The sodium hydroxide solids were laboratory grade in pellets form, with a
specific gravity of 2.15, 97% purity. To avoid effects of unknown contaminants,
distilled water was used for preparing the activator solutions.

The sodium hydroxide (NaOH) solution was prepared by dissolving NaOH pellets
in water. The mass of NaOH solids in a solution was varied depending on the required
concentration of the solution. The chemical composition of the sodium silicate
solution was Nay0O=14.7%, Si0,=29.4%, and water 55.9% by mass. The other
characteristics of the sodium silicate solution were specific gravity=1.48 g/cc. The
activator solution was prepared at least one day prior to its use .

2.2 MANUFACTURING PROCESS
Following steps were followed during manufacturing of Geopolymer

¢ Mixing of sodium silicate solution, sodium hydroxide pellets and water
according to predefined proportion to make alkaline activator, at least one
day prior to its use .

e Hobart mixer with rotating blades, was used for preparing geopolymer mix

e Mixing of fly ash and alkaline activator in the Hobart mixer for about five to
six minutes to get a homogeneous paste.

e Casting of cubes ( 50x50x50) with geopolymer mix using steel molds and
placed on vibration table for 2-3minutes to remove entrapped air in the mix.

e After two hours fresh specimens are placed in the oven for thermal curing
The rate of heating in oven is 0.5°C per minute . Heat curing was made at
85°C for 48 hours™

e Release the specimens from molds at room temperature and were left to at

room temperature until tested.
2.3 SYTHESIZING PARAMETERS

The objective of the experimental investigation was to study the effect of
synthesizing parameters on compressive strength of low calcium fly ash-based
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geopolymer paste. The proportion of geopolymer mix was varied by changing
quantity and proportion of sodium silicate and sodium hydroxide in activating
solution. The effect of alkali content (Na,O/Al,Q3), silicate content (SiO,/Al,O3) and
water to geopolymer binder ratio on direct compressive strength of geopolymer paste
specimens was studied. The direct compressive strength of geopolymer paste
specimens was obtained at the age of 3 and 7 days. For explaining variation in
compressive strength X-Ray Diffraction ( XRD ) was carried out.

2.4 MIX COMPOSITION AND COMPRESSIVE STRENGTH

At the beginning, the effect of alkali content (Na,0/Al,0O5) of the mix was studied.
The alkali content was changed from 0.4 to 0.65 by varying quantity of sodium
hydroxide solids in activator solution. Later on, the effect of silica content
(S8i0y/Al,0O5) was studied. The silica content of the mix was varied between 3.5 and
4.5 by changing quantity of silica powder (SiO,). Other parameters of mix i.e.
quantity of silicate solution and sodium hydroxide was kept constant for all specimen.
The effect of water content expressed as water to geopolymer binder ( geopolymer
binder is sum total of mass of fly ash + mass of solids in activating solution). Water to
Geopolymer binder ratio ( W/B ratio) was varied from 0.225 to 0.35 by changing
quantity of water. The alkali content and silica content was kept constant to 0.5 and
4.0 respectively. The mix proportions are presented in tabular form below.

Composition of Geopolymer Mix Compressive Strength
(Molar ratio) (MPa)

Mix Na,O/ Si0./ H,0/ 3day 7Tday
No. Al,O3 Al,O3 Al 05
S1 045 4.0 6 15.42 19.23
S2 0.50 4.0 6 22.78 27.37
S3 0.55 4.0 6 27.77 34.50
S 4 0.60 4.0 6 33.36 38.67
S5 0.65 4.0 6 36.37 42.36
S6 0.50 3.75 6. 19.19 22.63
S7 0.50 3.875 6 24.54 29.37
S8 0.50 4.00 6 27.57 33.50
S9 0.50 4.125 6 28.06 32.67
S10 0.50 4.25 6 23.26 28.36
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Composition of Geopolymer Mix Compressive Strength
(Molar ratio) (MPa)
Mix Na,O/ SiO,/ W/B ratio 3day 7day
No. A1203 A1203
S11 0.50 4.00 0.225 34.43 38.85
S12 0.50 4.00 0.25 36.36 41.83
S 13 0.50 4.00 0.3 37.72 44.36
S 14 0.50 4.00 0.325 35.34 40.30
S 15 0.50 4.00 0.35 32.69 39.20

3. DISCUSSION ON TEST RESULTS

It is generally accepted that the dissolution rate of aluminosilicate oxides in fly ash
is directly related to the surface concentration of hydroxyl ions. Increasing alkali
concentration in geopolymeric system, the concentration of hydroxyl ions also
increased which resulted in higher dissolution rate of Si and Si—Al phases of fly ash
and improved the overall geopolymerisation process. The compressive strength of
geopolymer paste depends on the quantity of aluminosilicate gel formed during
process of geopolymerisation. In general, higher the degree of geopolymerisation,
higher will be the compressive strength. Further, polycondensation of oligomeric
precursors took place in presence of soluble silica, which is the most important
process of strength development in geopolymeric materials. It can be said that the
geopolymer matrix comprises of gel phase and unreacted/partially unreacted fly ash
particles. It can be also observed that increasing alkali content from 0.45 to 0.65 , the
formation of more aluminosilicate gel. The quantity of gel and interface between
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Figure-3.1: X-ray diffractogram of (a) Fly ash (b) S3 (c) S4 (d) S5 (1) Quartz, (2) Mulite,
(3) Magnetite, (4) Hydroxysodalite, (5) Herschelite
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aggregate and gel is expected to have significant bearing on compressive strength of
geopolymer paste. X-Ray diffractogram of fly ash and Geopolymer specimen S3, S4
and S5 is shown in above. It can be observed from the X-Ray diffractograms that the
crystalline phases originally existing in the fly ash (i.e. quartz, mullite, magnetite etc.)
have not been apparently altered by the activation reactions. However, the XRD
pattern of sample S4 and S5, shows formation of new crystalline phases (zeolites) like
hydroxysodalite (NasAl3Si30,,H) and herschelite (NaAlSi»O4.3H20). These newly
formed crystalline phases contributed in improvement of compressive strength of
Geopolymer specimens.

It can be observed that the compressive strength increased almost linearly with
silica content up to 4.0. Further increasing silica content, decreased the compressive
strength of the Geopolymer specimens. It was found that at higher silica content
beyond the threshold value of 4.0, leads to inhibition of Geopolymerisation reaction,
indicated by decreased compressive strength. It was found that at high silica content,
the polymerization of aluminosilicate gel was not favored. Instead, the dissolved
precursors tend to form zeolites.

In the present test , silica content of the Geopolymer system was increased by
adding silica powder. Reactive silica is essential for initiation of oligomers formation
and accordingly for the polycondensation of oligomers in Geopolymerisation process.
The reactive silica controls the rate of polycondensation of Si and Al in
aluminosilicate gel. It was observed that the increasing silica content from 3.75 to 4.0
leads to an improvement in the compressive strength suggesting a higher degree of
reaction has taken place.

Under almost constant alkali content, the continuous addition of silica causes
positive effects on the mechanical properties in initial stage. However, the beneficial
effect of the increased silica content on the compressive strength of the geopolymeric
materials is not endless and has an upper limit. In the case of the fly ash based
geopolymer studied in the present research, the geopolymer mix composed under the
highest examined silica content of 4.25 could be hardly molded to make cubic
specimens. These specimens resulted in low compressive strength. The
geopolymerisation is a complex process having as a first stage the dissolution of the
easily dissolved phases of fly ash, is often performed under high alkali concentrations.
It is also necessary to add initially increased some amounts of silica to keep high
values of silica content in the mix to promote polycondensation process. Otherwise,
higher alkali concentrations will cause negative effect on the geopolymerisation
process causing decrease in the compressive strength.

Compressive strength of geopolymers more or less increased linearly as the W/B
ratio was increased from 0.225 to 0.3. However, further increasing W/B ratio,
reduction in compressive strength was observed. As the water content in the
synthesis decreases, the alkali concentration in the geopolymer system increases
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substantially. Taking into account that the dissolution rates of aluminosilicate oxides
and the extent of surface hydroxylation depends on alkali concentration, it may be
concluded that the increase of alkali concentration due to reduction in water content
causes a substantial acceleration of the dissolution of base material promoting
geopolymerisation process. However, there are practical limitations to reduce water
content of mix for obtaining desire workability. When W/B ratio was below 0.3 ,
proper mixing and compaction could not be achieved. Moreover, reducing W/B ratio
below 0.225, the water was insufficient for wetting of fly ash particles which
negatively affects ion transport mechanism in geopolymerisation and reduction in
compressive strength was observed.

Increasing water to binder ratio above 0.3, the alkali concentration in the
geopolymeric system reduced making the mix more fluid. The dissolution process
was affected due to addition of water and lesser compressive strength was observed.

Therefore, it may be said that water content is a crucial parameter of geopolymer
synthesis affecting immediately the mechanical strength. The water content in the
synthesis of geopolymer mix ought to be minimized to get better results at all stages
of geopolymerisation process, at the same time the geopolymeric mix must retain its
reasonable workability.

4. CONCLUSION

The study on effect of geopolymer synthesizing parameters revealed that the
development of compressive strength as well as microstructure depended basically on
alkali content (Na,O/Al,03), silica content (SiO./ Al,Os3), water to binder ratio .
Strong alkali solutions are needed to dissolve fly ash during the process of
geopolymerisation. The improvement in compressive strength was observed with
increasing alkali content (Na,O/Al,O;) of the geopolymer mix. Addition of reactive
silica affected polycondensation process positively indicated by improvement in
compressive strength with silica content. However, increasing silica content beyond
4.0 resulted in reduction of compressive strength. Higher silica content beyond 4.0,
inhibited geopolymerisation process indicated by reduction in compressive strength.
Water plays important role during dissolution, polycondensation and hardening stages
of geopolymerisation. The water content should be adjusted to the minimum level
considering desired workability of the geopolymer mix.
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