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Abstract — Results of an experimental investigation

conducted to study the performance of fly ash based

geopolymer paste specimens in sulphuric acid are gsented.
Class F fly ash was activated with a mixture of sodm
hydroxide and sodium silicate solution containing 8,0 in
the range 5% to 8% of fly ash. Specimens were expss to
10% sulphuric acid solution up to a period of 24 weks.
Performance of geopolymer paste specimens was evatied in
terms of visual appearance, residual alkalinity, chnges in
weight and compressive strength at regular interval. There

properties [5]. Durability of geopolymer materiatsacid
and sulphates have been also investigated by mehygra
[6-8]. Mechanisms of corrosion in low to high
concentrations of acids are different [9-12]. Alserof
standard methods to evaluate the performance oémism
in acid environments has led to research in differe
exposure conditions and procedures by various asitho
making it difficult to correlate the results.

The objective of the present study is to assess the

were no changes in colour and specimens maintained performance of fly ash based geopolymer pastes in

structural integrity. Surface corrosion was observd to
increase with time of exposure. SEM micrographs sheed
deterioration of specimens due to acid attack. Foration of
gypsum and ettringite was identified through X-ray
diffractogram of exposed specimens. Loss of alkalityi was
faster for geopolymer specimen having lesser Ba content.
Specimens revealed very low weight loss in the raagof
0.52% to 1.43v%. However, residual compressive stngths
were observed to be significantly low for the spegien with
least NgO content. Results obtained in the present study
indicate that geopolymer manufactured with higher N,O
content perform much better on exposure to sulphug acid.

Keywords — Fly Ash, Geopolymer, Residual Alkalinity,
Compressive Strength, SEM/EDX, XRD.

. INTRODUCTION

Ordinary Portland Cement (OPC) continues to be th&

sulfuric acid in an accelerated test condition. HEhedy
comprises determination of changes in weight, tesgid
alkalinity, compressive strength and visual appesgas a
measure of resistance against sulphuric acid. titiad,
SEM/EDX and XRD has been extensively used to
investigate the changes in microstructure and ralogy

of the exposed specimens.

[I. EXPERIMENTAL PROGRAM

A. Materials and Preparation of specimens

Low calcium Class F fly ash used in the present
experimental program was procured from Kolaghat
Thermal Power Plant near Kolkata, India. It hadncical
composition as given in Table-1. About 75% of et
were finer than 45 micron and Blaine’s specificface
as 380m/kg. Laboratory grade sodium hydroxide in

most commonly used binder in construction industrie Pellet form (98 percent purity) and sodium silicaggution

However, its resistance to chemical attacks suchcads

(NaO= 8%, SiQ =26.5% and 65.5% water) with

and sulphates are of concern. Cement compositess ggficate modulus ~3.3 and a bulk density1410

severely damaged in acids due to dissolution ofiwad

kg/m* was  supplied by LobaChemieltd,India. For

hydroxide and decomposition of hydrated silicatel anPréparation of exposure solution, Sulphuric acigS®4)
aluminium phases. In recent years, geopolymers halfeliquid form (98% purity) was directly dissolvén water
emerged as possible alternative to OPC binders tdue {0 Make 10% sulphuric acid solution by weight.

their reported superior properties and environnenta 1he alkaline activating solution was prepared by

friendliness [1].

dissolving required quantity of sodium hydroxiddlets

Geopolymers are novel binder manufactured b9irectly into predetermined quantity of sodium csilie

activating a source material rich in alumina anidaiwith
a highly alkaline solution. Fly ash, silica fumeladi

Solution to make three solutions having,8acontent as
5%, 6.5% and 8% of fly ash. At the same time, wates

furnace slag and metakaolin are major source radgeri2dded so as give water to fly ash ratio of 0.32e Th
used for producing geopolymers. Since Geopolyme%Ct'Vator solution was left at room temperatureroight

relies on alumina-silicate rather than calcium caiié
hydrate bonds for structural integrity, they havee
reported as being acid resistant. Davidodisfgund
that metakaolin
loss in 5% sulphuric acid solutions. Bakharev [Ridsed
the resistance of geopolymer materials prepareah fig

before being used to manufacture geopolymer palstes.
Hobart mixer, fly ash was mixed with measured gitxant
of activator solution for 5 minutes. The geopolynmaix

based Geopolymer has very lowsmagXxhibited a thick sticky nature with good workatyiliThe

mix was then transferred into 50 mm steel cube d®ul
and vibrated for 2 minutes. These were cured aluitig

ash in 5% sulphuric acid up to 5 months exposure athe moulds in an oven for a period of 48 hours&€8gnd

concluded that geopolymer materials
resistance than ordinary cement counterparts. $orag
[4] reported good durability of geopolymer concréiea
10% sulphuric acid solution for 56 days. Fly aslsduh

have bettéllowed to cool inside the oven [16]. Specimensentben

removed and stored at room temperature at a dmepla
before subjecting to various tests. The detailsthud
samples used in the present study are given imdbée.2.

geopolymer composites possesses excellent long term
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Table-1: Composition of Fly Ash (mass %)

SlOZ A|203 FeOs; TiO, CaO

MgO

KO NaO SGC; P,Oy LOI*

56.01 29.8 3.58 1.75 2.36

0.30

0.73 0.61 Nil 0.44 0.40

B. Test Procedure

Geopolymer paste specimens were exposed to :
sulphuric acid solution after 28 days from castfng a
total period of 24 weeks. The ratio of volume ofde
solution to volume of immersed specimens was tas
four which ensured the specimens to remdully
immersed in the solution. The solution was refreséiter
12 weeks while being stirred every week. The effeif
sulphuric acid on the geopolymer paste specimere
constantly monitored through visual inspection, ghe¢
changes and strength teafter 1,3,6,12 and 24 weeks. |
investigating the surface changes, specimens veden
out from the solution at regular intervals and obsd

through an optical microscope. Specimens used &giw
change measurements were initially primed in wéde 3
days and its weight in saturated surface dry camdivas
taken as initial weight. These were washed in waséng
a soft brush after removal from the solution
predetermined intervals and its weight was detesthiim
surface saturated condition. neralogical changes due to
interaction of geopolymer paste with Sulphuric aesiere
determined using RigakuMiniflex XRD machine
scanning rate of 1o per minute with €anging from 50 t
650. SEM analysis utilized JEOL JSM 6360 equippéd
Inca Oxford EDX analyzer to examine changes
microstructure as well as for mianalysis of specimens.

Table 2: Mix proportion of geopolymer pas

Sample ID NgO percent Water/Fly ash rati

Curing temp. and Duration

28 d&pmpressiveStrength(MPa)

GP1 5.0% 0.3 85°C & 48 hrs 19.47
GP2 6.5% 0.32 85°C & 48 hrs 30.53
GP3 8.0% 0.3 85°C & 48 hrs 34.93

Ill. RESULTS AND DISCUSSIONS

A. Visual Appearance

Fly ash based geopolymer paste specimens show
change incolour and remained structurally intact with
any signs of disintegration. With time, the expo
surfaces became a little softer. Deterioration wfazes
due to acid attack were observed under Op
microscope, some of which are shown in Fig. 1face
corrosion increased with time though magnitude
deterioration among the three series of sampleki auoot
be easily differentiated. However, it appeared G&1
specimen having least Na20 content of 5% has
corrosion while GP3 specimen havincaximum NaO
content (8%) had the least surface corrosion. Hifjs,0
content in the activator solution helps in betmfation
of geopolymer gel thereby reducing the porosity.e
lesser porosity for GP3 specimen is the reasonitfc
lesser surface caysion due to sulphuric acid. Howev
continuous action of sulphuric acid increases tireosion
With time

Fig.1. Surface changes of GP3 speci

B. Residual Alkalinity

After removal from sulphuric acid solution, specms
were cut into halves using aelectrically operate
concrete cutter and 1% phenolphthalein solutiasprayec

on the freshly cut surface to study the residukhladity
and depth of dealkalization. On spraying w
phenolphthalein solution, regions still unaffectadacids
show a mgenta colour whereas dealkalized rec
indicate colourless. Figure 2 presents a group atg
specimens tested for residual alkalinity after 3ekge of
exposure. GP1 specimens exhibit almost no trace
magenta colour which shows that the specimen istly
dealkalized. On the other hand, GP2 specimens In
clearer region having magenta colour which sighifyher
residual alkalinity. However, GP3 specimen show
distinct region which looks quite different fromethiest.
This region is still unaffecd by acid and continues
maintaining the alkalinity. The depth of dealkafieaa as
measured perpendicularly from the surface towalus
inside present significantly different values fbietpaste
specimens containing varying ,0. The complete
dealkalizaibn took 6 weeks for GP1 specimens whel
GP2 specimen almost lost its alkalinity by 9 wet
However, GP3 specimen showed complete dealkaliz
at 12 weeks. It may be noted herethat proces
dealkalization begin from the surface and proceedirds
with time. Specimens having higher ,O contents took
longer time for complete dealkalization. This isedo the
improved pore structure in the specimens preparit
higher NaO content.

Fig.2. Residual alkalinity test on specimens after 3w
exposue

Copyright © 2014 1JEIR, All right reserv
944



International Journal of Engineering Innovation & R esearch
Volume 3, Issue 6, ISSN: 2277 — 5668

C. Change in Weight After 24 weeks exposure, GP1, GP2 and GP3 specimens
Weight changes for specimens exposed to 10vielded residual strengths of 23.64%, 38.88% an8¥5
sulphuric acid are shown in Figure 3. After 3 weeks respectively. This corresponds to strength lossés o
sudden decrease in weight is noticed in all thé2.36%, 61.12% and 48.47% for GP1, GP2 and GP3
specimens.The sudden loss of weight could be dbégto specimens. The better performance for specimenis wit
rate of migration of alkali from the specimen inlee higher NaO content can be attributed to their better
solution in addition to dissolution of some materiamay  microstructure.
be noted that, specimens having highesONeontent loses
more alkalis into the specimen. However, increase i
weight occurred beyond 3 weeks up to 12 weeks.has t
acid solution continues to enter and form reaction
products, increase in weight takes place. Aftem&zks,
further exposure caused decrease in weight of the
specimens. This indicates that at later stagestethetion
process involving geopolymer material and sulphadic
has subsided though dissolution continued. Fotepas
specimens, the weight loss determined after 3 weeks
found to be 1.44%, 1.67% and 2.19% for GP1, GP2 and
GP3 respectively. Loss of weight has been obsetwdub
more for specimens with higher Na20O content. ARédr

Residual strength, %

Exposure duration, weeks

weeks in 10% sulphuric acid, the paste specimeowesth Fig.4. Residual compre_ssive strength of geopolymer
weight losses of 0.52%, 1.29% and 1.43% for GP12 GP specimens
and GP3 specimens. )
E. SEM/EDX Analysis
0 « Samples for scanning electron microscopy (SEM) were
© 05 - - e taken from the surface, both for unexposed and segho
% -1 specimens. SEM micrographs of specimens before
515 | exposure to sulphuric acid solution are shown guké 5.
§ 2 In all the specimens, SEM images show a relatively
255 - -GP1 amorphous microstructure with some crystalline phas
S Many unreacted fly ash particles are observed én3IEM
g =1 —o—Gh2 micrograph of GP1 specimen, thereby depicting aliig
'3'2 i —~-GP3 porous microstructure with large pores. Howevettene

‘ ‘ ‘ ‘ and uniform microstructures are noticed in the
0 6 12 18 24 30 micrographs of GP2 and GP3 specimens. The low Na20
Exposure duration, weeks content is the reason for such a poor microstragtuiGP1
Fig.2. Evolution of Weight of geopolymer specimens specimen. In comparison, GP2 specimens reveal an
improved microstructure due to formation of mord. ge
D. Residual Compressive strength Elongated tubular structures dominate the microstre
28 days compressive strengths were found to be719.d¢f unexposed GP3 specimen. In both GP2 and GP3
MPa, 30.53 MPa and 34.93 MPa respectively for GP$pecimen, significant improvements in pore charésties
GP2 and GP3 specimens. During exposure to 10@an be observed with regard to pore size and valume
sulphuric acid, residual strength of specimens weifenergy dispersive X-ray (EDX) analysis of specimens
determined after predetermined intervals. After seimg indicate the presence of elements such as sili&i) (
from solution, the specimens were dried in ambierluminium (Al), oxygen (O), calcium (Ca), and
conditions for 2 days before subjecting to compogss sodium(Na) among a few minor elements. Si/Al rdtt
tests. Residual compressive strength has beenlataidu %) in the three specimens obtained from EDX micro-
on the basis of the 28 days compressive strength afalysis ranged from 1.39 to 2.57.
unexposed specimens. Figure 4 shows the variatfon o
residual strength with time for the geopolymer pastly
ash based geopolymer paste specimens shows loss
strength with time when exposed to sulphuric attids
also noticed that the trend of variation of resldieength
for different specimens are almost similar. GP1cspen
exhibit rapid loss of strength after 1 week of syre, EEIEEE
whereas GP2 and GP3 specimen reveal gradual IC.)SS Yig.5. SEM micrographs of specimens before exposure
strength. After 1 week of exposure, GP1l specimen
recorded a low residual strength of 47.92%. At shene
level of exposure, GP2 and GP3 specimens maintaned
residual strength of 87.78% and 95.51% respectively
Copyright © 2014 1JEIR, All right reserved
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Fe =3 gypsum and ettringite are noticed. In the diffogcam of
specimen after 6 weeks of exposure, some changes ar
. observed. The peaks of gypsum and ettringite remain
: Sf unaffected. Compared to the diffractogram of specim

1 JU{_}EK Fe after 1 week exposure, minor changes has takere ptac

oo o Tmen o N R the regions @ =20-300, ® =40-500 and 2 =50-600. Even
IA]  GFLafer1Zweels after 12 weeks of exposure, the peaks of mulliterg,
i c 5 - 1 hematite and gismondine continue to remain though
slightly less prominent. Overall, the diffractogratmows a
marginally flattened trace along with reduced peakich
indicates lesser intensity. Compared to the XRDBesaof
unexposed specimen, there are significant chamgemst
of the regions. It can be concluded that expogore
sulphuric acid causes formation of gypsum andnefitie
phases while crystalline phases are least affected.

e 17

Intensity (¢ps)
Q G=Gypsum,
M=Mullite
o Q=Quatrz
7 . E=Ettringite
[y Gi=Gismondine
1€l GP3 after 12 weeks H=Hematite
T o Q M MM H... o
., M J I 19 5 7 i
A L R S WP N S B S W
12 weeks (% ¥ MM } Gi Q )
ﬂ L‘ G @wwww L Y T O R 0 L
: ‘f_._ UL _Jge 6 weeks “j 1\% . 1\(1 1\{1 'I Gi I 0
N Ton e jusmT :';—1;71¢( (f]lnl;ﬂ-l~ “ s < H e B -ow ) M : “‘ H 1 i F -1| i
D] GP2 alter 24 weeks M:;mij WM:J‘\W”Mwwwx,«w#\M)\WW‘MWM\,WwU!MA
Fig.6. SEM/EDX for exposed geopolymer paste ek o f  wmm F, ? )
specimens . O PN A R I L ORI YO o WP,
Mosed : ! . L
SEM micrographs and EDX spectra of paste specimer ¢ 2 T 0
after 12 weeks and 24 weeks in 10% sulphuric acid Fig.7. XRD traces for unexposed and exposed GP2
solution are given in Figure 6 which shows occuresnf specimen
precipitates in the specimens irrespective of tre2@®
content. Major elements detected from EDX microgsial V. CONCLUSION

are Si, Al and oxygen. Fe, Ti and S have also been

detected in some spectra. However, in the micrdgp  Based on the results obtained from the study, viotig
GP2 specimen after 24 weeks of exposure, some &g conclusion can be drawn:

formations are observed. Such formations have lé&m 1 Ccompressive strength of fly ash geopolymerseiases
reported by few authors [12, 17]. EDX spectra aitdp with Na20 content

shows a high content of sulphur, oxygen and calciline . .

weight (%)g determined fropm EDXy%nicroanalysis gavez' Geopolyme_r .pastes mgnufactured W_'th higher Na20
values of 13.44%. 64.91% and 15.57% for S, O and Ca content exhibit better microstructure with lessergs.
respectively. This indicates formation of gypsunB. Even after 24 weeks in strong sulphuric aciditsmn,
(CaSO04). Si/Al ratios for exposed specimens in@eéas geopolymer specimens maintained structural intggrit
remarkably in most cases. The increase in Si/Ab rest though some corrosion occurred on the surfaces.

due to dealumination of geopolymer framework wiSle 4 Residual alkalinity of geopolymer specimens was

rema"?S unaffe_cted'by act'ion 9f sulphuric acid. observed to be more for specimens made with higher
F. Mineralogical investigation with XRD Na20 content

Figure 7 presents XRD traces of GP2 specimens defor i ,

exposure and after regular intervals of exposur@: Weight losses of specimens on exposure to 10%
Unexposed specimen indicates presence of some Sulphuric acid solution are very low.

crystalline components such as mullite, quartz, atéen 6. Geopolymer specimens with higher Na2O content
etc., and gismondine zeolites. Amorphous phases recorded higher residual strength indicating better
characterized by the broad hump betweén2®-300 can performance.

also been seen. After 1 week of exposure in 10
Sulphuric acid solution, the diffractogram does sbow
significant changes when compared to that unexposed
specimen. However, few minor peaks associated with

% Formation of gypsum due to sulphuric acid attack
evident from EDX spectra and XRD traces.
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