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The sludge-fly ash geopolymer is classified as one of the green materials
which needs not use cement as cementing material. Sludge and fly ash (FA) are both
waste products from water treatment plants and Mae Moh power plants, respectively.
A liquid alkaline activator, L is a mixture of sodium silicate solution (Na,SiO3) and
sodium hydroxide solution (NaOH). This research investigates the compressive
strength behavior of sludge-fly ash geopolymer. The influential factors in this study
are the fly ash replacement, liquid alkaline activator content, Na,SiO3s/NaOH ratio,
heat temperature, heat duration and curing time. Test results show that the optimum
Na,SiO3/NaOH ratio for the sludge-fly ash geopolymer is 80:20 for all L/FA ratios.
The compressive strength of sludge-fly ash geopolymer varies with the L/FA ratio.
The maximum compressive strength is at L/FA ratio of 1.3, which gives maximum
unit weight value for all Na,SiOs/NaOH ratios and curing time conditions. The
optimum heat temperature and duration for the optimum ingredient are 75°C and 72
hours, respectively. The higher heat temperature of 85°C causes the loss of moisture,

which results in micro-cracks and strength reduction.
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2.8 X-ray Fluorescence Spectrometer (XRF)
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Chemical composition (%) ATNDUAL iHavy
SiO, 61.84 47.51
ALO, 24.8 13.14
Fe,O, 9.52 6.66
CaO 0.60 30.24
MgO N.D. N.D.
SO, 0.59 N.D.
Na,O N.D. 0.41
K,0 1.90 1.63
LOI 0.55 0.42
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Strength and Microstructure of Water Treatment Sludge-Fly Ash
Geopolymer

P. Chanprasert, S. Horpibulsuk & C. Suksiripattapong

Suranaree University of Technology, Nakhon Ratchasima, Thailand

P. Sukmak

Walailak University, Nakhon Si Thammarat, Thailand

A. Arulrajah

Swinburne University of Technology, Melbourne, Australia

ABSTRACT: A novel water treatment sludge-fly ash geopolymer is investigated in this research with the in-
tention to develop an alternative green construction and building material, without the usage of Portland ce-
ment as a cementing agent. Two waste by-products namely water treatment sludge from the Bang Khen water
treatment plant of the Metropolitan Water Work Authority of Thailand (MWA) and fly ash (FA) from the
Mae Moh power plant of the Electricity Generating Authority of Thailand (EGAT) were used in this research.
The liquid alkaline activator, L used was a mixture of sodium silicate solution (Na,SiO;) and sodium hydrox-
ide solution (NaOH). This article investigates strength microstructure of sludge-fly ash geopolymer. The vari-
ous influential factors studied are; mixing ingredient (L content and Na,Si0;/NaOH) and heat condition (tem-
perature and duration). The scanning clectron microscopy (SEM) and X-ray Diffraction (XRD) analysis are
undertaken to understand the role of influential factors on strength development. Test results show that the
optimum heat temperature and duration for the optimum ingredient are 75°C and 72 hours, respectively. The
higher heat temperature of 85°C causes the loss of moisture, which results in micro-cracks and strength reduc-
tion. The water sludge traditionally destined for landfill can be used in a sustainable manner as alternative ag-
gregate to develop geopolymer masonry unit with compressive strengths met the specification of the Thailand

Industrial Standards.

1 INTRODUCTION

Water production requires the extraction of water
from natural sources. The water treatment process
results in a muddy sludge by-product. The clarifier
system employed in water treatment plants results in
the sludge flocculating and falling in the bottom of
the treatment tank. The liquid sludge is subsequently
drained to sludge lagoons for disposal. The increas-
ing demand of treated water produced by the Metro-
politan Waterworks Authority of Thailand (MWA)
and in similar water treatment plants worldwide, has
resulted in increasing quantitics of sludge by-
products generated annually. For MWA, the water
treatment sludge is generated with the maximum ca-
pacity of 300x10° m” per day in the dry season and
about 700x10° m’ per day in the wet season. With
the continuous increase in water demand due to
growing population in many developed and develop-
ing countries including Thailand, the quantity of wa-
ter treatment sludge is subsequently increasing at
ever increasing rate and hence the urgent need to
find a sustainable reuse option for the growing
stockpiles of sludge, which in the past have been
disposed to landfills.

Alkali-activated alumino-silicate cement, known as
‘geopolymers’ has become increasingly popular in
recent years as an cnvironmental friendly alternative
to ordinary Portland cement (Davidovits et al.,
1991). Geopolymers are furthermore touted for their
high performance (high strength and durability), low
CO; emission and low energy consumption. Silica
rich materials such as clay or kaolin (Buchwald and
Kaps, 2001), fly ash, and bottom ash (Davidovits et
al, 1999) can be used as a precursor to react with the
liquid alkaline activator.

Sukmak et al. (2013a and b) previously investi-
gated the possibility of using FA as a precursor and
silty clay as aggregates to develop the clay-FA
geopolymer brick. The 7-day strength of the clay-FA
geopolymer is greater than 10 MPa, suitable as bear-
ing masonry unit according to the Thailand Industri-
al Standard. The strength requirement is 2.5 MPa for
non-bearing and 7.0 MPa bearing masonry units. It
has been illustrated that the durability against sulfate
attack of clay-FA geoplymer is better than that of
clay-cement; i.e., there is no major change in the mi-
crostructure and pH of clay-FA geopolymer when
exposed to sulfate solutions (Sukmak et al. 2014).

This research investigates strength characteristics
of sludge-FA geopolymer to ascertain its perfor-
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mance as a masonry unit. The sludge is used as ag-
gregates without any additional sand, FA is used as a
precursor and a mixture of NaOH and Na;SiO; is
used as a liquid alkaline activation. The influential
factors include mixing ingredient (L content,
Na,Si0s/NaOH ratio) and heat condition (tempera-
ture and duration). The microstructural observation
of sludge-FA geopolymer is undertaken using scan-
ning clectron microscopy (SEM) and X-ray Diffrac-
tion (XRD) techniques to understand the role of in-
fluential ~ factors  controlling  the  strength
development. This research will enable sludge tradi-
tionally destined for landfill to be used in a sustaina-
ble manner as an aggregate in geopolymer masonry
units, which is significant in term of engineering,
economic and environmental perspectives.

2 MATERIALS AND METHODS

2.1 Materials

The sludge was collected from the Bang Khen water
treatment plant of the Metropolitan Waterworks Au-
thority of Thailand. The sludge consists of 0.15,
99.65 and 0.2 percent of sand, silt and clay, respec-
tively. The grain size distribution, mineral and
chemical compositions of the sludge were obtained
by X-ray Diffraction (XRD) and X-ray Fluorescence
(XRF) analysis as shown in Table | and Figures |
and 2, respectively. The main mineral components in
the sludge are quartz, illite, hematite, calcite, calci-
um sulfate and mullite. The sludge is composed
mainly of SiO; and ALOs in crystal form. The spe-
cific gravity is 2.61. The liquid and plastic limits are
64 and 0 percent, respectively and the sludge is thus
classified as a non-plastic material. The compaction
characteristics under modified Proctor energy
(ASTM D 1557) arc optimum moisture content
(OMC) of 31.6%, and maximum dry unit weight
(Yamax) O 12.5 KN/m’,

FA was obtained from the Mae Moh power plant
of the Electricity Generating Authority of Thailand
(EGAT) in the northern region of Thailand. Table 1
summarizes the chemical composition of FA using
X-ray fluorescence (XRF). Total amount of the ma-
jor components (SiO,, A120; and Fex0s) are 67.31%
and while the CaO content is 30.24% and 7.29%;
therefore, it is classified as Class C fly ash. FA con-
sists of mainly amorphous humps between 9.5 and
30.5°20 with some crystalline inclusions of mullite,
hematite, calcite, calcium sulfate and quartz in re-
gion of 17-35" 20 (Figure 2). The peaks of calcite
and calcium sulfate are determined, which are con-
sistent with XRF results. Figure 1 shows the grain
size distribution curve of FA, which was tested by
laser particle size analysis. It is shown that the
sludge particles are smaller than the FA ones. The
average grain size of FA is 15.17 micron. The spe-

cific gravity of FA is 2.53. The morphology of the
sludge and the FA is shown in Figure 3. The FA par-
ticles are fine and spherical whereas the sludge par-
ticles are irregular in shape. The liquid alkaline acti-
vator (L) is a mixture of Na;SiOs, which consists of
9% Na,O and 30% SiQ by weight, and NaOH with
a concentration of 10 molars.

100 T i
F| —®— Shdge
80| —O— Flyash
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Figure 1. Grain size distribution of FA and sludge.

Table 1. Chemical composition of sludge and FA.

Chemical Composition  Sludge FA
Si0, 61.84 4751
ALO; 24.8 13.14
Fe,0; 9.52 6.66
CaO 0.6 30.24
MgO N.D. N.D.
SO; 0.59 N.D.
Na,O N.D. 0.41
K0 1.9 1.63
LOI 0.55 042
1= Mlite
Q= Quartz
Q Q C = Calcite
M = Mullite
‘ H = Hematite

A = Calcium Sulfate

Q

A M ; HQ QQ 0 Sludge
VAdL WL
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Figure 2. X-ray diffraction (XRD) pattern of sludge and FA




61

SEI 20kV  WREmmSS45

SEl 20kV  WD30mmSS45

x5,000  Sum
1376 Oct 30, 2013

(b) Fly ash (FA)

Figure 3. Scanning electron microscopy (SEM) images of
sludge and FA.

2.2 Sample preparation

The sludge-FA geopolymer sample is a combination
of sludge, FA and liquid alkaline activator (Na;SiOs
and NaOH). The sludge/FA ratio was fixed at 70:30.
The Na,Si03/NaOH ratios were 100:0, 90:10, 80:20,
70:30 and 50:50. The air-dried sludge and FA were
mixed for 5 minutes in a mixer to ensurc homoge-
neity of the mixture. The mixer was stopped and the
mixture was activated by the liquid alkaline activator
and mixed for additional 5 minutes. The mixture was
then compacted under the modified Proctor energy.
Once the compaction curves were obtained, the
sludge-FA-L mixture at the various L/FA contents
was statically compressed in a cylindrical mold with
50 mm in diameter and 100 mm in height. The com-
pression was performed by a manual hydraulic jack.
The samples were dismantled, wrapped within vinyl
sheet and then heated at 65, 75 and 85°C respective-
ly for durations of 24, 48, 72, 96 and 120 hours. Af-
ter heating, the samples were subsequently cured at
room temperature (27-30°C) until lapse of different
curing times as planned. Compressive strengths of
sludge-FA geopolymer samples were measured after
7 days of curing in accordance with ASTM D 1633.

The growth of the geopolymerization structures
on the samples was illustrated using X-ray diffrac-
tion (XRD) and scanning electron microscope
(SEM). The XRD traces were used to provide fun-
damental information on geopolymerization struc-
tures. The sludge-FA geopolymer samples were
carefully broken and small fragments were taken
from the center for microstructure test. The scanning
clectron microscope (SEM) samples were frozen at -
195°C by immersion in liquid nitrogen for 5 minutes
and evacuated at a pressure of 0.5 Pa at -40°C for 5
days (Sukmak et al. 2013a and 2013b and
Horpibulsuk et al. 2010). All specimens were coated
with gold before SEM (JOEL JSM-6400) analysis.
The XRD analysis using Cu X-ray tube was done on
powdered samples and patterns were obtained by
scanning at 0.1°(20) per min and at steps of 0.05°
(26).

3 STRENGTH AND MICROSTRUCTURE

Figure 4 shows the relationships between unit
weight and L/FA with different Na,SiQ3/NaOH rati-
os. For a particular Na;SiO3/NaOH ratio, the com-
paction curve of sludge-FA-L mixture is typical of
compacted soil. The unit weight of sludge-FA-L
mixture increases with increasing L/FA until the
maximum unit weight is attained at an optimum
L/FA value. Beyond this optimum value, the unit
weight decreases as L/FA increases. The optimum
L/FA providing the maximum unit weight is found
to be the same for all Na,SiO3/NaOH ratios tested
and is approximately equal to 1.3. For a particular
L/FA, the maximum unit weight increases with in-
creasing Na,Si03/NaOH and then decreases after a
certain  Na;SiOs/NaOH. The NaySiO;/NaOH of
80:20 exhibits the highest maximum unit weight.

Na,8i0; / NaOH
T T T T —e— 30:30
-a- 0 70:30
o -a- 80:20
-%- 0 90:10
" 18.15 KN/’ —A—  100:0
Z 18 = B
= |7 ok’ e
s 1710k o
E U — —-- |
= 1687 kNin® ://Y/
= 16 J
15 T L
09 1.0 1.1 1.2 13 14 1.5 16

LFA

Figure 4. Compaction curves of the sludge-FA-L mixture.
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Figure 5 shows the relationship between 7-day
compressive strength and heat duration of sludge-FA
geopolymer samples for different heat temperatures
and Na,SiO3/NaOH ratios at L/FA of 1.3. The com-
pressive strength of sludge-FA geopolymer samples
increases as heat duration increases until a threshold
heat duration of 72 hours, after which the compres-
sive strength remains almost constant for all L/FA
ratios. This strength development is noted to be dif-
ferent from the study of Sukmak et al. (2013a and
2013b) clay-FA geopolymer, whereby the compres-
sive strength increases to a peak value and subse-
quently decreases as the heat duration increases. The
7-day strengths of control sludge-FA geopolymer
samples cured at room temperature are shown in
figure as dash lines for comparison purpose. The 7-
day strengths of samples cured at higher temperature
are significantly higher than those cured at room
temperature, which indicates that heating of sludge-
FA  geopolymer  samples  stimulates  the
geopolymerization reaction.

‘ —0— 65C —a— 7C —O— 85C

30 —
254Nn:Si();‘anOII-100‘0.[.-]3\-l.\ | §

7-day strength (MPa)
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25 %Nnﬁi()3 /NaOH=350:50, LFA=13 -
20 B
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Figure 5. Effect of heat condition on 7-day strength of the
sludge-FA geopolymer samples
at L/FA ratio of 1.3.

The strength development in the sludge-FA
geopolymer cured at different temperatures and cur-
ing times is significantly governed by the
Na,Si05/NaOH ratio. The sodium hydroxide solu-
tion (NaOH) dissolves silica and alumina oxide from
FA and cnhances the geopolymerization reaction
with sodium silicate solution (Na;SiOs). The low
amount of NaOH was not enough to dissolve silica
and alumina oxide but the high amount of NaOH
causes the micro-cracks on the FA particles due to
strong base concentration (Sukmak et al. 2013a and
2013b). The test result shows that the highest com-
pressive strength is found at the Na,SiO3/NaOH ra-
tio of 80:20. For Na,Si03/NaOH greater than 80:20,
the optimum heat temperature for sample prepara-
tion is 75°C. The lower temperature (65°C) is insuf-
ficient to stimulate the geopolymerization reaction
whereas the higher temperature (85°C) may cause
the immediate decrease of liquid in the sample and
induce structural creaks on the sample (Sukmak et
al. 2013a and 2013b). For Na,SiO3/NaOH lower
than 80:20, the optimum temperature for sample
preparation is 85°C. This is implied that more heat
energy is required for accelerating the
geopolymerization reaction when lower alkaline ac-
tivator is used.

Room tem?

Figure 6. SEM images of the sludge-FA geopolymer samples at
Na,Si0;/NaOH ratio of 80:20 and L/FA ratio of 1.3, cured for
7 days. and heated for 72 hours at different heat temperatures
(room temperature, 65, 75 and 85 °C).

The effect of heat temperature on strength devel-
opment in sludge-FA geopolymer is illustrated by
SEM images and XRD pattern in Figures 6 and 7,
respectively for 7-day cured geopolymer samples.
The samples prepared at the optimum ingredient
(NayS103/NaOH ratio = 80:20 and L/FA ratio = 1.3)
and heated for 72 hours are compared at different
heat temperatures (at room temperature, 65°C, 75°C
and 85°C) in Figure 6. The chemical attack on the
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FA surface for room temperature is insignificant
(Figure 6a) while the etching on FA surface due to
alkaline dissolution with some geopolymerization
products is clearly seen for higher temperature of
65°C (Figure 6b). The significant geopolymerization
products are clearly shown for 75°C, connecting
sludge and FA particles and filling the pore spaces,
resulting in a dense matrix (Figure 6c¢). Similarly,
the broad and amorphous humps between 9.5 and
30.5°20, which indicate the alumino-silicate gel
(geopolymerization products) including chabazite
muscovite and gismondine (zeolites), are clearly ob-
served for 75°C and 85°C while only chabazite and
muscovite are detected for 65°C (Figure 7). Even
though the geopolymerization products are signifi-
cantly detected by XRD analysis, the overheating
causes the micro-cracks due to the loss of the pore
fluid (Zekkos et al. 2006 and Arulrajah et al. 2011)
(Figure 6d). As such, the lowest and highest 7-day
strengths of the sludge-FA geopolymer are found at
room temperature and 75°C, respectively.
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Figure 7. XRD peak intensities of sludge-FA geopolymer sam-
ples at Na,5i03/NaOH ratio of 80:20 and L/FA ratio of 1.3,
cured for 7 days, and heated for 72 hours at a) 65°C, b) 75°C
and ¢) 85°C

4 CONCLUSIONS

The strength and microstructure of sludge-FA
geopolymer is researched in this study. The influ-
ences of mixing ingredient (L/FA ratio and
Na>Si03/NaOH ratio) and heat condition (heat tem-
perature and duration) on strength development are

described by scanning electron microscopy (SEM)
and X-ray Diffraction (XRD) analysis. The key find-
ings of the research are summarized as follows:

1. For a particular Na,SiO3/NaOH ratio, the
compaction behavior of sludge-FA mixture is typical
of compacted soil. The unit weight of sludge-FA
geopolymer increases with increasing L/FA until the
maximum unit weight is attained at an optimum
L/FA. Beyond this optimum value, the unit weight
decrease as L/FA increases. The maximum unit
weight is attained at L/FA ratio of approximately 1.3
for all Na,SiO3/NaOH ratios.

2. At the optimum  ingredient,  the
geopolymerization products increase with increasing
heat temperature. The SEM image and XRD analy-
sis show that the amount of geopolymerization
products is more or less the same for heat tempera-
tures of 75 °C and 85°C. However, the loss of mois-
ture in the sample heated at 85°C results in micro-
cracks and hence strength reduction.

3. The geopolymerization process is primarily
dependent upon the heat duration. Only the etching
on the FA surface is found due to alkaline dissolu-
tion at early heat duration. The geopolymerization
products increase with heat duration and subsequent-
ly weld clay and FA particles and fill up the pore
space. The optimum heat temperature and duration
for the optimum ingredient are 75°C and 72 hours.
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