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ABSTRACT

This research aims to investigate the effect of the incorporation of sewage sludge as an activator in the formation of
fly ash-based geopolymers. The geopolymer paste is made up of 15% sewage sludge by weight, with the remainder
consisting of fly ash. The blended mix is activated using a hydroxide solution containing 10% Na2O relative to the
total base material. To assess the mechanical and microstructural characteristics of the resulting geopolymer paste, it
is necessary to conduct compressive strength tests as well as FESEM, SEM, XRD, and TG/DTA analyses. To evaluate
the workability of the designed geopolymer paste, an area factor test can be used here. GPP4, using sodium silicate,
achieved the highest 3-day compressive strength (38.0 MPa) with a dense, amorphous structure and minimal mass
loss. In contrast, GPP3 with sludge showed a porous texture and moderate strength. TGA supports the observation of
GPP4's amorphous nature, aligning with the findings from XRD and FESEM analyses. Further, sorptivity tests
revealed changes in pore size and volume based on the activator and fly ash type. GPP4 also exhibited a thermal
conductivity of 2.44x107* cal/cm/°C/s, demonstrating sludge's potential as an economical alternative for geopolymer
binders.
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INTRODUCTION
Waste generation has surged, posing disposal challenges, while cement production exacerbates CO»
emissions. Utilizing waste materials for cement alternatives is crucial due to limestone scarcity.
Geopolymers, pioneered by Joseph Davidovits, offer a sustainable solution. Derived from waste materials
like fly ash and slag, and activated by alkaline solutions, geopolymers attract significant research interest
as eco-friendly substitutes for ordinary Portland cement, curbing greenhouse gas emissions.! Geopolymer
concrete offers a sustainable alternative to traditional cement, with fewer health hazards and pollution.?
Extensive studies highlight its superior durability and sustainabilit>* compared to conventional cement.
Geopolymers, characterized by aluminium silicate structures, have an amorphous nature, unlike crystalline
68 zeolites. Nanocrystalline particles within geopolymer structures influence its properties, with synthesis
conditions impacting crystallization. Factors such as curing temperature, activator type, and source material
composition affect the formation of amorphous or crystalline structures.!®!¢ In alkali-activated fly ash
systems, hydroxide activators tend to produce crystals, while sodium ions favour of zeolite phase formation
over potassium ions”!#13, Increasing the amount of free water in mixing promotes zeolite synthesis. '
Higher curing temperatures, from 45 to 65 °C, significantly enhance strength gain, with a ten-fold increase
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observed between 65 and 85°C 7. Mild curing temperatures favour of zeolitic phase formation in alkali-
activated fly ash systems.!!" Exposure of fly ash in geopolymer to an alkaline medium leads to rapid
dissolution of its vitreous component, hindering crystallization.'®?° However, zeolite phases may crystallize
from dilute aqueous solutions under favourable conditions.'” Slag, rich in CaO, decomposes under alkaline
attack, resulting in the formation of calcium silicate hydrate (C-S-H) phases.?! In highly alkaline solutions,
metakaolin produces amorphous aluminosilicate, even in the presence of calcium compounds.®** The
presence of soluble calcium and silicate species in a neutral to mild pH environment supports the formation
of C-S-H gel in basic geopolymer structures.?® Silicate solution, the source of reactive silica, influences
aluminosilicate polymerization.”* However, the high water content (over 65%) in this solution contributes
to the porous and semi-crystalline nature of geopolymers, leading to drying shrinkage issues over time.*
Not all waste materials dissolve in alkali solutions?, and geopolymer composition resembles zeolites but
possesses complete amorphous characteristics?’. Power-driven activation impacts geopolymer features
under ambient heat exposure®®, while water plays a crucial role in calcined kaolin-based geopolymer
synthesis.?’ While various studies have explored the use of different types of waste in geopolymers, there
is limited research specifically focused on the incorporation of sewage sludge.>*3” Therefore, in this study,
Geopolymer concrete is explored with a focus on innovative activation solutions. Additionally, the
utilization of fly ash-based Geopolymer binder in the presence of sewage sludge is investigated, addressing
a gap in existing literature. Various tests, including slump, mechanical strength, durability (sorptivity, water
absorption, apparent porosity), microstructure, and thermal conductivity, are conducted to evaluate the
performance of casted geopolymer concrete.

EXPERIMENTAL
Material and Methods
Class C and F fly ash (ASTM C 618) and raw sewage sludge (semi-solid, pH 8.5-9.7) from Bidhannagar,
Kolkata, India, were used. The sludge comprised 15% of the total mix with fly ash, aiming to reduce sodium
silicate usage for a cost-effective and high-performance geopolymer product. First, fly ash and sludge (15%
by weight) were hand-mixed in a partially wet state. An activator solution (Sodium silicate + Sodium
hydroxide) was then added, and the mixture (Table-1) was blended for 5 minutes before being poured into
cubical moulds. These were vibrated to remove air, covered with plastic to control evaporation, and rested
for 1 hour. The specimens, labelled as GPP1 to GPP4 based on sodium silicate and sludge content,
underwent heat curing at 75°C for 24 hours. Basic tests, including workability®®, compressive strength,
water absorption, apparent density, porosity, sorptivity***°, and microstructural analyses (FESEM (Quanta
FEG 250), SEM (QUANTA 2000), TG/DTA (Diamond TG/DTA; Perkin Elmer), XRD (Panalytical X'Pert
Pro), will be conducted at relevant laboratories in Kolkata, India.

Table-1: Geopolymer Specimen Shapes and Geopolymer Paste Compositions

Specimen |Specimen| Specimen Size | Class |NaOH content| NaSiO, Sludge Water/ Fly
ID Shape (Fly ash) | ofactivator | Content of [wt.%] ash
[wt.%] activator
[wt.%]
GPP1 ClassF 10 10 00 0.36
GPP2 50mmx50 ClassF 10 00 00 0.36
GPP3 Cubic mmx50mm ClassF 10 00 15 0.36
GPP4 ClassC 10 00 15 0.36
RESULTS AND DISCUSSION
Workability

Four series of fly ash-based geopolymer specimens were tested for workability in their fresh state using the
polar graph method. GPP2 failed to form a gel without sodium silicate, crucial for polymerization.
However, adding sludge improved workability even without sodium silicate. Specimen GPP3, activated
with sludge, showed satisfactory performance. Calcium-based composites are likely formed during
synthesis, enhancing the performance. This was noted that increasing slag reduces workability, a trend seen
in Class C fly ash geopolymers activated with the sludge. Paste samples collected at intervals showed rapid
phase changes, with a unit area factor marking the end of the plastic state.
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Compressive Strength

Three sample series (GPP1, GPP3, and GPP4) were tested for compressive strength at the intervals of 3,
28, 60, and 90 days using a compression testing machine supplied by AIMEL as per ASTM C109. Results
showed that compressive strength increased over time, likely due to slow synthesis and late precipitation
within pores.?3*7#! About 50% of non-blended fly ash geopolymers exhibited micro-cracks with aging.
Calcium ions helped to form a stable geopolymer structure faster.* Specimen GPP4, made with Class C fly
ash and sludge, showed the highest and most stable compressive strength, reaching 38 MPa at 3 days of
curing. Sludge addition improved early-stage polymerization and maintained strength despite reduced the
sodium silicate.

Water absorption and Apparent Porosity

Specimens GPP1, GPP3, and GPP4 were tested for apparent porosity (20.1, 23.1, and 17.2%) and water
absorption (6.3, 6.9, and 4.2%) to gauge permeable pore volume using the weighting method. Porosity
affects mechanical performance.**” GPP3, with silicate replaced by sludge, showed a slight increase in
porosity and water absorption. GPP4 had the lowest values, indicating better performance. Calcium
compounds in an alkaline environment help form amorphous sodium aluminosilicate and secondary C-S-
H gel, reducing pore size.*” While Class F fly ash geopolymer with sludge showed moderate performance,
overall Class C fly ash geopolymer with sludge performed exceptionally well.

Sorptivity

Specimens GPP1, GPP3, and GPP4 were tested for water sorptivity, a measure of water flow against
gravity, indicating concrete durability as per ASTM C 1585-04. The test involved unidirectional water flow
from the bottom surface. Water absorption per unit area was plotted against the square root of time to
determine the sorptivity slope. GPP4 showed an initial increase in water absorption due to reduced average
pore sizes, enhancing surface tension and capillary rise. However, GPP4 had the lowest total absorption,
indicating changes in pore size and volume with different activating mediums and fly ash types.

SEM and FESEM

Scanning Electron Microscopy (SEM) and FESEM were used to examine morphological changes in fly
ash-based geopolymers. GPP3 (Fig.-1) exhibited a more porous and rough texture with some unreacted
material. Specimen GPP4, using sludge as an activator for Class C fly ash, showed a dense, well-connected
amorphous structure with a smooth, compact surface (Fig.-2). No semi-crystalline or crystalline compounds
were found in GPP4. FESEM analysis indicated the presence of secondary Ca-Al-Si structures, suggesting
positive structural changes with Class C fly ash and sludge as the activator.*?

XRD

XRD patterns (Fig.-3) revealed the mineralogical changes in Class F and Class C fly ash activated with
sludge. Calcium supplements improve mineral characteristics, promoting the formation of polymeric
structures. Specimen GPP3 (Fig.-3a) showed narrower, high-intensity peaks, indicating a mostly crystalline
structure with inherent phases like quartz and mullite. In contrast, GPP4 (Fig.-3b) exhibited an almost
completely amorphous phase, identified as Muscovite-3T, within the 20 range of 5° to 140°. This
amorphous nature suggests the higher reactivity and better geopolymerization, supporting the effective
activation of Class C fly ash with sludge.

Thermo-Gravimetric Analysis (TGA)

TGA traces for specimens GPP3 and GPP4 showed thermal stability differences.** GPP3 (Fig.-4a) exhibited
a sharp mass loss at ~100°C due to evaporation of water and an endothermic peak at 70-90°C.* Weight
stabilized around 600°C, with 77.71% of the initial weight remaining. In contrast, GPP4 had only a 2.5%
weight loss between 350 and 600°C, with 97.5% remaining at 600°C (Fig.-4b), indicating its more
amorphous nature. These results align with XRD and FESEM analyses, confirming GPP4's having better
geopolymer characteristics.

Application as a Geopolymer Binder
Calcium in Class C fly ash accelerates the formation of Ca-Al-Si amorphous structures during the initial
phase of alkali activation with the sludge. As noted earlier, the high calcium content enhances
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microstructure and hardened properties through the creation of Ca—Al-Si gel during polymerization,
resulting in quick setting for Class C fly ash-based geopolymers.

Fe
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Fig.-2: (a) SEM and (b) FESEM of GPP4
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Fig.-4: TGA of (a) GPP3 and (b) GPP4
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In this study, a 10 cm thick square and circular plate was developed incorporating 15 wt.% rice husks as a
reinforcing material into the GPP4 mix for compressive strength and thermal conductivity respectively.

Compressive Strength and Thermal Conductivity

Ten cubic samples were tested to evaluate the effect of rice husk blending at 0 wt.%, 15 wt.%, and 30 wt.%
with Class C fly ash in the GPP4 mixture (Class C fly ash activated with sludge). Thus, the compressive
strength was measured at 3, 28, and 60 days to assess changes with aging. The addition of 15 wt.% rice
husk as a reinforcing agent showed significant strength and stability in compressive strength for this blend
was confirmed over time. This study investigates the thermal conductivity of roof tiles made from a GPP4
mix with rice husk as a reinforcing agent. The goal was to assess their potential as a sustainable building
material characterized by moderate strength, low thermal conductivity, and high durability. Thermal
conductivity was measured using Lee's method in the SKFGI physics department. This approach quantifies
thermal conductivity (K) as the heat transfer per unit area across a temperature gradient in equation (1):

aQ 0, — 0,
T =K.AT (1)

Key parameters included cross-section area A, thickness d, and steady temperature 8, and 6. A cooling

curve helps to determine the rate of change of temperature ( % ). The relationship for heat flow is refined

to account for specific heat and geometry. The final equation (2) was made for the calculation of heat flow
using the specific heat (s) of the standard material is noted as 0.089cal/°C. Where m- mass of the specimen
and d’ - change in thickness.

m*g*(i—z)at(ezgl)*ﬂ

2r+2d’
d 2
r? * (0, — 6,) i (2)

q:

The thermal conductivity was calculated using the above formulae. The thermal conductivity (GPP4) was
measured at 2.44x107* cal/cm/°C/s. Manufacturing costs are minimal due to the low cost of raw materials
like fly ash, sludge, and rice husk. The resulting product is suitable for roof tiles, offering strength,
durability, thermal resistance, and cost-effectiveness.

CONCLUSION
The absence of sodium silicate inhibits polymerization in fly ash geopolymer (e.g., GPP2). Sludge addition
improves workability even without sodium silicate (e.g., GPP3). Sludge exhibits similar activation potential
to sodium silicate. Fresh alkali-activated Class C fly ash shows low workability. Aging increases strength
in fly ash geopolymer due to internal pore pressure (e.g., GPP1). Sludge initiates polymerization akin to
silica fume. Sodium silicate substitution by sludge yields moderate performance in Class F fly ash
geopolymer. Class C fly ash geopolymer activated with sludge improves pore distribution. The sorptivity
test indicates pore size and volume changes with activating medium and fly ash class. Sludge demonstrates
effective activation for Class C fly ash. GPP3 shows a porous texture, while GPP4 displays a dense
structure. GPP4 exhibits a well-connected amorphous structure. Structural improvements were observed in
geopolymer with different fly ash and activator choices. GPP3 shows a predominantly crystalline structure.
GPP4's crystalline phase largely converts to amorphous. GPP3 experiences mass loss due to water
evaporation, while GPP4 shows minimal weight loss. TGA confirms GPP4's amorphous nature, consistent
with XRD and FESEM results. Stability in strength was confirmed for the GPP4 specimen blended with
15% rice husk. GPP4 exhibits a maximum compressive strength (38.0 MPa) after 3-days of curing. The
thermal conductivity of GPP4 was measured at 2.44x10™* cal/cm/°C/s. The experimental investigation is
aimed at developing a new trend of economic geopolymer binder with the betterment of structure at micro
and macro levels. Thus, the effect of sludge as an alternative to commercial sodium silicate (initiator of
polymerization) on the mechanical and microstructural properties of geopolymer paste based upon fly ash.
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