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The expansion of biomass power stations, while advancing carbon neutrality, generates abundant biomass ash
waste whose disposal is a challenge. This study uses crop biomass ash (CBA) waste from a power plant to produce
geopolymers. Geopolymers are an alternative for reducing COy emissions and resource extraction in construc-
tion. This paper studies geopolymers made with raw and alkali-fused CBA. A sodium silicate activator with
varying [Na™] and SiO,/Na,O ratios is tested to optimise geopolymerisation. A low fusion temperature (600°C) is
used to preserve the environmental credentials of the geopolymers. The geopolymers made with (only) raw CBA
have extremely low carbon emissions and environmental impact; they attained the lowest strengths (7.46 and
2.99 MPa-compressive and flexural respectively), a strength range suitable for most construction applications
unless higher strength is required for load bearing purposes. Partly replacing the raw ash with slag raised their
strength to over 25 MPa and 7 MPa-compressive and flexural respectively. The slag released active Si**, Al**and
Ca®" that participate in the polymerization reaction, forming cements that enhanced strength. Alkali-fusing the
ash, even at low temperatures (600°C), enhances reactivity; it breaks down the silicates comprising the ash,
providing active radicals that polymerise and form cementing gels that increase strength: the geopolymer made
with (only) alkali-fused ash achieved high strengths of 39.35 and 10.74 MPa-compressive and flexural respec-
tively. The geopolymers made with alkali-fused ash and slag consistently show outstanding performance
(42-44 MPa compressive strength), and the slag stabilized the system against fluctuations in activator compo-
sition. The geopolymers have vitreous structures of cementing gels with high Si*" and Na* contents, consistent
with an alkaline, silico-aluminate hydrate gel (N-(A)-S-H) which is a typical product of polymerisation. The FTIR
results show ample Si-O-Si(Al) bonds in the geopolymer made with alkali-fused CBA. The presence of slag
significantly increased the absorption intensity of these bonds, indicating the presence of more abundant C(N)-A-
S-H which improved mechanical properties. Incorporating slag vitrifies the geopolymer structure significantly
more than alkali-fusing the ash. However, there is no direct proportionality between increasing vitreousness and
escalating strength as the crystalline geopolymer (made with alkali-fused CBA only) is nearly as strong as the
vitreous, CBA-GGBS geopolymer (39 vs 44 MPa).

1. Introduction

The pursuit of sustainable practices in engineering is a crucial
objective in the 21st century. Since the Industrial Revolution, the
liberation of productive forces has facilitated the mass production of
goods, resulting in widespread availability and reduced costs. However,
this progress led to environmental impacts including greenhouse gas
emissions, solid waste generation and landfill use which are exacerbated
by burgeoning consumer society and industrial activity [1]. With the
global population projected to continuously grow, the demand for re-
sources will intensify, challenging the finite Earth’s resources which are
insufficient to support exponential economic and population growth. In
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this context, environmental pollution and global resource scarcity are
escalating challenges. The manufacturing industry must navigate envi-
ronmental regulations, resource price volatility and potential shortages
while maintaining operations [1].

The circular economy (CE) is a viable approach to align economic
growth with environmental sustainability [2]. CE emphasizes circular
flows of substances and multi-stage use of raw materials and energy
sources [3,4]. In the construction sector (which consumes nearly 40 % of
total energy production and emits abundant CO; emissions, with cement
production alone accounting for 8 % of global CO4 emissions annually)
there is a pressing need to develop alternative solutions [5] to support
sustainable building practices and align with sustainable development
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goals.

Biomass power generation emerged in the 1970s, primarily driven by
the global oil crisis, which compelled many countries to explore
renewable energy sources [6,7]. By the 1990s, this technology had
become widespread in the United States and Europe [8-10]. Currently,
amidst increasing demands for carbon neutrality, biomass power gen-
eration is regaining prominence due to its carbon-neutral potential [11,
12]. The carbon dioxide released during the combustion of biomass is
approximately equal to that absorbed during its photosynthesis,
rendering the net carbon emissions from biomass power generation
nearly zero [13]. Additionally, biomass has a very low sulphur content,
resulting in minimal sulphur emissions [14]. Thus, substituting tradi-
tional coal-fired power with biomass can significantly enhance envi-
ronmental quality and mitigate the greenhouse effect. Despite these
advantages, the generation of biomass ash (BA) waste remains an
environmental concern. Approximately 95-97 % of global bioenergy is
produced through biomass combustion, generating massive amounts of
BA [13,15]. With the world’s biomass potential for energy applications
estimated at about 7 billion tonnes annually and an average ash yield of
6.8 %, it is estimated that around 476 million tonnes of BA will be
produced each year worldwide [14]. This raises critical questions on the
management and utilization of such large volume of biomass ash in
sustainable ways.

This study uses crop biomass ash (CBA) waste from power plants to
produce geopolymers. Geopolymers are recognized as a practical solu-
tion for reducing CO, emissions and resource extraction in construction
[16]. They are a sustainable alternative to traditional cement, featuring
greater energy efficiency, lower carbon emissions and the incorporation
of raw materials including industrial waste [17]. Geopolymerization
involves the dissolution of aluminosilicate materials in concentrated
alkaline solutions which results in the release of free silica and alumina
radicals that can later polymerise. The subsequent condensation of
alumina and silica units creates inorganic geopolymer gels which harden
into robust, three-dimensional, silica-aluminate networks that consti-
tute the geopolymer [18].

CBA is an aluminosilicate waste, rich in silicon and aluminium. Due
to an undesirable thermal history during power generation, the CBA is
highly crystalline. High crystallinity can hinder reactivity which limits
the CBA application in geopolymer and cement technology. Attempts to
recover CBA in two-component geopolymer are still lacking.

Other biomass ashes such as rice husk ash (RHA) and sugar cane
bagasse ash (SCBA) are typically burned in uncontrolled conditions or at
lower temperatures, therefore their reactivity varies and can be high.
Hence, they can be used in cement and geopolymer technology, as
precursors or supplementary cementitious materials — SCMs [19-24]. As
natural materials, ashes are subject to variability. Some SCBAs show
poor reactivity due to lack of control over their production parameters
which restricts their use [22,25,26] while other SCBAs are notably
pozzolanic reaching an MI=1.5 and twice the strength of a reference
lime mix [27,28]. Similarly, some RHAs of high specific surface area,
produced at low temperatures of 400-500°C are highly reactive, and
significantly speed up the setting and strength development [19,26,29]

Previous research demonstrated that the CBA in this research has low
pozzolanic activity [30]. To expand the possibilities of CBA in geo-
polymer synthesis, an appropriate treatment to increase its reactivity is
necessary. Thermal treatment is generally effective to enhance the
reactivity of clay-based materials such as calcined clays [31] and met-
akaolin [32]. However, for highly crystalline and thermodynamically
stable minerals, simple calcination does not destroy the crystalline
structure, such is the case of the zeolite comprising spent FCC catalysts
[33]. More innovative ways to disrupt the crystal structure in silicate
wastes to increase their activity are therefore needed.

Alkali fusion is an effective method to enhance the reactivity of sil-
icoaluminate minerals and wastes by disrupting their inert crystals into
active phases such as soluble silicates [ 34-36]. Alkali fusion was initially
employed to digest insoluble substances for constituent analysis, such as
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in gas chromatography [37,38] and ICP-MS [39,40]. Subsequently, it
has been used for synthesizing zeolites [41,42] and extracting valuable
elements from crystalline wastes [43,44]. Although alkali fusion has
been proven successful in improving reactivity, its effect on geo-
polymerisation still lacks investigation. Moukannaa et al. [45] found
that alkali-fusion decomposed illite, palygorskite and dolomite thereby
increasing the reactivity of mine tailings. However, whether the alkali
fusion method is equally effective for highly crystalline silicate wastes
still requires further study. This research uses raw and alkali-fused CBA
waste to produce geopolymers. It is hoped that the fusion breaks down
the crystalline fraction in the CBA to produce radicals, active in poly-
merisation reactions, that enhance the production of cementing gels and
raise strength development.

Activators are crucial in geopolymerization, with Na,SiO3 (sodium
silicate) and NaOH (sodium hydroxide) being the most common. NaOH
raises alkalinity, assisting the dissolution of precursors [46] while
NaySiOg provides lower alkalinity over longer periods [47,48] and sol-
uble silicate that fosters the formation of aluminosilicate gels which
enhance strength and durability [49-51]. The activator concentration
controls the hydrolysis of aluminosilicate materials [52,53]. It is well
known that low concentrations can lead to inadequate dissolution,
resulting in reduced polymerization and weaker mechanical properties;
and conversely, extreme concentration can cause efflorescence, brittle-
ness, excessive porosity, and lower strength and durability. The acti-
vator in this research was made with solid NaOH and a sodium silicate
solution. The activator’s molar ratio (SiO,/Nay0) and Na™ concentra-
tion are adjusted to provide a range of differing alkalinities and soluble
silicate contributions.

Raw and alkali-fused CBA are used, either alone or combined with
GGBS, to develop geopolymers. The slag is highly vitreous and hence a
great source of active silica and calcium that promote the formation of
cementing hydrates [54]. This study measures the workability and
mechanical properties of the geopolymers and studies the composition
and microstructure of the resulting geopolymer cements with XRD, FTIR
and SEM/EDX to determine the best composition and activation
conditions.

2. Materials and methods
2.1. Materials

The biomass ash used in this study was supplied by Beijing Zhineng
Xiangying Energy Conservation and Environmental Protection Tech-
nology Company. This biomass ash, designated as crop biomass ash
(CBA), is a bottom ash derived from the combustion of local agricultural
residues, including rice husks and maize stalks, for power generation.
The stable source of biomass and the consistent incineration process
ensures the uniformity of the composition and properties of the resultant
ash. The exact combustion temperature of the ash is not known but it is
likely to be within the typical range for wood-chip boilers of 540-600°C
for the initial burn which releases gases, and up to 1200°C for the re-
burn of the gases in the calcination chamber. Therefore, internal tem-
peratures usually range between 500°C and 1200°C [55]. The CBA, as
received from the power plant, comprises large, sintered masses and fine
powder. To achieve homogeneous powders, the CBA was ground in a
ball mill for two hours. Ground granulated blast furnace slag (GGBS) was
used as a source for silica and calcium. The slag used is highly vitreous
and hence a great source for active silica and calcium [54]. The chemical
compositions of CBA and GGBS were analysed with X-ray fluorescence
spectrometry (XRF) and the particle size distribution was measured by
laser diffraction. The results appear in Table 1. The SiO5/Al»03 ratio of
CBA and GGBS are calculated at 5.32 and 3.51 respectively.

The morphology of CBA was studied with a scanning electron mi-
croscope (SEM) and it is presented in Fig. 1. Most of the CBA particles
are porous and angular. A small number of solid particles with smooth
surfaces were also observed which are presumed to be silt contaminants.
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Table 1
Properties of CBA and GGBS.

CBA GGBS
Chemical composition by XRF (wt%)
SiO, 68.40 36.5
Al,03 12.85 10.4
Fey03 5.01 0.7
CaO 1.75 42.4
MgO 1.24 8.1
Na,O 1.86 0.5
K20 3.57 -
Cry03 0.01 -
TiO, 0.75 0.5
P,0s 0.38 0.42
SO 0.02 -
BaO 0.07 -
Lol 3.63 -
Particle size distribution and specific surface area
Dso (pm) 62.3 11.67
SSA (m?/kg) 317.5 1340

Fig. 1. SEM micrograph of the particles comprising the CBA.

Intensity
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The lack of organic matter is deemed to be due to the combustion and
mechanical grinding of the biomass. The porous and angular structure of
the particles is comparable to other ashes in the literature [26,28]. This
structure of high porosity and high specific surface area is likely to
favour reactivity and may increase water demand, affecting the rheology
of the resultant materials.

The mineral composition of CBA, analysed with X-ray diffraction
(XRD), appears in Fig. 2. The analysis revealed a high crystallinity which
can be attributed to a combination of high calcination temperature and
soil contamination. The main crystalline phases are quartz and albite.
They appear alongside a notable hump centred at 25° 26 which indicates
the presence of amorphous content. The high crystallinity suggests a
potential low reactivity for the ash.

As aforementioned, alkali fusion was employed to enhance CBA
reactivity. The alkali fusion process involved mixing ground CBA pow-
der with 25 % sodium hydroxide and heating at 600°C for two hours.
The mineral composition of the alkali-fused CBA is included in Fig. 2.
Alkali-fusion, decomposed the quartz and albite comprising the raw ash,
transforming them into reactive sodium aluminosilicate phases
including Ag: Sodium aluminosilicate, Naj 15Al;15Si9.8504, PDF
04-010-3962 and Ago: Sodium aluminosilicate, Nag ggAlg.9gSii 0204,
PDF 04-016-6555 (Fig. 2).

The FTIR spectra of raw and alkali-fused CBA revealed microstruc-
tural alterations caused by the alkali-fusion process (Fig. 3). The main
band in raw CBA, located between 820 cm ™! and 1264 cm ™, is attrib-
uted to the stretching vibrations of Si-O-Si(Al). After the alkali-fusion
process, this band shifts to a lower wavenumber, suggesting that the
original highly cross-linked Si chains were disrupted, producing low-
aggregation Si units and possible Al substitutions [56].

The alkali activator was prepared using solid sodium hydroxide
(99 % purity pellet), sodium silicate solution (27.8 wt% SiOo, 8.5 wt%
Nay0, 63.7 wt% H30) and distilled water. The modulus (Ms = SiOy/
NapO molar ratio) of the activator ranged from 1.0 to 1.4. Varying
amounts of NaOH were used in the design to achieve the required
modulus. The concentration of Na® was set between 8 and 1.2 mol/L
and controlled by adding distilled water.

2.2. Methods

2.2.1. Geopolymer synthesis
To evaluate the potential of CBA as a precursor for geopolymer

° Q

Q
e e

Q Q Q Q

10 20 30

40 50 60 70

2 Theta (degree)

As: Sodium aluminosilicate , Nay 15Al4.15Sip.6504, PDF 04-010-3962
As,: Sodium aluminosilicate , Nag.gsAlo.9sSis.0204, PDF 04-016-6555

Q: Quartz, SiO,, PDF 04-016-2085

Fig. 2. Mineral composition of
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raw and alkali-fused CBA.
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Fig. 3. FTIR spectra for the raw and alkali-fused CBA.

development, several variables were investigated including the ideal
activator composition and the optimum ratio of CBA to GGBS. Geo-
polymers with varying compositions and activators were fabricated and
tested. The detailed composition of the specimens is given in Table 2. All
raw materials were combined with the activator using a mechanical
mixer for 10 minutes. The resulting slurry was then cast into steel
moulds measuring 40x40x160 mm. The specimens were demoulded
after 24 hours, and subsequently cured in controlled conditions at a
temperature of 2042 °C and 60+5 % relative humidity.

2.2.2. Mechanical properties and workability

The compressive and flexural strengths of the CBA geopolymers were
evaluated using a Zwick loading machine, according to the EN
196-3:2016 standard, after a curing period of 28 days. The reported
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values are the arithmetic mean of 4-6 specimens. The workability of the
geopolymers was assessed by measuring the initial flow diameter with a
flow table according to European standards (EN 459-2).

2.2.3. Characterization techniques

The mineral composition of the raw materials and the resulting
geopolymer cements were studied by X-ray diffraction (XRD) with the
powder method, using a Bruker D500 apparatus with a 20 range be-
tween 5° and 70°. The morphology and composition of the geopolymer
were investigated by scanning electron microscopy (SEM) with a TES-
CAN MAIA3LMH apparatus equipped with an Octane Super EDX de-
tector. The function groups of the geopolymer cements were analysed
with Fourier-transform infrared spectroscopy (FTIR). The analyses were
carried out using a PerkinElmer Spectrum 100 FTIR apparatus equipped
with an ATR accessory and a one-bounce diamond/KRS5 top plate.

3. Results and discussion
3.1. Performance of CBA-based geopolymer

The flow table test displayed the spread of the geopolymers, upon
removing the mould after 15 flow table jolts, as a measurement of the
geopolymer workability. The initial flow of the different formulations
was measured, at constant water content, to estimate the geopolymer
workability and how the different proportions ash/slag affect water
demand. Fig. 4 illustrates the test assemblage and measurement. The
workability results appear in Fig. 5. The low flowability of the geo-
polymers made with ash only agrees with the high porosity and specific
surface area of their particles observed with SEM (Fig. 1). As highlighted
by former authors [57,58] a greater specific surface area raises water
demand, and the material requires a greater amount of water to produce
a given workability (or flow). The geopolymer made with 100 % CBA,
both raw and alkali fused, has low workability, showing the lowest
initial flow diameters of 100 mm. Similar findings are reported for
comparable materials such as rice husk ash (RHA)-based geopolymers
[59-61]. RHA shares a similar morphology with CBA due to their
analogous origin. The CBA absorbs significant water quickly due to the
porous nature of its particles, diminishing flowability. The incorporation
of GGBS improves the flowability of the CBA geopolymer mortars
agreeing with former authors who evidenced that the dense GGBS

Table 2
Mix design of CBA-based geopolymer. w/b = 0.6. C = CBA,; fC = alkali fused CBA; G = GGBS.
Group Notation Precursor g Activator Sand g
CBA GGBS Na' Concentration mol/L. Si0y/Nay0 ratio
C fC

A 100 C 400 10 1.2 1200
A 100 fC 400 10 1.2

B 70C30G 280 120 10 1.2

B 70 fC30G 280 120 10 1.2

B 50 C 50 G 200 200 10 1.2

B 50 fC 50 G 200 200 10 1.2

B 30C70G 120 280 10 1.2

B 30fC70G 120 280 10 1.2

C 100fC/8/1.0 400 8 1.0

C 100fC/8/1.2 400 8 1.2

C 100fC/8/1.4 400 8 1.4

C 100fC/10/1.0 400 10 1.0

C 100fC/10/1.2 400 10 1.2

C 100fC/10/1.4 400 10 1.4

C 100fC/12/1.0 400 12 1.0

D 30fC70G/8/1.0 120 280 8 1.0

D 30fC70G/8/1.2 120 280 8 1.2

D 30fC70G/8/1.4 120 280 8 1.4

D 30fC70G /10/ 1.0 120 280 10 1.0

D 30fC70G/10/1.2 120 280 10 1.2

D 30fC70G/10/ 1.4 120 280 10 1.4

D 30fC70G/12/1.0 120 280 12 1.0
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Fig. 4. Test assemblage and measurement of geopolymer workability using the initial flow test. Top: flow table and conical mould. Bottom: Lifting of the mould and

measurement of the initial flow.
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Fig. 5. Flowability of CBA and CBA-GGBS geopolymers.

particles tends to enhance the workability of composites [58].

On the contrary, alkali diffusion lowers the flowability of the geo-
polymer. As aforementioned, alkali fusion involved heating (at 600°C) a
mix of CBA and 25 % NaOH. When adding water to the fused CBA, so-
dium residues like sodium carbonate form by carbonation with atmo-
spheric carbon, and these crystals impede flow lowering workability.

The strength of the CBA geopolymers at 28d appears in Fig. 6. The
geopolymers made with alkali-fused CBA are stronger than their raw
CBA counterparts. The inferior strength of the raw CBA geopolymers is
due to the limited dissolution of the silicate crystals (quartz and albite)
comprising the CBA (Fig. 2). The importance of dissolving the precursor,
to provide silicon and aluminium species essential for subsequent
gelation and polymerization reactions, is well established in geopolymer
technology [17]. Quartz and albite are highly stable chemically and
thermally and require strong acidic/alkaline conditions to dissolve.
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Fig. 6. Effect of alkali-fusing the CBA on the mechanical performance of CBA
and CBA-GGBS geopolymers. Groups A and B in Table 2: [Na™] = 10 and Ms
=1.2.

Therefore, within the alkalinity range of the activator in this research,
the silicates comprising the raw CBA remain mostly stable, contributing
little to polymerisation. However, alkali fusion breaks down the CBA’s
silicates releasing active silica radicals that participate in polymerisation
reactions forming cementing hydrates that increase the geopolymer
strength. The geopolymers made with raw CBA increase strength with
increasing CBA substitution with GGBS. Therefore, the active silica and
calcium released by the slag participates in polymerization reactions and
hydrate formation increasing strength. The results also indicate that
alkali fusing the ash enhances strength more efficiently that replacing
ash with slag. Hence, alkali fusion is a more effective method to provide
active radicals for the polymerization and hydrate formation than
increasing slag content.

As aforementioned, the raw CBA geopolymers increase strength
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with increasing CBA substitution with GGBS. After 28 days, the geo-
polymer made with as alone (100 % raw CBA - 100 C) yields the lowest
strengths of 7.46 MPa and 2.99 MPa - compressive and flexural
respectively; but replacing ash with slag improved mechanical perfor-
mance: replacing 30 % of CBA with GGBS increased strengths to
13.32 MPa and 4.14 MPa - compressive and flexural respectively, cor-
responding to improvements of 78.55 % and 38.46 %; and at 50 % GGBS
replacement, the strengths rose to 25.39 and 6.52 MPa respectively.
However, beyond this threshold, increasing GGBS (to 70 %) only yields
a marginal strength enhancement, with values of 25.76 MPa and
7.35 MPa respectively.

The geopolymers made with alkali fused CBA are stronger than
their raw CBA counterparts. The 100 % alkali fused CBA geopolymer
(100fC) achieved strengths of 39.35 and 10.74 MPa - compressive and
flexural respectively, improving by 427.48 % and 259.20 % respectively
compared to the raw CBA geopolymer. Replacing alkali-fused CBA with
GGBS slightly lowers mechanical strength: at 30 % GGBS content,
strength decreased from 39.35 to 35.07 MPa and escalating GGBS to
50 % did not significantly alter performance. However, at 70 % GGBS
content, a notable strength improvement occurs at 44.33 MPa. The
strength increase triggered by GGBS substitution is more pronounced in
the raw CBA group, indicating that the synergistic effect between GGBS
and CBA becomes weaker when the CBA is fused.

The geopolymers made with alkali-fused CBA (100fC and 30fC 70 G
groups) were selected to further investigate the optimum activator
composition due to their excellent mechanical performance. The effect
of the activator composition, including Na™' concentration and SiO5/
NayO, on mechanical performance appears in Fig. 7. The geopolymers
made with activators of ratio SiO3/Na0O=1.0 produced flash set
regardless of the [Na']. Flash set produced premature hardening and
lack of workability so that strength could not be measured. Flash set of
geopolymer is rarely reported and, when reported, it is linked to high pH
and high-calcium (Class C) fly ash-based geopolymers [62-64]. In
contrast, in this research, flash set occurred at both high-calcium (Group
D- 70 %GGBS) and low-calcium content (Group C- 100 fC), when the
activator SiO3/Nay0 was 1.0. The relatively low ratio SiO2/Na0 = 1.0
implies high alkalinity. A clear pattern exists where the most alkaline
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activator (SiO2/NapO = 1.0) triggered the flash set of the geopolymer
(Fig. 5). The high alkalinity caused rapid precursor dissolution which
produced flash set.

The geopolymers made with alkali-fused CBA (100fC group) per-
formed best when the SiO2/NayO was 1.2. Increasing silica content
beyond this ratio worsened mechanical performance, suggesting that an
excessive SiOy/Na,O ratio provides insufficient alkalinity for effective
precursor dissolution while providing excess soluble silica. This imbal-
ance likely promotes polymerization of silica species within the acti-
vator, hindering the dissolution of the precursor. The results also
indicate that maintaining the SiO»/Na,O ratio while increasing the Na™
concentration of the activator slightly improves strength development.

The geopolymers made with alkali-fused CBA and GGBS (30fC70G
group) constantly display an outstanding mechanical performance
(42-44 MPa compressive strength at 28 d.), and variations in the acti-
vator composition had no significant impact on mechanical perfor-
mance, with changes in strength under 10 %. The presence of GGBS
significantly enhanced strength and stabilized the system against fluc-
tuations in activator composition. Unlike the dramatic strength re-
ductions seen in the low-calcium system (100fC group) when lowering
alkalinity and increasing the silica content beyond SiO,/Nay0 = 1.2, the
strength of the 30fC70G geopolymers remains stable over the whole
range of ratios investigated (1.0-1.4) and increasing [Na*] does not
significantly impact strength.

3.2. Microstructure of the CBA-based geopolymer

The mineral compositions of CBA and CBA-GGBS geopolymers
appear in Fig. 7. The raw CBA geopolymer (100 C) includes quartz and
albite (Fig. 8a). These are unreacted remnants of the silicates originally
comprising the CBA. The intensity and sharpness of the peaks suggest
significant crystalline content which may contribute to the strength to
some extent but does not form significant cementing gels that induce
high strength, agreeing with the lower strength above (7.46 MPa at
28d.). The alkali-fused CBA geopolymer (100fC) (Fig. 6a) displays less
crystallinity and a more amorphous structure that correlates with the
formation of cementing gels characteristic of geopolymers and agrees

- 30
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Fig. 7. Effect of activator’s alkalinity and silica modulus on the mechanical performance of CBA and CBA-GGBS geopolymers. Groups C and D in Table 2.
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Fig. 8. Mineral composition of (a)100 % CBA and (b) CBA-GGBS geopolymer. Top: alkali-fused CBA geopolymer. Bottom: raw CBA geopolymer.

with the greater strength seen above (39.35 MPa at 28 d.).

Replacing CBA with GGBS significantly transforms the geopolymer
structure from crystalline into amorphous, regardless of the CBA being
fused or not (Fig. 8b). The amorphous structure is typical of geopolymers
and alkali-activated materials [56]. The significant amorphous content
represents an ample cementing gel phase which should enhance me-
chanical performance. However, the results suggest that the geopolymer
structure (i.e. crystallinity vs amorphousness) does not mirror its me-
chanical performance: despite the abundant amorphous cement pro-
duced by the GGBS in the 30 C 70 G and 30fC 70 G geopolymers (70 %
GGBS substitution), their strengths (13.32 MPa and 35.07 MPa respec-
tively) are lower than the strength of the crystalline geopolymer (100fC)

which reached 39.35 MPa. According to the amorphous content evi-
denced in the XRD traces (Fig. 8) both alkali-fusing the ash and incor-
porating slag vitrify the geopolymer structure but GGBS vitrifies the
structure to a much greater extent than alkali fusion.

The reduction of the intensity of the quartz peak in the XRD traces
corresponding to the alkali-fused geopolymers (Fig. 8a, b) indicates that
alkali fusion at low temperature (600°C) breaks tectosilicate structures
as strong and stable as quartz.

The microstructure of the geopolymers appears in Figs. 9 and 10.
Despite the drastic change in mineralogy and microstructure (from
crystalline into amorphous when GGBS was added) evidenced with XRD,
the SEM analyses show vitreous geopolymer cements in all the

]
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043x)

015x]

- o)

Fig. 9. Micrographs of 100 % CBA geopolymers. Top: raw CBA. Bottom: alkali-fused CBA.
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Fig. 10. Micrographs of CBA-GGBS geopolymers. Top: raw CBA. Bottom: alkali-fused CBA.

geopolymers. The EDX analyses (Figs. 9 and 10) revealed high Si and Na
content in the vitreous geopolymer suggesting that they are a product of
polymerisation consistent with previous authors. The main polymeri-
sation reaction product of low-calcium (aluminosilicate rich) precursors
is an alkaline aluminosilicate hydrate gel (N-(A)-S-H) [17,46,51].

In the geopolymers made with 100 % CBA, alkali fusion improved
the quality of the matrix by substantially reducing cracking (Fig. 9). An
intricate network of cracks, occasionally interconnecting and breaking
plates apart, is apparent in the raw CBA geopolymers (100 C) while a
denser matrix without obvious cracking appears in the alkali-fused CBA
geopolymers (100fC). The vitreous cement of the alkali-fused CBA
geopolymer (100fC) consistently shows a higher concentration of Si and
Na which agrees with the presence of abundant Si-rich gel that is
consistent with the enhanced mechanical performance seen in the
strength results above. Particulate clusters appeared sporadically in the
raw CBA geopolymer. These are unreacted remnants of CBA particles, as
suggested by the high Si and a low Na content evidenced with EDX; and
are consistent with the lower reactivity and lower mechanical perfor-
mance of raw CBA geopolymers evidenced above. The alkali-fusion
process significantly improved the reactivity of CBA in geo-
polymerisation reactions. However, some porous and sponge-like re-
gions appear in the 100fC matrix, presumably unreacted, alkali-fused
CBA particles (Fig. 9).

The micrographs of the CBA-GGBS geopolymers are included in
Fig. 10. Adding GGBS made the vitreous geopolymer matrices more
homogenous and denser, with fewer unreacted particles; however,
showing similar cracking. The cracks are due to autogenous unre-
strained shrinkage and are typical of alkali activated materials such as
geopolymers. The cracking evidenced are shrinkage cracks inherent to
the polymerisation process and caused by the loss of water-inducing
volume change during polymerisation [50]. Shrinkage cracking is

widely found in alkali-activated slag and FA/GGBS geopolymers [65],
and it is more prone to occur in low Ca/Si matrices [66].

In the CBA-GGBS geopolymers, the [Ca?"] can transform N-A-S-H
geopolymer gel into C-A-S-H gel which increases density and enhances
the mechanical performance [67] but can exacerbate shrinkage [68]. Ye
& Radlinska [69] also report the collapse and redistribution of C-A-S-H
gel leading to significant shrinkage. Furthermore, shrinkage is consid-
ered to relate to the content of NayO in high Ca systems. The alkali fusion
process introduced significant Nat which may trigger more intense
autogenous shrinkage [70].

The FTIR spectra of the geopolymers and the alkali-fused CBA
powder (af-C) appear in Figure. The spectra are dominated by absorp-
tion bands located at 800-1200 cm ™' which are due to the stretching
vibrations of Si-O-Si(Al) [71]. The wide 800-1200 cm ' bands in the
CBA powder (af-C) and the CBA geopolymer (100fC) suggest a wide
distribution of Si units with varying bonds. In contrast, in the CBA-GGBS
geopolymer (30fC70G), the main band is relatively narrow and shifted
towards lower wave numbers indicating the substitution of Al into the
Si-O-Si structure [48,72]. The absorption band of Si-O-Si(Al) in the
CBA-GGBS geopolymer is notably enhanced. This agrees with the sig-
nificant contribution of GGBS to the geopolymerisation process evi-
denced in the results above.

The characteristic bands for carbonate occur in the spectral regions
1400-1600 cm ™! (v3; asymmetric stretch vibration) and 873-880 cm1
(v2; out-of-plane bend vibration) [73]. Therefore, the bands located at
1350-1550 cm ™! are assigned to the anti-symmetric stretching of car-
bonate. Two distinct patterns were found: a broad band with a nearly
symmetrical centre at 1392 cm ™! (30fC70G geopolymer) and two sharp
bands with asymmetrical centres at 1440 and 1409 cm ™! (af-C powder
and 100fC geopolymer). The v3(CO) stretch mode in 30fC70G is char-
acteristic of free carbonate ions [73]. The presence of free carbonate ions
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is attributed to the absorption of atmospheric carbon dioxide by the
abundant Ca®" in GGBS. The carbonate bands centred at 1440 and
1409 cm™! (in the af-C powder and 100fC geopolymer) are narrower
waves of higher wave numbers. These characteristics indicate that the
carbonate is tightly connected to the matrix and may even be bound to it
[73]. Therefore, the FTIR results indicate that the GGBS is more reactive
than alkali-fused CBA and the Ca and Al in the system also promoted and
participated in polymerisation.

4. Conclusion

A crop biomass ash (CBA) collected from a biomass power station
was used as a precursor to develop geopolymer. Based on the experi-
mental results above, the conclusions are as follows:

e The geopolymers made with (only) raw CBA attained the lowest
strengths of 7.46 and 2.99 MPa (compressive and flexural respec-
tively). However, these geopolymers are produced with extremely
low carbon emission and environmental impact; and their strength
range is suitable for most construction applications unless higher
strength is required for load bearing purposes.

Partially replacing the raw ash with slag raised strength to over
25 MPa and 7 MPa -compressive and flexural respectively.
Alkali-fusing the ash greatly enhanced reactivity, improving poly-
merisation and increasing strength: the geopolymer made with
(only) alkali-fused CBA achieved high strengths of 39.35 and
10.74 MPa - compressive and flexural respectively.

Even at low temperature (600°C) alkali fusion is an effective method
for increasing the strength of CBA geopolymers. Alkali fusion breaks
silicate structures as strong and stable as the quartz and feldspar
originally comprising the CBA, releasing active radicals that partic-
ipate in polymerisation reactions forming cementing hydrates that
increase the geopolymer strength.

The geopolymers made with alkali-fused CBA and GGBS constantly
display outstanding mechanical performance (42-44 MPa compres-
sive strength at 28 d.), and variations in activator composition had
no significant impact on mechanical performance.

The GGBS stabilized the geopolymer system against fluctuations in
activator composition. The active Si, Al and Ca released by GGBS
participate in the polymerization reaction, increasing geopolymer
strength.

The most alkaline activator compositions (SiO2/Na0 = 1.0) caused
rapid precursor dissolution which produced flash set of the
geopolymer.

The geopolymers show vitreous structures of cementing gels, with
high Si** and Na* contents, consistent with alkaline silico-aluminate
hydrate gel (N-(A)-S-H) which is a typical product of polymerisation.
Incorporating slag amorphized the structure of the geopolymer to a
much greater extent than alkali-fusing the ash. However, there is no
direct proportionality between increasing vitreousness and
improving strength as the geopolymers with crystalline structure
(100 % alkali-fused CBA geopolymer) is nearly as strong as the vit-
reous CBA-GGBS geopolymer (39 vs 44 MPa).

The FTIR results show ample Si-O-Si(Al) bonds in the geopolymer
made with alkali-fused CBA. The presence of GGBS significantly
increased the absorption intensity of these bonds, indicating the
presence of more abundant C(N)-A-S-H which improved mechanical
properties.

In summary, CBA waste has substantial potential as a precursor for
developing geopolymers. The incorporation of GGBS in certain pro-
portions enhances the mechanical properties of the ensuing geopolymer.
Furthermore, alkali fusion is an effective method to increase the reac-
tivity of CBA, facilitating the preparation of high-performance geo-
polymers. This research provides a viable method for recycling CBA,
thereby adding value to this (otherwise) waste material and contributing
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Fig. 11. FTIR spectra of CBA and CBA-GGBS geopolymers and alkali-fused,
CBA powder (af-C).

to sustainable management in the construction industry.
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