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Alkali-activated cements utilising fly ash can be a low-carbon alternative to Portland cement. However, fly ash alkali-
activated cements require curing at elevated temperature and have cost plus environmental implications owing to the
use of strong alkali solutions. Unclassified fly ash, silica fume, calcium hydroxide and sodium carbonate were used to
develop novel one-part fly ash alkali-activated cements. When cured at ambient conditions, the cements gained
compressive strength up to 11.0 and 44.2 MPa at 3 and 28 days, respectively. Microstructural investigations revealed
that cation exchange reaction between the activators was the key element in the development of the microstructure
and strength of the cements. The novel fly ash alkali-activated cements have at least 50% lower impact on global
warming than highly blended Portland cements.
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Notation
A sodium carbonate (Na2CO3) (wt%)
B calcium hydroxide (Ca(OH)2) (wt%)
C silica fume (wt%)
Y compressive strength (MPa)

Introduction
Coal-fired power plants form an integral part of energy sources
for various countries, especially in South Africa. Eskom, one of
the largest coal consumers in South Africa, uses approximately
109 million tonnes of coal per annum to generate electric
energy. The company produces approximately 25 million tonnes
of fly ash, a waste material, of which only 7% is then recycled
(Eskom, 2021). The remainder is dumped in massive landfills.
This has become a great concern because of numerous hazar-
dous health and environmental impacts due to leaching of the
ash’s toxic heavy metals and trace elements (Jambhulkar et al.,
2018). It also contributes to the loss of useable land. The
National Development Plan 2030 of South Africa, one of the
country’s most strategic initiatives, has placed specific attention
on reducing the waste-to-landfill problem (National Planning
Commission, 2017). To reduce the fly ash landfill issue, a
nationwide need for its consumption and use must exist.

At the same time, significant emphasis is put on sustainable
development through the use of materials with low environ-
mental impact in the construction industry. This is primarily
due to the continually increasing demand for the most resource
and energy intensive products in the industry – Portland
cement and concrete. Owing to their ecological aspects, there
is a high demand for low-carbon cements. An attractive prop-
osition is alkali-activated cements, which involve a chemical
reaction between an aluminosilicate precursor and a strong

alkali solution (Duxson et al., 2007; Khale and Chaudhary,
2007).

Most of the fly ash utilised is sold to the cement industry
because of its inherent cementitious properties. However, fly
ash can also be used as a primary precursor for the production
of alkali-activated materials (Khale and Chaudhary, 2007; Li
et al., 2010; Rashad, 2013). Fly ash alkali-activated materials
are considered to be a low-carbon alternative for ordinary
Portland cement (OPC) concretes. This drives the use of fly
ash as a construction material because it will not only provide
a greener alternative binder but will also assist in attaining the
objective set out by the National Development Plan 2030.

Alkali-activated fly ash cements can gain high compressive
strength and mechanical properties that are comparable to OPC
(Olivia and Nikraz, 2012; Rangan, 2010; Ryu et al., 2013).
However, curing at elevated temperature is essential to reach the
optimal mechanical characteristics for alkali-activated fly ash,
because under ambient curing conditions it has a slow rate of
dissolution and cannot attain satisfactory strength. Shekhovtsova
et al. (2014) investigated the effects of sodium oxide concen-
tration, the water-to-binder-solids ratio, temperature and dur-
ation of curing at elevated temperature on the compressive
strength of alkali-activated cement pastes utilising Class F fly
ash. The results of the investigation showed that curing at 25°C
was a possibility, but not practical due to delayed setting, inten-
sive efflorescence formation, very slow strength development
(1.1 MPa at 7 days), relatively low strength (10 MPa) at 28 days
and large strength deviation. Shekhovtsova et al. (2014) con-
cluded that the optimal temperature was 60°C, because at 80°C
excessive moisture loss caused a decrease in compressive strength
at 91 days. The necessity of curing at elevated temperature limits
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the use of alkali-activated fly ash cements to the precast industry
and impedes their range of application. Unlike OPC concrete,
which has freedom in curing conditions and can be cast on site,
alkali-activated fly ash concrete requires controlled environments
to be a useful alternative (Mustafa Al Bakria et al., 2011;
Rangan, 2010; Silva et al., 2013).

The most commonly used alkali activators are sodium hydrox-
ide and sodium silicates. These activators are expensive and
cause safety issues pertaining to handling and storage due to
their high pH. There are also concerns about environmental
impacts from their manufacture (Habert et al., 2011; McLellan
et al., 2011; Turner and Collins, 2013).

Thus, for fly ash alkali-activated cements to be able to convert
a harmful waste material into a cost-effective and environmen-
tally friendly building material, they need to be cured under
ambient conditions, utilise activators with low environmental
impact and the process to use the resulting material in the pro-
duction of concrete should not deviate from current practices
with OPC. In the present study, novel one-part fly ash alkali-
activated cements comprising silica fume, calcium hydroxide
and sodium carbonate are proposed.

To attain efficient synthesis of alkali-activated materials,
source materials need to be combined in an effective manner
(Part et al., 2015). Pozzolanic materials require a source of
lime to attain their cementitious properties, which can be pro-
vided by calcium hydroxide. However, for alkali-activated
materials, a strong alkali medium is necessary for efficient dis-
solution of its aluminosilicate precursor for strength gain
(Fraay et al., 1989). Owing to the relatively low pH of calcium
hydroxide, the activation of fly ash with calcium hydroxide has
slow strength development. Fraay et al. (1989) demonstrated
that a pH value of 13.3 was required for appropriate dissol-
ution of alumina and silica species from fly ash particles.
Therefore, an additive activator needs to be introduced to raise
the pH of the system and promote early activation (Huang
and Cheng, 1986; Li et al., 2000).

To increase the pH, the addition of sodium carbonate, which
has been used in the alkali activation of fly ashes (Abdalqader
et al., 2016; Jeon et al., 2015), was considered. Sodium carbon-
ate is a naturally occurring mineral and can be obtained from
trona and sodium carbonate-rich brines or chemical processes
such as the Solvay process. The worldwide total of naturally
occurring sodium carbonate amounts to 24 billion tonnes (U.
S. Geological Survey, 2017). Moreover, sodium carbonate is
reported to be 2–3 times cheaper than sodium hydroxide or
sodium silicates. In addition, to the low cost of this activator
compared to the conventional ones, it is safer to handle and
can yield lower drying shrinkage (Jin and Al-Tabbaa, 2015).
Thus, the use of sodium carbonate as an activator can contrib-
ute to the development of more sustainable alkali-activated fly
ash cements (Abdalqader et al., 2016).

Silica fume is a highly reactive pozzolanic material because of
its higher amorphous silicon dioxide content, as well as its
very small particle size. Besides its high reactivity, silica fume
can act as a filler material, which can fill in the voids of pores
and aid in increasing mechanical strength by densification of
the structure (Assi et al., 2016; Dutta et al., 2010;
Songpiriyakij et al., 2011). Owing to this nature, silica fume is
highly reactive to calcium hydroxide, which can act to provide
extra nucleation sites and aid in increasing mechanical
strength, especially at early age, or can perform as a micro-
filler.

In most cases with alkali-activated materials, alkali solutions
must be prepared in a controlled environment. On a construc-
tion site, the solutions can pose several health and safety
concerns. However, in the proposed one-part fly ash alkali-
activated cements, all the materials, including the activators,
are dry and safer to handle. The novel cements can be stored
in bags or silos, as would be in case with OPC, where the only
component required to activate it is water.

The aim of the present study was to evaluate and report on the
aptitude of the novel one-part fly ash alkali-activated cements
cured under ambient conditions. To investigate and report the
influence of each cement component on compressive strength
development, a central composite design (CCD) was chosen to
perform the statistical analysis. This was followed by studying
the mineralogical and microstructural properties of selected
cement pastes by conducting X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR) and scanning electron
microscopy (SEM) analyses.

Materials and experimental set-up

Materials
Sodium carbonate (purity 99.0%), hydrated lime (purity
97.0%) and silica fume were procured from local distributors in
South Africa. Unclassified low-calcium fly ash (class F) with
the median particle size of 102.5 μm (Shekhovtsova, 2015)
from Lethabo power station was used in the study. Sodium car-
bonate and hydrated lime were the activators, while silica fume
and fly ash were the aluminosilicate precursors. Table 1 rep-
resents the chemical composition of the fly ash and silica fume
which was determined by X-ray fluorescence (XRF) analysis.

Relative densities and greenhouse gas emissions measured in
carbon dioxide equivalent (CO2-e), of the materials are shown
in Table 2. The greenhouse gas emission values were adopted
from the Department of Industry, Science, Energy and
Resources (2021) and the Infrastructure Sustainability Council
of Australia (2021).

Mathematical design of experiment
The procedure outlined by Montgomery and Runger (2011)
was used to perform the statistical analysis. This included
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forming an initial model; conducting analysis of variance
(ANOVA) tests; refining the model; analysing residuals; and
interpreting results. The computer software Minitab 17.1.0 was
used to assist in the design, analysis and interpretation of the
3k face-centred CCD. CCDs allow for modelling and analysis
of the response of interest as well as providing satisfactory
information on the experimental variables and their effects
plus error with a minimal number of runs.

A 3k level face-centred CCD, with three centre point runs, was
chosen with α=±1 as the region of interest encompassing
the extremities. Coded/uncoded control variables and constant
parameters are presented in Tables 3 and 4, respectively.

Coded cement designs are given in Table 5. The replication of
the centre point runs provides an estimate of the experimental
error (SC9|CH15|SF10, Table 5). The face-centred CCD was
performed in random order to eliminate the possibility that
one run depends on the conditions of the previous run or
would have an influence on subsequent runs.

Sample preparation and testing procedure
Fly ash, silica fume, calcium hydroxide and sodium carbonate
were thoroughly mixed in the proportions indicated in Table 5.
After mixing, the dry cements were stored in plastic bags until
the date of casting.

Cement pastes were mixed in a Hobart mixer. Dry cement was
added to a damp bowl and then water was added with the
mixer running. Mixing was carried out for 5 min and then the
mixer was stopped, and all leftover dry material was scraped
off the bowl surface within 30 s. The mixer was run again for
another 5 min until the cement paste was completely mixed.

Prismatic moulds were used to cast 40� 40� 160 mm samples.
The prepared cement pastes were placed in the moulds, com-
pacted on a vibrating table, covered in a plastic film and left to

set at 25± 1°C overnight. The samples were demoulded the fol-
lowing day and cured in a room with an ambient temperature
of 25± 1°C and relative humidity of 85± 5%.

Compressive strength testing was carried out at 3, 7 and
28 days. Three half-prism samples were tested at each age. The

Table 1. Chemical composition of materials (wt%)

SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O SO3 Other LOI

Fly ash 56.23 1.57 30.67 4.45 0.49 4.54 0.27 0.81 0.37 0.31 0.28
Silica fume 88.86 0.01 0.60 4.63 1.03 1.86 0.28 2.03 — 0.22 4.58

Note: SiO2, silicon dioxide; TiO2, titanium dioxide; Al2O3, aluminium oxide; Fe2O3, iron (III) oxide; MgO, magnesium oxide; CaO, calcium oxide; Na2O, sodium oxide;
K2O, potassium oxide; SO3, sulfur trioxide

Table 2. Relative densities and greenhouse gas emissions

Sodium
carbonate

Hydrated
lime

Silica
fume

Fly
ash

Relative density 2.54 2.32 2.30 2.23
Emissions: kg
CO2-e/kg

0.415 0.675 0.014 0.012

Table 3. Coded and uncoded values for control variables

Control variablesa −1 0 +1

Calcium hydroxide: wt% 10 15 20
Sodium carbonateb: wt% 6 9 12
Silica fume: wt% 5 10 15

awt%=percentage of fly ash mass
bCalculated as a Na2Oeq

Table 4. Constant parameters

Parameter Value

Curing conditions 25±1°C and relative
humidity of 85±5%.

Water-to-cement (w/c) ratioa 0.27
Cement paste mixing time 10 min

aCement = fly ash + silica fume + calcium hydroxide + sodium carbonate

Table 5. Coded cement designs

Cement IDa SC CH SF

SC12|CH20|SF15 +1 +1 +1
SC12|CH20|SF5 +1 +1 −1
SC12|CH10|SF15 +1 −1 +1
SC12|CH10|SF5 +1 −1 −1
SC6|CH20|SF15 −1 +1 +1
SC6|CH20|SF5 −1 +1 −1
SC6|CH10|SF15 −1 −1 +1
SC6|CH10|SF5 −1 −1 −1
SC12|CH15|SF10 +1 0 0
SC6|CH15|SF10 −1 0 0
SC9|CH20|SF10 0 +1 0
SC9|CH10|SF10 0 −1 0
SC9|CH15|SF15 0 0 +1
SC9|CH15|SF5 0 0 −1
SC9|CH15|SF10 0 0 0
SC9|CH15|SF10 0 0 0
SC9|CH15|SF10 0 0 0

aSC – sodium carbonate; CH – calcium hydroxide; SF – silica fume; number
represents weight percentage of fly ash mass
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test procedure was conducted in accordance with SANS
50196-1 (SABS, 2006).

After being tested for compressive strength at 3 and
28 days, representative samples for selected cement pastes
were collected and were dehydrated to prevent further
material evolution. This was achieved by placing the samples
in acetone to stop the reaction and then the samples were
transferred to a vacuum chamber to filter out the acetone.
Subsequently, the samples were placed in a desiccator at
25± 1°C to completely dry the sample until the testing date
(Ismail et al., 2013a, 2013b). To avoid overheating, samples for
XRD and FTIR analyses were hand milled using a pestle and
mortar.

The XRD samples were prepared according to the standar-
dised PANalytical back-loading system, which provides nearly
random distribution of the particles. The samples were ana-
lysed using a PANalytical X’Pert Pro powder diffractometer in
θ–θ configuration with an X’Celerator detector and variable
divergence and fixed receiving slits with Fe filtered Co-Kα
radiation (λ=0.1789 nm). The data were recorded in the
angular range 5°< 2θ<90°. Crystalline phases were identified
using X’Pert Highscore Plus software.

The FTIR spectra of the selected samples were recorded
on a solid state by a Vertex 70v spectrometer equipped with
the Golden Gate diamond attenuated total reflectance cell
(Bruker). The FTIR was recorded on the 4000–500 cm−1 spec-
tral region, with 32 acquisitions at a 4 cm−1 resolution.

Samples for SEM analysis were fractured and coated with
carbon. The SEM investigations were conducted on a Zeiss
Ultra Plus FEM at an accelerating voltage of 1 kV.

Results and discussion

Statistical model and analysis
The strength development of the cement paste samples is
shown in Figure 1.

The ANOVA was computed first to test the adequacy of the
model. The F-value of the initial model was 52.41, implying
that the model is significant, and the probability that this
value was due to noise is less than 0.01%. Furthermore,
the lack-of-fit p-value was 0.286, which indicates that it was
insignificant as p>0.05. The insignificance of the lack of fit
implied that the model fitted the experimental data and
the factors under consideration had a considerable impact on
the response. However, there was an insignificant term in the
model (Na2CO3*Na2CO3) which had a p-value of more than
0.05. The term was removed, and the reduced model ANOVA
results are shown in Table 6.

The reduced model has an F-value of 65.34, which is greater
than the initial model and still implies that the model is signifi-
cant. Moreover, the lack of fit is still insignificant (p-value =
0.324> 0.05), which again shows the adequacy of the model.

Table 7 gives a comparison of the summary statistics for
ANOVA of the initial model against the reduced model. The
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Figure 1. Strength development of proposed one-part fly ash alkali-activated cements
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R2 of the reduced model indicates it can explain 0.9849 of the
model’s variability. The adjusted R2 is 0.9699, which is rela-
tively high and further emphasises the model’s adequacy and
that non-significant terms have not been included. The pre-
dicted R2 is 0.8812, which shows the model’s high predictive
capability and confirms that the model has not been over-fit. It
is also within the acceptable margin of 0.2 from the adjusted
R2 (StatEase Inc., 2021).

Analysis of residuals suggests there was no violation of the
least-squares regression assumptions, which are normality, con-
stant variance and independence. Residuals followed a straight
line in the normal probability plot, which verified the assump-
tion that the residuals were normally distributed. There were
no visible trends in the residuals against fits graph. The vertical
width of the scatter did not change significantly when moving
along the fitted values, which shows that the assumption of
residuals having a constant variance is reasonable. A plot of
residuals against order fluctuated randomly across the centre-
line of the graph, showing the residuals were uncorrelated and
the model was adequate.

With the model statistics and assumptions satisfied after analy-
sis of the residuals, the final model can be used to navigate the
design space. The final empirical model equation is given in
Equations 1 and 2 as coded and actual units, respectively.
Coded variables help with interpretation of the model and
variable effects as the magnitude of the coefficients are given

on a common scale.

1:
Y ¼ 30:200þ 3:981Aþ 3:593Bþ 1:256C � 6:259B2

þ 5:830C2 þ 5:735ABþ 4:047AC � 3:952BC

where Y is compressive strength (MPa); A is sodium carbonate
(Na2CO3) (wt%), −1≤A≤ 1; B is calcium hydroxide (Ca(OH)2)
(wt%), − 1≤B≤ 1; and C is silica fume (wt%), −1≤C≤ 1.

2:
Y ¼ 23:82� 7:106Aþ 6:410B� 4:471C � 0:2518B2

þ 0:2332C2 þ 0:3829ABþ 0:2698AC � 0:1581BC

where, Y is compressive strength (MPa); A is sodium
carbonate (Na2CO3) (wt%), 6≤A≤ 12; B is calcium hydroxide
(Ca(OH)2) (wt%), 10≤B≤ 20; and C is silica fume (wt%),
5≤C≤ 15.

Influence of cement components on compressive
strength
The response surface plots are shown in Figure 2 at different
levels of silica fume content.

All three independent variables positively contribute to com-
pressive strength development (Equation 1 and Figure 2). Both
calcium hydroxide and sodium carbonate contribute a signifi-
cant portion, with sodium carbonate being the most dominant.
It is also worth noting that the interaction of calcium hydrox-
ide and sodium carbonate is a major contributor to the gain in
compressive strength. Fraay et al. (1989) showed that highly
alkaline solutions with pH over 13.3 were required for rapid
dissolution of the amorphous phase of class F fly ash to leach
alumina and silica species. Both calcium hydroxide and
sodium carbonate provide lower pH values (Fernández-
Jiménez and Puertas, 2003; Huang and Cheng, 1986).

Table 6. Reduced ANOVA results

Source DF Adj SS Adj MS F-value p-value

Model 8 970.2 121.3 65.34 <0.0001
Linear 3 303.4 101.1 54.48 <0.0001
Sodium carbonate (Na2CO3) 1 158.5 158.5 85.39 <0.0001
Calcium hydroxide (Ca(OH)2) 1 129.1 129.1 69.56 <0.0001
Silica fume 1 15.78 15.78 8.50 0.019

Square 2 147.7 73.85 39.79 <0.0001
Ca(OH)2*Ca(OH)2 1 120.0 120.0 64.66 <0.0001
Silica fume*Silica fume 1 102.9 102.9 55.46 <0.0001

Two-way interaction 3 519.2 173.1 93.24 <0.0001
Na2CO3*Ca(OH)2 1 263.1 263.1 141.8 <0.0001
Na2CO3*Silica fume 1 131.1 131.1 70.61 <0.0001
Ca(OH)2*Silica fume 1 125.0 125.0 67.34 <0.0001

Error 8 14.85 1.856
Lack-of-fit 6 13.03 2.172 2.39 0.324
Pure error 2 1.815 0.907

Total 16 985.1

Table 7. Comparison between initial and reduced model

Standard error R2 R2(adj) R2(pred)

Initial model
1.43450 0.9854 0.9666 0.8627
Reduced model
1.36235 0.9849 0.9699 0.8812
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However, the cation reaction between calcium hydroxide and
sodium carbonate significantly increases the pH of the system
through the formation of gaylussite and subsequently calcium
carbonate (see next section ‘XRD analysis’). The increased
alkalinity promotes the dissolution of fly ash particles, releas-
ing alumina and silica species which participate in the for-
mation of calcium silicate hydrates (C–S–H) (Shi and Day,
2000). Calcium carbonate, which is one of the final products
of the cation exchange reaction, has a pore-refining effect that
can reduce the porosity and promote better mechanical

strength. Fine calcium carbonate also has a seeding effect that
could promote early C–S–H gel formation to improve strength
(Rashad and Khalil, 2013; Sato and Beaudoin, 2011).
Therefore, samples that contained the highest content of
sodium carbonate and calcium hydroxide generally obtained
higher compressive strength at 28 days.

It was found that silica fume provides a beneficial effect on the
compressive strength by creating a more compact microstruc-
ture and greater formation of reaction products during alkali
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Figure 2. Response surface plots at constant silica fume: (a) 5 wt%; (b) 10 wt%; (c) 15 wt%
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activation (Assi et al., 2016; Rashad and Khalil, 2013; Sayed
and Zeedan, 2012; Songpiriyakij et al., 2011). However, it can
be observed that its effect is noticeably smaller when compared
to sodium carbonate and calcium hydroxide, albeit still posi-
tive (Equation 1). It might be argued that the highly reactive
nature of silica fume could have played a role in promoting
activation under ambient conditions. Jeon et al. (2015) studied
a blend of fly ash, calcium hydroxide and sodium carbonate
that was cured at 60°C, which attained a compressive strength
of 36 MPa at 28 days. In comparison, the highest compressive
strength achieved by the one-part fly ash alkali-activated
cements under ambient conditions was 44.2 MPa at 28 days.

To evaluate the microstructural and mineralogical changes that
occurred in the developed one-part fly ash alkali-activated
cements over time, three cement paste samples were selected.
The selected samples were SC12|CH10|SF5-[L], SC6|CH20|
SF5-[M] and SC12|CH20|SF5-[H], which gained low [L], mod-
erate [M] and high [H] strength at 28 days, respectively.

XRD analysis
The XRD patterns for the SC12|CH10|SF5-[L], SC6|CH20|
SF5-[M] and SC12|CH20|SF5-[H] samples are shown in
Figures 3–5. The XRD pattern of the fly ash can be found in
figure 3.4 (Lethabo I) of Shekhovtsova (2015).
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Fly ash consists of an amorphous phase and stable but unreac-
tive crystalline phases such as mullite and quartz. During reac-
tion, the amorphous phase undergoes alkali activation, while
the unreactive phases act as micro-aggregate in the final matrix
(Duxson et al., 2005; Kumar et al., 2017). Therefore, mullite
(Al4.75O9.63Si1.25, powder diffraction file (PDF) # 98-006-6448)
and quartz (SiO2, PDF# 98-006-2405) were detected in all of
the cement paste samples (Figures 3–5).

Thermonatrite (Na2CO3H2O, PDF# 98-000-6293) was
observed in SC12|CH10|SF5-[L] and SC12|CH20|SF5-[H]
samples at 3 days (Figures 3 and 5) indicating that sodium car-
bonate was not fully consumed in reactions at early age due to
its high initial concentration – 12% of the fly ash mass – in
SC12|CH10|SF5-[L] and SC12|CH20|SF5-[H] cements.

Carbonate salt gaylussite (Na2Ca(CO3)2(H2O)5, PDF# 98-000-
4424) was identified in all samples. Gaylussite is formed due to
the cation exchange reaction between calcium hydroxide and
sodium carbonate (Equation I). This increases the pH of the
system through the release of OH− ions, facilitating dissolution
of the fly ash as discussed in the previous section. At a later
stage, gaylussite dissolves as a result of the decreasing concen-
tration of CO3

2− ions in the aqueous phase. The carbonate then
re-precipitates as calcite, releasing Na+. This correlates with the
XRD patterns. For SC12|CH20|SF5-[H] and SC6|CH20|SF5-
[M] samples, a notable decrease in the gaylussite peak intensity
and increase in the intensity of calcite (CaCO3, PDF# 98-004-
0107) peaks were observed from 3 to 28 days (Figures 4 and 5).
Gaylussite is a transient phase that decreases/is consumed as
more stable carbonates form at later stages, as shown in
Equation II (Bernal et al., 2015; Ke et al., 2016; Yuan et al.,
2017). Once the CO3

2− ions have been largely exhausted, the
activation reaction proceeds similarly to sodium hydroxide

(NaOH)-activated systems (Bernal et al., 2015). Increased pH is
one of the reasons for the high compressive strength of SC12|
CH20|SF5-[H] and SC6|CH20|SF5-[M] cements. It should be
noted that the gaylussite peak intensity increased from 3 to
28 days for SC12|CH10|SF5-[L] (Figure 3), and the formation
of calcite was very limited. This indicates that the pH of the
system would be lower compared to SC12|CH20|SF5-[H] and
SC6|CH20|SF5-[M], which correlates with the low compressive
strength gained by SC12|CH10|SF5-[L] cement (Figure 1).

I:
5H2Oþ 2Naþ þ Ca2þ þ 2CO2�

3 ! Na2CaðCO3Þ2�5H2O

gaylussiteð Þ

II: Na2Ca CO3ð Þ2�5H2O !CaCO3þ2Naþþ2CO2�
3 þ5H2O

Progressive consumption of calcium hydroxide (Ca(OH)2,
PDF# 98-020-2220) can be observed, especially in samples
SC6|CH20|SF5-[M] and SC12|CH20|SF5-[H], with a decrease
in peak intensity of portlandite over time (Figures 3–5). This
can be attributed to the cation exchange reaction forming
gaylussite and calcite, as well as lime-consuming C–S–H
formation (Jeon et al., 2015).

The formation of hydrotalcite (C0.167H3Al0.333Mg0.667O3.001,
PDF# 98-008-1963) was only observed in the SC6|CH20|SF5-
[M] cement paste.

SEM analysis
Secondary electron (SE) images of SC12|CH10|SF5-[L], SC6|
CH20|SF5-[M] and SC12|CH20|SF5-[H] samples at different
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curing ages are shown in Figure 6. The SC12|CH20|SF5-[H]
cement paste had a noticeable amount of unreacted particles at 3
days (Figure 6(e)). The SC12|CH10|SF5-[L] cement paste showed

similar characteristics at 3 days, but the amount of unreacted fly
ash particles was even more prominent (Figure 6(a)). However,
the SC6|CH20|SF5-[M] cement paste had a more developed

(a) (b)

(c) (d)

(e) (f)

Figure 6. SE images at 3 days: (a) SC12|CH10|SF5-[L]; (c) SC6|CH20|SF5-[M]; (e) SC12|CH20|SF5-[H] and at 28 days: (b) SC12|CH10|SF5-
[L]; (d) SC6|CH20|SF5-[M]; (f) SC12|CH20|SF5-[H]
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microstructure at the same age, with a significantly lower amount
of unreacted particles (Figure 6(c)), which correlates with the
compressive strength results at 3 days (Figure 1).

At 28 days, SC12|CH20|SF5-[H] cement paste went through
the most prominent transformation, as most of the unreacted
particles observed at 3 days had reacted to form a dense amor-
phous microstructure (Figure 6(f)). As a result, SC12|CH20|
SF5-[H] cement paste showed a significant strength increase,
reaching 44.2 MPa at 28 days (Figure 1). In contrast, the
microstructure of SC12|CH10|SF5-[L] cement paste did not
develop substantially between 3 and 28 days (Figure 6(b)).
There were still copious amounts of unreacted fly ash particles,
indicating a low dissolution rate, and hence significantly lower
strength (Figure 1). SC6|CH20|SF5-[M] cement paste devel-
oped similarly to SC12|CH20|SF5-[H], but still contained
some unreacted particles (Figure 6(d)). This shows that it did
not undergo a large dissolution phase, unlike sample SC12|
CH20|SF5-[H], which resulted in lower compressive strength at
28 days in comparison to SC12|CH20|SF5-[H] cement paste
(Figure 1).

FTIR analysis
Figure 7 represents the FTIR spectra from wavenumber
section 1500 to 500 cm−1 of SC12|CH10|SF5-[L], SC6|CH20|
SF5-[M] and SC12|CH20|SF5-[H] cements and cement pastes
at different ages. Besides some minor broad humps noticed in
the region from 3600 to 3500 cm−1, which can be attributed to
the strength vibration of –OH (Jang and Lee, 2016), there were
no noticeable changes from 4000 to 1500 cm−1 and thus this is
not included.

There are significant peaks occurring in the region 1435 to
1411 cm−1 in all samples, as well as a smaller peak around the
878–871 cm−1 region. Those peaks can be associated with
stretching vibrations of C=O in CO3

2− anions, which confirms
the presence of carbonate species (Abdel-Gawwad and Abo-
El-Enein, 2016; Kumar et al., 2017; Lee et al., 2017; Peyne
et al., 2017; Shekhovtsova, 2015). At 3 days, a broad peak in
the main wavenumbers for carbonate groups (1435–1411 cm−1)
in SC12|CH10|SF5-[L] and SC12|CH20|SF5-[H] cement pastes
indicates the presence of carbonates with different structures,
which agrees with the XRD results (Król et al., 2018).
Gaylussite and thermonatrite were identified in SC12|CH10|
SF5-[L] and SC12|CH20|SF5-[H] cement pastes at 3 days
(Figures 3 and 5).

For all cement paste samples, the FTIR spectra have either
bands or shoulders at 1164–1153 and 1108–1099 cm−1 regions
and a double band, which would be visible only at a very high
magnification, at the 813–800 cm−1 region. These are assigned
to quartz in fly ash (Król et al., 2018). The bands and
shoulders at 1164–1153 and 1108–1099 cm−1 regions would
also overlap with bands associated with mullite in the fly ash
(Beran et al., 2001).

Spectral bands at 740–714, 668–652, 616–608 and
577–573 cm−1 regions occur in all samples and were assigned
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Figure 7. FTIR spectra: (a) SC12|CH10|SF5-[L]; (b) SC6|CH20|SF5-
[M]; (c) SC12|CH20|SF5-[H]
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to the mullite present in the fly ash (Beran et al., 2001;
Schroeder and Lyons, 1966).

The FTIR spectra of all dry cements have an absorbance band
around 1100 cm−1 wavenumber, with a shoulder at around
1070 cm−1. This is attributed to the asymmetric stretching
vibration mode of Si–O–T (T= tetrahedral Si or Al) indicating
the presence of silica fume and fly ash in the cement compo-
sitions. For all investigated samples, this main band shifted to
a lower wavenumber after alkaline activation. This is known to
be a common occurrence in fly ash alkali-activated materials
as it represents the extent of the reaction (De Vargas et al.,
2014; Jang and Lee, 2016; Siyal et al., 2016).

For SC12|CH20|SF5-[H], the main band in the cement
appears at 1070–1100 cm−1 and shifted to 1056 (shoulder),
1027 and 956 cm−1 at 3 days and then to 974 cm−1 at 28 days
(Figure 7(c)). The initial shift to the lower frequencies indicates
the formation of sodium aluminosilicate hydrate (N–A–S–H)
(1027 cm−1) and calcium silicate hydrate (C–A–S–H)
(956 cm−1) gels (García-Lodeiro et al., 2011; Yu et al., 1999).
The shoulder at 1056 cm−1 can be assigned to a silica-rich gel
(García-Lodeiro et al., 2008). At a later stage, only one strong
band at 974 cm−1 wavenumber can be observed. The shift
from 1056 and 1027 to 974 cm−1 indicates consumption of the
silica-rich gel and degradation of N–A–S–H gel in favour of
formation of C–A–S–H gel (García-Lodeiro et al., 2008,
2011). The shift from 956 to 974 cm−1 shows an increase in
Si/Al ratio and the degree of polymerisation of the C–A–S–H
gel (García-Lodeiro et al., 2008; Yu et al., 1999).

For SC6|CH20|SF5-[M], the main band at 1099 cm−1 and
shoulder at 1076 cm−1 moved to 1043 and 978 cm−1 at 3 days
and then to 1016 and 962 cm−1 at 28 days (Figure 7(b)).
The bands at 1043 and 1016 cm−1 are assigned to formation
of N–A–S–H gel (García-Lodeiro et al., 2011), while bands
at 978 and 962 cm−1 represent C–A–S–H gel (García-Lodeiro
et al., 2008, 2011; Yu et al., 1999). Therefore, N–A–S–H and
C–A–S–H gels coexist in SC6|CH20|SF5-[M] cement paste.
The shift in the C–A–S–H band to a lower number with time
indicates that the degree of polymerisation of the C–A–S–H
gel decreases, while the calcium uptake in the C–A–S–H gel
structure increases (García-Lodeiro et al., 2008; Yu et al.,
1999).

For SC12|CH10|SF5-[L], the main band at 1091 cm−1

shifted to 1034 and 961 cm−1 at 3 days but then moved to
1012 cm−1 at 28 days (Figure 7(a)). Therefore, this represents
formation of N–A–S–H (1034 cm−1) and C–A–S–H
(961 cm−1) gels at early age and degradation of the C–A–S–H
gel in favour of formation of N–A–S–H gel at 28 days (García-
Lodeiro et al., 2011). The N–A–S–H bands appear at wave-
numbers higher than 1000 cm−1, indicating a possible mixture
of N–A–S–H gel and a silica-rich gel (García-Lodeiro et al.,
2008).

The initial shift to a lower wavenumber (956 cm−1) at 3 days in
SC12|CH20|SF5-[H] cement paste compared to other two
cement pastes can be attributed to a higher pH in the system
and higher calcium uptake in the C–A–S–H gel structure
(García-Lodeiro et al., 2008; Yu et al., 1999). At 28 days, reac-
tion products of SC12|CH20|SF5-[H] cement paste comprise
only C–A–S–H gel, whereas N–A–S–H and C–A–S–H gels
coexist in SC6|CH20|SF5-[M] cement paste and the main reac-
tion product in SC12|CH10|SF5-[L] cement paste is N–A–S–H
gel. This can also be an indication of a higher pH developing
in SC12|CH20|SF5-[H] cement paste compared to SC6|CH20|
SF5-[M] and SC12|CH10|SF5-[L] cement pastes (García-
Lodeiro et al., 2011).

Greenhouse gas emissions
The greenhouse gas emissions associated with the developed
one-part fly ash alkali-activated cements are shown in Table 8.
The emission values presented are calculated based on the
emissions of the raw materials (Table 2) and do not include
emissions associated with production of the cements (transpor-
tation, blending, packaging, etc.).

For comparison, one of the most sustainable binders used
in the construction industry at the moment, blended Portland
cement containing 65% of ground granulated blast furnace
slag, has greenhouse gas emissions equal to 0.465 kg CO2-e/kg
(greenhouse gas emission factors of 0.187 kg CO2-e/kg for slag
and 0.982 kg CO2-e/kg for Portland cement were used
(Infrastructure Sustainability Council of Australia, 2021)). The
developed novel cements do not need an accelerated curing
at elevated temperatures, which is typically required for
fly ash alkali-activated cements and would further contribute
to the greenhouse gas emissions. Therefore, the global
warming potential of the novel one-part fly ash alkali-activated
cements is 65–80% lower compared to highly blended Portland
cement.

Table 8. Greenhouse emissions

Cement ID Emissions: kg CO2-e/kg

SC12|CH20|SF15 0.151
SC12|CH20|SF5 0.160
SC12|CH10|SF15 0.115
SC12|CH10|SF5 0.122
SC6|CH20|SF15 0.132
SC6|CH20|SF5 0.141
SC6|CH10|SF15 0.092
SC6|CH10|SF5 0.098
SC12|CH15|SF10 0.137
SC6|CH15|SF10 0.116
SC9|CH20|SF10 0.146
SC9|CH10|SF10 0.107
SC9|CH15|SF15 0.123
SC9|CH15|SF5 0.131
SC9|CH15|SF10 0.127
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Study limitations and future research
There are a few limitations in this study. First, the evolution of
pH in the novel one-part fly ash alkali-activated cement pastes
was not measured and will be investigated in future research to
confirm its role in the microstructural development of the
cements. Second, a further validation and optimisation of the
statistical model would be beneficial for compressive strength
development predictions. Third, standard properties of the
developed cements – setting times, shrinkage and so on – will
be investigated in the future. It is also important to design
mortars/concretes utilising the novel cements and study their
standard properties, including durability performance. These are
critical for conformance to relevant specifications and standards
for facilitating acceptance of the novel one-part fly ash alkali-
activated cements in the construction industry in the future.

Conclusions
Under ambient curing conditions, the developed novel one-
part fly ash alkali-activated cements gained compressive
strength up to 11.0 and 44.2 MPa at 3 and 28 days, respect-
ively. Sodium carbonate and calcium hydroxide were the main
factors that positively affected the 28 day mechanical strength
of the cements. Silica fume also showed a positive effect on the
strength development, although the magnitude of the effect
was less significant.

Mineralogical and microstructural investigations revealed that
the cation exchange reaction between calcium hydroxide and
sodium carbonate was the key element in the microstructural
development of the cements. Gaylussite and subsequently
calcite were formed during the reaction, releasing hydroxide
ions, which would increase the pH of the system, facilitating
activation. Further experimental investigation is required to
confirm the pH increase and actual pH values in the novel
one-part fly ash alkali-activated cement pastes depending on
the cement composition.

The developed novel one-part fly ash alkali-activated cements
use low-impact activators that are cheaper, easier to handle
and have less environmental impact than the commonly used
activators, sodium hydroxide and sodium silicate. The activa-
tors used in this study are not hygroscopic in nature, allowing
for intermixing and storage in bags just like ordinary Portland
cement. With further investigation and proper standards set
up, this type of binding system could prove to be a low-carbon
alternative to blended Portland cements and drive its accep-
tance within the construction industry.
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