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Abstract
A deep understanding of the role of Ca in geopolymers exposed to various environments is essential for
geopolymerization. This work evaluates the role of Ca by observing the behavior of hierarchically calciferous
geopolymers under different environments including air, carbonization and freezing-thawing cycles. The structural
and morphological differences between the geopolymers and the related mechanisms in various environmental
conditions are assessed based on compressive strength, brunauer emmett teller, X-ray diffraction, fourier
transform infrared spectoscopy, nuclear magnetic resonance spectroscopy and scanning electron microscopy
measurements. It is found that two kinds of geopolymer gels, calcium silicate hydrate and sodium aluminosilicate
hydrate, are formed in the geopolymerization of blast furnace slag and fly ash. Regardless of the specific air,
carbonization or freezing-thawing cycle environment, the former gel dominates the properties in low Ca
geopolymers, while the latter gel determines the properties in medium and high Ca geopolymers. Moreover, the
carbonization environment enables calciferous geopolymers with higher surface areas and smaller pore sizes. Such
adequate pore structures can significantly improve the performance of the geopolymers. This study presents novel
insights into the influence of Ca on geopolymerization and in strengthening geopolymer properties.
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INTRODUCTION
Ordinary Portland cement (OPC) has been widely employed in civil engineering infrastructure projects.
The production of OPC, however, requires significant energy consumption and limestone decomposition.
About one ton of CO2 may be discharged for the manufacturing of only one ton of OPC[1], with global
cement manufacturing releasing up to 4 billion tons of CO2 every year[2-4], representing up to ~8% of
national CO2 emissions[5]. Energy constraints, global warming and intensifying public environmental
consciousness have been growing sharply in numerous developing and developed regions. Thus, the use of
alternative environmentally-friendly construction materials is being ever more investigated[4]. Geopolymers
represent green alternatives to OPC because they exhibit comparable mechanical properties and have much
smaller energy consumption and significantly lower CO2 emissions[6-8]. Geopolymers are three-dimensional
networks produced with many alumina- and silica-containing materials under highly alkaline conditions[9].
It has been confirmed that geopolymers display superiority over OPC with regards to early strength growth
and resistance against fire and chemical erosion[10-12]. Therefore, geopolymers are regarded as promising
alternatives to OPC. The most commonly employed starting materials to prepare geopolymers are clay and
metakaolin, which are rich in alumina and silica[13-15]. However, the most recent interest in geopolymers is
for their utilization of industrial waste and by-products from the perspectives of waste circulation and
resource conservation[16-18].
The most readily available raw sources for geopolymers are fly ash (FA) and blast furnace slag (BFS), which
are both aluminosilicates. FA is a waste produced by the combustion of coal in thermal power plants.
Alumina and silica represent the essential components of FA, in addition to other impurities, including iron
oxides and magnesia. BFS is a byproduct from the production of iron and mainly consists of silicon dioxide,
calcium oxide, aluminum oxide and magnesium oxide. With rapid industrialization, FA and BFS waste has
been produced in large quantities and has accumulated over years to become a significant threat to humans
and the environment. The recycling of FA and BFS to prepare geopolymers not only has the potential to
save natural aluminosilicate resources but also relieves the growing burden of FA and BFS on the
environment. There have been numerous studies on the use of alkali-activated FA, BFS and FA-BFS
materials to prepare geopolymers[5,19,20]. To achieve practical compressive strength, a certain BFS is usually
added to the FA. During the geopolymerization process, the Ca presented in BFS encounters hydration and
generates calcium silicate hydrate gel (C-S-H), which is a cementitious phase that can improve its setting
and strength performance[21]. Many investigations have proved that the presence of BFS shortens the setting
time and enhance the strength of geopolymers[22,23]. However, even if FA-BFS geopolymers have practical
strength, their short setting times of < 1 h, may lead to difficulties in their practical application in
construction activities. Researchers have proposed that the influence of Ca ions should account for these
geopolymers[21].
Lloyd et al.[24] and Temuujin et al.[25] reported that Ca plays an essential role in the early strength
development of geopolymers due to the formation of an intensified aluminosilicate gel. Moreover,
Yip et al.[26] found the coexistence of geopolymeric and C-S-H gels in the same metakaolin-slag geopolymer.
Yip et al.[27] also proposed that soluble Ca ions can greatly accelerate the hardening progress[24], while
Garcia-Lodeiro et al.[28] reported the phase diagrams of CaO-SiO2-Al2O3-Na2O according to detailed
solution/precipitation explorations. In addition, Khan et al.[29] discovered that the types and proportions of
reaction products in geopolymers depend on various factors, including alkalinity, ratios of aluminosilicate
to calcium source and dissolution rates of alkali metal ions from aluminosilicate and calcium sources[30,31].
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Therefore, the interactions between calcium resources, silicate and aluminate are very complicated and the
exact mechanisms require further exploration. The role of Ca also requires further verification in order to
optimize the practical applications of geopolymers.
The present work uses environmentally-friendly alkali-activated high calcium BFS and FA to synthesize a
series of functional geopolymers. We adjust the calcium content and C-S-H gel generation through the
control of the BFS proportion in the geopolymers. We also explore the evolution and variation of the
prepared geopolymers under different artificial natural environments, including air, carbonization and
freezing-thawing cycles. The unique role of Ca in the general geopolymers is considered using X-ray
diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, nuclear magnetic resonance (NMR)
spectroscopy, scanning electron microscopy (SEM) and compressive strength measurements.

EXPERIMENTAL
Materials

The raw FA and BFS were obtained from the Huaneng Fuzhou Power Plant in Fujian province and the
Tangshan Iron and Steel Smelter in Hebei province, respectively. The particle size distributions of FA and
BFS are presented in Figure 1A, with d50 and d90 values for FA of 13.3 and 32.7 μm, and values of 7.2 and
17.6 μm for BFS, respectively. The components in FA and BFS are presented in Table 1. FA mainly includes
SiO2 (45.47%) and Al2O3 (38.77%), while BFS mainly contains CaO (38.55%), SiO2 (30.57%) and Al2O3
(15.09%).
The chemical composition and crystal structure of the FA and BFS are characterized in Figure 1B. The FA
shows many sharp peaks among the test range, which means that the components in FA possess good
crystal structures and the peaks indicates that the components mainly consist of mullite [Al2(Al2.8Si1.2)O9.54,
PDF: 84-1205] and quartz (SiO2, PDF: 83-2465). As for the BFS, there is a wide amorphous peak at 2θ of 2045°, which can be attributed to the peaks from calcite (CaCO3, PDF: 00-003-0596). Sodium silicate
purchased from Aladdin Chemical Reagents was employed as an alkali activator to prepare the
geopolymers. Deionized water was used throughout the whole process.
Methods

To prepare the geopolymer samples, a sodium silicate solution (6.17 mol/L) was employed as an activation
solution and mixed with the starting materials for 10 min. The starting materials consisted of 30 g of a FA
and BFS mixture, in which the BFS proportion changed from 20% to 100%. Subsequently, the mixture was
put into designed cubic steel molds (30 mm × 30 mm × 30 mm) and the molds were vibrated on vibration
tables for 3 min to remove the air bubbles in the mixture. After that, the molds were sealed inside plastic
bags and cured under 60 °C for 6 h and left under 25 °C (room temperature) for seven days to finish the
hydration progress and obtain original geopolymers. Finally, the original geopolymers were exposed to
three typical simulated natural environments for 14 days in: (1) air; (2) a carbonized environment
(temperature ± 20 °C, humidity ± 70% and concentration ± 20%); and (3) heat-cool seawater cycles. The
geopolymers were also exposed to a freezing-thawing machine (4 to -18 °C, cycle time 4 h).
Measurements

The particle size was detected using a laser diffraction analyzer (LS-CWM, Omec, China). The components
in FA and BFS were measured with an X-ray fluorescence instrument (Axios Advanced, The Netherlands).
The chemical composition and crystal structure of FA and BFS were characterized with XRD (D8, Brucker,
Germany). The compressive strength of the geopolymers was analyzed by a YAW-300 compression and
flexure machine from Jinan Tianchen Manufacturing (Jinan, China). The microstructure of the mortars was
characterized by SEM (JEM-2100 F, China) and NMR spectroscopy (Bruker AVANCE III, China). The BET
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Table 1. Main components in FA and BFS

Component (%)

SiO2

Al2O3

CaO

Fe2O3

MgO

TiO2

Na2O

K2O

FA

45.47

38.77

5.11

4.08

1.90

1.41

0.73

1.04

BFS

30.57

15.09

38.55

0.33

1.305

1.60

0.50

0.37

FA: Fly ash; BFS: blast furnace slag.

Figure 1. (A) Particle size distributions and (B) XRD patterns of FA and BFS. XRD: X-ray diffraction; FA: fly ash; BFS: blast furnace slag.

surface area and pore properties of the samples were acquired by N2 adsorption/desorption isotherms and
the Barrett-Joyner-Halenda method (Micromeritics ASAP2460). FT-IR spectra were collected using an FTIR spectrometer (Vector-22, Bruker, Germany).

RESULTS AND DISCUSSION
Compressive strength

The compressive strength of the geopolymers prepared with different proportions of BFS at different
exposure conditions are presented in Figure 2. When exposed to air, carbonization and freezing and
thawing environments, the compressive strength of the geopolymers with 20% and 50% BFS are 11.7, 12.5
and 7.5 MPa and 11.3, 11.7 and 6.7 MPa, respectively. Obviously, the compressive strength of the
geopolymers in the three conditions exhibits various degrees of attenuation when the BFS proportion
increases from 20% to 50%. The results can be attributed to the cracks in the test block caused by the
evaporation of water. At the same BFS proportion, 20% or 50%, the geopolymer exposed in carbonization
obtains the highest compressive strength, next is the geopolymer exposed in air and the geopolymer in
freezing and thawing displays the lowest performance. In the carbonization environment, CaCO3 is
generated by the reaction of CO2 with the C-S-H gel and Ca(OH)2 to fill the pores in the system due to
water evaporation, making the compressive strength slightly higher than that in the air. The freezing and
thawing process may certainly hinder the geopolymerization and destroy the geopolymer structure, thereby
resulting in poor compressive strength. Furthermore, the geopolymer prepared with the 100% BFS freezingthawing system exhibits the most severe deterioration, which failed to be subjected to a compressive
strength measurement.
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Figure 2. Compressive strength of geopolymers prepared with different proportions of BFS in air, carbonization and freezing-thawing
process. BFS: Blast furnace slag.

As the BFS proportion increases to 100%, the compressive strength of the geopolymer in air and
carbonization increases to 19.7 and 18.7 MPa, respectively, which are much higher than those of 20% and
50%. This may be caused by the more calcium sources in BFS, thus offering more precursors and generating
more cementitious gel in the geopolymer with a higher content of BFS. It is noteworthy that the geopolymer
with 100% BFS in air performs higher compressive strength than that in the carbonization environment,
which is different from the geopolymers with 20% and 50% BFS. The reason is that too much CaCO3
generated in the geopolymer when exposed to the carbonization environment, resulting in the decrease of
alkali concentration in the pores and increase of the expansion material, leading to internal cracking and
then the loss of compressive strength.
Microstructural characterization

XRD analysis
Figure 3 presents the XRD patterns of the geopolymers prepared with different proportions of BFS in the
exposure conditions of air, carbonization and freezing-thawing cycles. Figure 3A shows the XRD of
geopolymers exposed in air. The results indicate that the original quartz phase and mullite crystal from FA
and the calcite phase from BFS could be obviously observed. Meanwhile, two new peaks at 29.6° and 49.7°
related to the C-S-H gel occur, indicative of the geopolymerization reaction[32]. With the addition of BFS
from 20% to 50%, the characteristic peaks of FA continuously decrease, while the peaks of the C-S-H gel
increase. For the geopolymers exposed to carbonization [Figure 3B] and freezing-thawing cycles
[Figure 3C], their XRD patterns exhibited similar trends, indicating that the formation process of the
geopolymers was slightly effected by the exposure environments, and the C-S-H generation can obviously
improve the performance of the geopolymers. Thus, we can speculate that the formation rate of C-S-H is
fast and a large amount of C-S-H gel can be generated at the initial stage of the geopolymer reaction, which
accelerates the dissolution of Si and Al from FA and BFS. In addition, C-S-H can act as a condensation core
to accelerate the formation of N-A-S-H and make the gel structure more compact, which is consistent with
the results of higher compressive strength.
FTIR analysis
The FTIR spectra of the geopolymers prepared with different proportions of BFS in different exposure
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Figure 3. XRD patterns of geopolymers prepared with different proportions of BFS in (A) air, (B) carbonization and (C) freezing-thawing
process. XRD: X-ray diffraction; BFS: blast furnace slag.

conditions are illustrated in Figure 4. The absorption peak at 3437 cm-1 represents O-H tensile vibration,
1647 cm-1 belongs to O-H bending vibration, 1447, 870-890 and 735 cm-1 are the vibration peaks of CO32- in
calcite and the characteristic peak of the C-S-H gel. The peak at 970 cm-1 relates to the asymmetric
stretching of Si-O-T (T = Si/Al) in the N-A-S-H gel, while 665 cm-1 resulted from the Si-Al bending
vibration of Si-O-Al in the N-A-S-H gel[33]. The results suggest the formation of C-S-H and N-A-S-H gels in
the reaction, which is consistent with the XRD results. In addition, compared to geopolymers exposed in air
and freezing-thawing cycles, the peak at 1447 cm-1 of the geopolymers with 20% and 50% BFS exposed in the
carbonization environment have larger adsorption intensity, which could be attributed to the invasion of
CO2 and the production of CO32-. For the geopolymer with 20% BFS exposed to carbonization, the peak at
1447 cm-1 is obviously weakened. This is because in fly ash-slag polymer, the increase of FA can optimize
the pore structure and reduce the pore size, resulting in less CO2[33]. Moreover, the FA activity is low and
thus the unreacted FA particles can fill the holes in the geopolymer, thereby reducing the intrusion of
CO2[33].
BET analysis
To obtain a clear understanding of the surface properties of the geopolymers prepared with different
proportions of BFS in different exposure conditions, the BET test was used in the experiment to detect their
specific surface areas and average pore sizes, as presented in Figure 5 and listed in Table 2. As can be seen in
Figure 5, all the geopolymers display similar adsorption-desorption curves, except the curve for the
geopolymer with 100% BFS in freezing-thawing cycles, which was unconsolidated in the experiment. In the
same environment (air or carbonization or freezing-thawing cycles), the BET surface area shows an increase
and then decrease when increasing the BFS proportion, with the largest BET value found for the 50% BFS
sample. However, the average pore sizes of these geopolymers are close and irregular. Moreover, the BET
surface areas of the geopolymers exposed to carbonization environments always show greater values than
those in air and freezing-thawing cycles, even though they display the smallest average pore size in the same
BFS proportion. This could be attributed to the CaCO3 not filling and blocking the pores but separating the
larger pores into smaller pores. Thus, the BET surface area increases while the average pore size decreases to
produce a richer porous structure. Thus, we can speculate that the geopolymers exposed to carbonization
have the richest porous structures, which is significantly beneficial for improving the properties of
geopolymers.
NMR analysis
To understand the nanostructural variations in the geopolymers exposed to different conditions, NMR
spectroscopy was employed to detect their short-range ordering and molecular structure of the geopolymers
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Table 2. BET surface areas and average pore sizes of geopolymers prepared with different proportions of BFS in different exposure
conditions

Exposure condition
2

BET surface area (m /g)

Average pore size (μm)

Samples

In air environment

In carbonization
environment

In freezing-thawing cycles

20% BFS

0.3950

1.5133

1.5802

50% BFS

0.9090

1.8054

1.6250

100% BFS

0.6100

1.0615

0.4858

20% BFS

25.64

19.44

19.48

50% BFS

20.26

19.69

21.08

100% BFS

22.66

20.23

24.51

BFS: Blast furnace slag.

Figure 4. FTIR spectra of geopolymers prepared with different proportions of BFS in different exposure conditions. BFS: Blast furnace
slag.

in Figure 6. It uses Gaussian peak deconvolution to overcome the lack of spectra resolution and can
efficiently separate and quantify the Qn(mAl) species (0 ≤ m ≤ n ≤4, m and n are integers)[34,35]. The
resonances at -74, -79 -87.8 and -96.4 ppm belong to Q0, Q1, Q2 and Q3 produced in the C-S-H gel,
respectively[36]. The resonances at -84, -89, -93, -99 and -108 ppm relate to Q4(4Al), Q4(3Al), Q4(2Al),
Q4(1Al) and Q4(0Al) in the N-A-S-H gel, respectively[37]. Furthermore, the resonance at -104 ppm represents
Q3 (R) when the H in OH is replaced by a metal ion (Na+ or K+) in Q3[38]. Figure 6 presents the 29Si NMR
spectra of geopolymers prepared with different proportions of BFS in different exposures. As can be seen,
the 29Si NMR spectra of the geopolymers exhibit a broad resonance ranging from δiso -75 to -95 ppm.
However, the line shapes of the distribution are different, suggesting that various nanostructures occur in
the geopolymers with different exposure conditions.
To further understand the nanostructural variations in the geopolymers under different exposures, the
short-range ordering and molecular structure of the geopolymer were measured by NMR spectroscopy in
Figure 7 and their corresponding Si sites are listed in Table 3. The 20%, 50% and 100% additions of BFS in
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Table 3. Si sites in unreacted silicate resource and C-S-H and N-A-S-H gels

Exposure condition

Samples

Q0 unreacted silicate

Q1, Q2, Q3 (C-S-H)

Q4 (N-A-S-H)

In air environment

20% BFS

2.55%

43.98%

53.47%

50% BFS

5.64%

48.79%

45.57%

100% BFS

16.91%

54.62%

28.47%

20% BFS

4.06%

48.76%

47.18%

50% BFS

5.71%

39.78%

54.51%

100% BFS

12.87%

51.46%

35.67%

20% BFS

2.72%

35.44%

61.84%

50% BFS

6.85%

54.01%

39.14%

100% BFS

11.86%

53.93%

34.21%

In carbonization environment

In freezing-thawing cycles

BFS: Blast furnace slag.

Figure 5. BET adsorption-desorption curves and pore size distribution of geopolymers prepared with different proportions of BFS in (AC) air, (D-F) carbonization and (G-I) freezing-thawing cycles. BFS: Blast furnace slag.

the geopolymers are labeled low, medium and high calcium geopolymers, respectively. For the low calcium
geopolymers exposed to air, carbonization and freezing-thawing cycles, their Si sites in the silicate
monomers (Q0) are 2.55%, 4.06% and 2.72%, respectively, which display very low proportions and minimal
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Figure 6. 29Si NMR spectra of geopolymers prepared with different proportions of BFS in different exposure conditions. NMR: Nuclear
magnetic resonance; BFS: blast furnace slag.

differences. These results suggest that most Si joined the geopolymerization reaction and the few unreacted
Si may barely affect the geopolymer properties. Simultaneously, the Si sites Q4 resulting from the N-A-S-H
gel in the low calcium geopolymers under different exposure follows in carbonization (47.18%) < in air
(53.47%) < in freezing-thawing cycles (61.84%), consistent with their compressive strength results in
Figure 2. Thus, we can speculate that the N-A-S-H gel conducts the properties of the low calcium
geopolymer.
For the medium calcium geopolymers exposed to air, carbonization and freezing-thawing cycles, their Si
sites in silicate monomers (Q0) are 5.64%, 5.71% and 6.85%, respectively, which also display very low
proportions and minimal differences. Meanwhile, the Si sites Q1, Q2 and Q3 resulting from the C-S-H gel in
the medium calcium geopolymers under different exposure follows in carbonization (39.78%) < in air
(48.79%) < in freezing-thawing cycles (54.01%), which also agrees with their compressive strengths. Thus,
C-S-H gel may control the properties of the medium calcium geopolymers. For the high calcium
geopolymers, it is difficult to conclude due to the collapse of geopolymer under freezing-thawing cycles.
Although the high calcium geopolymers exposed in air contains more unreacted silicate Q0 (16.91%) than
that (12.87%) exposed to carbonization, the Si sites Q1, Q2 and Q3 in geopolymers exposed in air (54.62%) is
higher as compared to that (51.46%) exposed to carbonization, consistent with their compressive strengths.
These results suggest that the C-S-H gel dominates the properties of high calcium geopolymers.
Micromorphological analysis
For microobservation of the morphologies of the geopolymers prepared with different proportions of BFS
in different exposures, Figure 8 gives their typical SEM images. When exposed to air, only few unreacted
particles can be observed, most of the raw materials reacted to produce geopolymer gels. In particular, more
compact and smoother surfaces with increasing BFS addition are found, suggesting more geopolymer gel
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Figure 7. Deconvolution of 29 Si NMR spectra of geopolymers prepared with different proportions of BFS in (A-C) air, (D-F)
carbonization and (G-I) freezing-thawing cycles. NMR: Nuclear magnetic resonance; BFS: blast furnace slag.

generation and better properties. While deeper and larger cracks occur with increasing BFS due to the
natural evaporation of water, drying and shrinkage of sample, which may result in the surface tension
increase larger than the binding force of geopolymers, which then cause some adverse effects on their
properties.
When exposed to carbonization, the geopolymers with 20% and 50% BFS have fewer unreacted particles,
smoother surface and smaller cracks when compared to that exposed in air, making them better properties,
consistent with the compressive strength. Although the geopolymer with 100% BFS has smoother surface
and smaller cracks, there are many unreacted particles on its surface, making it less compressive. These
results can be attributed to the FA optimizing the pore structure of the fly ash-slag base polymer, effectively
preventing carbon dioxide from entering the interior and reducing the negative effects brought by the
neutralization of pore fluid and the generation of CaCO3 and other expansive substances caused by carbon
dioxide.
For exposure to freezing-thawing cycles, the sample under 20% BFS has significantly fewer unreacted
particles and a more dense surface with some cracks, which is because FA optimizes the pore structure of fly
ash-slag base polymer, effectively reducing seawater entry into the internal structure and performs better in
freezing-thawing resistance[39]. With increasing BFS, the geopolymer surface change to rough and occur
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Figure 8. SEM images of geopolymers prepared with different proportions of BFS in (A-C) air, (D-F) carbonization and (G-I) freezingthawing cycles. SEM: Scanning electron microscopy; BFS: blast furnace slag.

many unreacted particles. Compared with in carbonization, the harm caused by freeze-thaw cycles is far
more than that of carbonization and the late hydration cannot be carried out because of overall cracking.
Macromorphology exposed in freezing-thawing cycles
Based on the above results, the geopolymers exposed to freezing-thawing cycles encounter the most severe
deterioration. To obtain a visual observation of the process, Figure 9 gives the macro changes of the
geopolymer prepared with different proportions of BFS in freezing-thawing cycles. It can be seen that all the
initial geopolymers show a strong cubic shape in the 10%-100% proportion range of BFS. However, the
geopolymers with 60%-100% BFS display an unconsolidated matrix after ten freezing-thawing cycles.
Therefore, it is failed to obtain the compressive strength value of geopolymer with 60%-100% BFS. As the
samples encounter 20 freezing-thawing cycles, almost all the geopolymers present an unconsolidated matrix
and the more BFS, the more severe the unconsolidation. The NMR analysis finds that geopolymers exposed
to freezing-thawing cycle are of fewer Si sites in Q0 while much more Si sites in Q1, Q2, Q3 and Q4, which has
a similar evolution trend to those of geopolymers exposed in air and carbonization. Geopolymers exposed
to air and carbonization exhibit higher compressive strength than that exposed in freezing-thawing cycles.
In contrast, the geopolymers exposed to freezing-thawing cycles exhibit the most severe deterioration. This
result indicates that the deterioration is not related to the evolution of chemical nanostructures but with the
changes in physical properties. The formation of the cracks caused by the fast drying and shrinkage of
geopolymer, which might result in the deterioration of geopolymers. In the freezing-thawing cycles, water
saturating, freezing, swelling and melting in cracks take place reduplicative, thus accelerating the
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Figure 9. Macro changes of geopolymers prepared with different proportions of BFS in freezing-thawing cycles for (A) initial sample,
(B) 10 times and (C) 20 times. BFS: Blast furnace slag.

decomposition of the geopolymer matrix.

CONCLUSION
The present work investigated the role of calcium in BFS-FA geopolymers under various artificial natural
environments. It was found that two kinds of geopolymer gels, C-S-H and N-A-S-H, occurred in the
geopolymerization of BFS and FA. In the low calcium geopolymer, the N-A-S-H gel dominates its
properties regardless of the geopolymer environment. While in the medium and high calcium geopolymers,
the C-S-H gel conducts the properties regardless of the environments. In addition, the geopolymer exposed
in carbonization possesses higher surface area and smaller pore size, suggesting the geopolymer has a richer
pore structure, which is significantly beneficial for improving its properties.
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