
Full Length Article

Mechanical strength and the degradation mechanism of metakaolin
based geopolymer mixed with ordinary Portland cement and cured at
high temperature and high relative humidity

Xia Miao 1,2, Xiaofan Pang 3,⇑, Shiyu Li 3, Haoguang Wei 1,2, Jianhao Yin 3, Xiangming Kong 3,⇑
1 State Key Laboratory of Shale Oil and Gas Enrichment Mechanisms and Effective Development, Beijing 100101, China
2 Sinopec Research Institute of Petroleum Engineering Co., Ltd, Beijing 100101, China
3Department of Civil Engineering, Tsinghua University, Beijing 100084, China

a r t i c l e i n f o

Article history:
Received 14 September 2022
Received in revised form 1 February 2023
Accepted 9 February 2023
Available online 14 February 2023

Keywords:
Geopolymer
Hydrothermal conditions
Strength
Degradation
Crystallization
Gels

a b s t r a c t

Geopolymer is a new type of eco-friendly cementitious material, and its superior drying and high tem-
perature resistance has been widely recognized. The service performance of geopolymer under 150 �C
high-temperature hydrothermal conditions is still less discussed. In this paper, the mechanical strength
of pure metakaolin system with low calcium content and metakaolin-cement system with high calcium
content under hydrothermal and non-hydrothermal conditions were studied. The results show that
under 150 �C hydrothermal conditions, the strength of pure metakaolin geopolymer sharply decreases
by reduction rate of 81.8% compared to the sample under 150 �C drying conditions, while the strength
of metakaolin-cement geopolymers is well retained with only a slight decrease of 14.4%. This is mainly
because the predominantly hydration product sodium aluminosilicate (N-A-S-H) gel of pure metakaolin
system undergoes the process of ‘‘dissociation–repolymerization–crystallization” under 150 �C
hydrothermal conditions, resulting in the loss of cementation ability and obvious deterioration of
mechanical strength. In the metakaolin-cement system, the high-calcium calcium silicate gel (C-A-S-H)
gel maintains a stable structure, thereby maintaining the macroscopic strength of the material under
the hydrothermal conditions.
� 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Geopolymer is a new type of cementitious material formed by
the reaction between aluminosilicate raw materials and alkali
activator. The product is a three-dimensional network-
structured aluminosilicate gel composed of silica tetrahedron
and aluminum oxide tetrahedron [1,2]. Geopolymers have the
advantages of exceptional mechanical strength, corrosion resis-
tance, high temperature resistance and excellent durability [3–
6]. More importantly, the geopolymer manufacturing process
avoids the high energy consumption and huge CO2 emission with
respect to clinker production, compared with ordinary Portland
cement (OPC) [7,8]. Because of their performance advantages
and low CO2 emission, geopolymer materials have been consid-
ered substitutes for OPC.

With the continuous development of the petroleum industry,
deep oil and gas exploration frequently confronts formations such
as high temperature, high pressure, high permeability, and high
corrosion environment, resulting in worse cementing environment
and more complex cementing process. Although various types of
oil and gas well cements have been specifically developed, they
did not provide satisfactory performance in deep-reaching wells,
confronting problems such as strength degradation, and chemical
corrosion [9,10]. Geopolymer could be an ideal option as the
cementing materials for such deep-reaching wells thanks to the
superior high temperature and corrosion resistance as reported
[10–13]. Currently, the properties of geopolymer systems under
high temperature application have been explored. It is reported
that the compressive strength of geopolymer is mainly influenced
by the curing temperature as compared to the other parameters
including alkaline concentration and curing period [14]. High-
temperature curing generally accelerates the early strength of
geopolymers [15–17], due to the increase of both the dissolution
and polycondensation rates and the rapid formation of the
geopolymeric structure [18,19]. Liew et al. [20] reported that the
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strength development of metakaolin geopolymer pastes was extre-
mely slow and compressive strength increased with the increasing
curing temperature. Yuan et al. [21] reported that with the increase
of curing temperature, microstructures of metakaolin geopolymers
become denser and thus resulting in improvement of the mechan-
ical properties. Peng et al. [22] found that the geopolymers cured at
20 �C had very low compressive strengths (<5 MPa) even after
being cured for 28 d. Nevertheless, when the curing temperature
was heightened to 80 �C, the corresponding samples had relatively
high compressive strengths up to 38.3 MPa. Suppiah et al. [23] also
found the same phenomenon in fly ash geopolymers. They
observed that the samples cured at 90 �C had superior strength
after 24 h compared with 60 �C. But they also pointed out that
there is a possibility of strength reduction at very high curing tem-
peratures (>100 �C). In addition, the strength changes of geopoly-
mers and hardened OPC pastes exposed to elevated temperatures
have also been studied. It was found that geopolymers after expo-
sure to elevated temperature 200–600 �C show almost no change
in compressive strength while the OPC mortar significantly loses
the strength with the development of larger crack width [24], indi-
cating that geopolymer did perform better than OPC when sub-
jected to a dry and thermal environment [25,26].

The advantages of geopolymers in high temperatures and dry
environments are apparent. However, in oil well cementing engi-
neering, cementitious materials are often encountered in the high
temperature up to 200 �C, high humidity (RH > 30%–50%) or even
water saturated environment. At present, the strength of geopoly-
mers in such harsh service environment is still unclear. Indeed, the
product of geopolymerization is amorphous hydrated sodium alu-
minosilicate (N-A-S-H) gel that can be considered as metastable
amorphous zeolites that were unable to crystallize due to inade-
quate water/solid ratio [27]. Accordingly, some researchers have
utilized geopolymers to the in-situ synthesis of artificial zeolite
under hydrothermal conditions. Kolousek et al. [28] used
metakaolin-based geopolymers under hydrothermal conditions
(100 or 140 �C, 1–7 d age) to prepare products containing rhombic
and cross-zeolite structures. Liu et al. [29] prepared faujasite zeo-
lite using fly ash geopolymer under hydrothermal conditions of
80–110 �C with curing time of 6–48 h. These research results
demonstrate that the gel structure of the geopolymers will be
changed under hydrothermal conditions [30,31] which is likely
to cause performance variation of the geopolymers. Therefore, it
is essential to disclose the mechanical strength and the microstruc-
tural changes of the geopolymers in hydrothermal service
conditions.

In this paper, the mechanical strength and the degradation
mechanism of the metakaolin base geopolymer have been studied
under high temperature and hydrothermal conditions. In addition
to the pure metakaolin geopolymer system, metakaolin and ordi-
nary Portland cement were mixed to prepare metakaolin-cement
geopolymers. The properties of the obtained geopolymers under
hydrothermal and non-hydrothermal conditions were compared,
and the underlying mechanism was preliminarily discussed.

2. Experimental

2.1. Materials

Metakaolin (MK) and ordinary Portland cement (OPC) were
used to prepare test specimens. Metakaolin was produced by cal-
cining kaolin clay at 600 �C and ordinary Portland cement 42.5 R
complying GB8076-2008 was provided by China United Cement
Corporation. The chemical composition of metakaolin and cement
is shown in Table 1. It is seen that calcium content in MK is very
low and aluminum content is significantly high in comparison with
OPC.

AR grade sodium hydroxide (�98%) and an industrial product of
sodium silicate solution with a mass concentration of 38% were
used to prepare the sodium hydroxide-sodium silicate composite
activator. The chemical composition of the sodium silicate is
Na2O�3.26SiO2, with modulus (molar ratio of SiO2/Al2O3) Ms = 3.26.

2.2. Methods

2.2.1. Specimen systems
Three groups of geopolymers were prepared in this study.

When the pure metakaolin was used as the powder material in
the paste, the sample was abbreviated as MK100. When the mix-
tures of metakaolin and OPC with mass ratio of 75:25 and 50:50
were used to prepare the geopolymers, the obtained samples were
respectively denoted as MK75C and MK50C.

The preparation of geopolymer paste usually involves three key
parameters, the molar ratio of SiO2/Al2O3, Na2O/Al2O3 and H2O/
Na2O. SiO2/Al2O3 mainly affects the dissolution and polycondensa-
tion reaction of geopolymers, which plays a key role in the poly-
merization stage of silicon-aluminum skeleton in the
aluminosilicate inorganic polymer gel [32,33]. Na2O/Al2O3 reflects
the charge balance status in the aluminosilicate gel system [34],
while H2O/Na2O regulates the concentration of the alkaline solu-
tion in the reaction system, and thus the dissolution rate of alumi-
nosilicate minerals. Both too low and too high ratios of H2O/Na2O
will negatively affect the formation of the products [35,36]. The
studies of Silva et al. [37] and Duxson et al. [38] showed that good
mechanical properties of metakaolin-based geopolymers could be
achieved when SiO2/Al2O3 is about 3.0–4.0, and Na2O/Al2O3 is
about 1.0. For the selection of H2O/Na2O, according to the research
of Cui et al. [39], the geopolymer has better mechanical properties
when it is about 13–17. Based on the results of previous literatures,
the MK powders in the three geopolymer systems in this study are
all activated by sodium hydroxide-sodium silicate solution, and the
molar ratio of SiO2/Al2O3, Na2O/Al2O3 and H2O/Na2O was selected
as 3.5, 1.0 and 13.6. For the cement in MK75C and MK50C systems,
additional water besides the activator solution was added and the
ratio of the additional to cement (W/C) was fixed at 0.4 according
to the oil well cement specification. The mix proportions for prepa-
ration of the geopolymer pastes are given in Table 2.

2.2.2. Mixing and curing test
Metakaolin and cement were mixed by hand for 5 min first.

Activator solution which had been prepared according to Table 2
in advance and kept at 20 �C, was then poured gradually into the
dry components. The mixing was synthesized in planetary mixer
for 15 min until a homogenous paste was obtained. The paste
was then cast in cubic molds of 40 mm � 40 mm and vibrated
on a vibrating table to liberate trapped air bubbles.

Five different curing conditions were adopted for the test
pastes, including pre-curing and post-curing. As described in
Table 3, CUC-1, CUC-2 and CUC-3 were directly cured in the condi-
tions of 25 �C RH90% for 24 h, 80 �C RH90% for 24 h, and 80 �C
RH90% for 4 h respectively, without pre-curing, while the prepara-
tion of CUC-4 and CUC-5 involved pre-curing at 80 �C RH100% for
4 h and afterwards post-curing at 150 �C for 20 h respectively
under drying condition (RH < 10%) and hydrothermal condition
(in waterlog condition).

2.2.3. Compressive strength test
The compressive strength test is performed in accordance with

the standard GB/T17617–2021 ‘‘Test method of cement mortar
strength (ISO method) [40]”. Before the test, all test samples were
cooled to room temperature.
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2.2.4. Characterization of geopolymer systems
After the samples were crushed, the solvent exchange method

using anhydrous isopropanolwas adopted to terminate the reaction
as selected curing ages [41]. Then the samples were completely
ground into fine powder and dried in a desiccator under N2 flow at
atmospheric pressure and 25 �C to avoid carbonation and any possi-
ble changes of the hydration products [41]. The products of the solid
samples were determined by means of X-ray diffraction (XRD, Bru-
ker, Germany) D8 Advance with monochromatic Cu Ka radiation
(k = 0.154059 nm)was used to record the diffraction patterns under
the 2h range of 5� to 70�with a scanning speed of 2 (�)�min�1. Ther-
mogravimetric (TG) analyseswere conductedwith aNETZSCH (Ger-
many) STA 2500 device using approximately 20 mg of sample. The
mass loss of the samples was recorded from 30 �C up to 980 �C with
a heating rate of 10 �C� min�1 under N2 atmosphere. The porosity
analysis data were obtained by nitrogen adsorption method at
77.35 K usingMicromeritics (USA) ASAP2020. The 29Si nuclearmag-
netic resonance (NMR) measurement was performed at room tem-
perature using Agilent (USA) 600 MHz NMR spectrometer with a
4 mm cross polarization/magic angle spin (CP/MAS) probe. The 29Si
MAS NMR single-pulse experiments were recorded at 79.49 MHz
with the spinning speed of 8000 Hz. The chemical shifts of the 29Si
MAS NMR spectra were referenced to an external sample of tetram-
ethylsilane (TMS). Scanning electron microscope (SEM) observa-
tions for geopolymer samples were carried out at the curing age of
1 d using a Quanta (USA) 200 FEG microscope. An equipped energy
dispersive X-ray spectroscopy (EDS) in the TEM enabled a direct
analysis on the elemental composition of the selected phases
observed by transmission electronmicroscope (TEM, JEM-101, JEOL,
Japan), and the crystal typeof thesephases couldbe further analyzed
by the selected area electron diffraction (SAED) technique in the
meantime.

3. Results and Discussion

3.1. Compressive strength test

As shown in Fig. 1, under the curing condition of CUC-2, the
compressive strength of MK100 group is significantly higher than

that of CUC-1, but is basically similar to CUC-3. This indicates that
the thermal curing can substantially promote strength develop-
ment of the pure metakaolin system at the same curing age of
24 h, and the reaction degree at the age of 4 h is almost close to
that of 24 h under thermal curing condition. Kirschner et al. [42]
also discovered that the reaction of metakaolin-based polymer
was mostly completed after curing at 75 �C for 4 h. The MK100
group formed after curing at 80 �C for 4 h was then cured at
150 �C in dry (CUC-4 and saturated CUC-5) conditions to the age
of 24 h. The strength of sample under CUC-4 condition is moder-
ately lower than that under CUC-3 conditions, indicating that the
150 �C drying condition has unobvious negative effect on strength.
However, the compressive strength of the sample cured under
CUC-5 condition sharply decreased by reduction rate of 81.8% com-
pared to the sample under CUC-4 condition. As shown in Fig. 2, the
sample of MK100 group at this time appears to be in a loose pow-
dery particle state and practically loses its cementitious ability.

Similar to metakaolin system, 80 �C thermal curing can also
improve the strength of the metakaolin-cement system. The com-

Table 1
Chemical composition (%) of MK and OPC

Al2O3 SiO2 CaO Na2O K2O SO3 Fe2O3

MK 46.32 49.90 0.18 0.21 0.12 0.04 0.61
OPC 5.07 21.28 64.58 0.55 – 0.93 3.86

Table 2
Mixture proportions of three pastes

Paste system MK/g OPC/g Activator solution/g Additional water/g

Sodium silicate solution NaOH Water

MK100 500 – 787.0 89.0 62.0 –
MK75C 375 125 590.0 67.0 46.5 50
MK50C 250 250 393.5 44.5 31.0 100

Table 3
Different curing conditions of three pastes

Curing condition Pre-curing Post-curing

Temperature/�C Time/h RH/% Temperature/�C Time/h RH/%

CUC-1 — — — 25 24 90
CUC-2 — — — 80 24 90
CUC-3 — — — 80 4 90
CUC-4 80 4 90 150 20 <10
CUC-5 80 4 90 150 20 Waterlog

Fig. 1. Compressive strength of three pastes obtained from different curing
conditions.
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pressive strength at 4 h is also approximately the same as that at
24 h. When the temperature rises to 150 �C, the compressive
strength of MK100 and MK75C group decreases slightly, while
the strength of MK50C group increases. However, under the
150 �C waterlog condition (CUC-5), the MK100 group virtually lost
its compressive strength, with loose powdery particles shown on
the sample surface (Fig. 2). Interestingly, the strength of MK75C
and MK50C groups is well retained under CUC-5 curing conditions.
In addition, the strength of MK50C group with higher calcium con-
tent decreases less than that of MK75C group, and still retains a
compressive strength of about 16 MPa with only a slight decrease
of 14.4%. Moreover, the appearance of the samples here is intact
without obvious damage, as shown in Fig. 2.

The elevation of curing temperature promotes the development
of geopolymer strength, due to the increase of dissolution of meta-
kaolin particles and polymerization reaction [19] which has been
widely reported [15–17]. This study also verified that both meta-
kaolin system and metakaolin-cement system have high strength
under high temperature and dry conditions. Interestingly, under
high temperature hydrothermal conditions, the low calcium meta-
kaolin system almost loses its compressive strength, while the high
calcium metakaolin-cement system maintains a high strength. The
mechanism of this phenomenon is explained below.

3.2. XRD analysis

Fig. 3 shows the XRD patterns of the geopolymers obtained
under different curing conditions. It can be seen from Fig. 3(a) that
the XRD of MK100 samples cured under the conditions of CUC-1–
CUC-4 are all dispersive diffraction peaks in the range of 2h = 25�–
30�, indicating that the reaction products are amorphous silica alu-
minate gels. Since there is no calcium in the system, the resulting
gel should be sodium aluminosilicate gel (N-A-S-H gel) [43,44].
However, after the MK100 sample was cured under CUC-5 condi-
tion, the XRD of the sample changes to sharp diffraction peaks,
indicating that the reaction product has changed from amorphous
gel to crystalline structure. Based on Jade analysis software and the
related literature [31,45–48], it is supposed that the crystals Na–P
zeolite structure (Na6Al6Si10O32�12H2O) are mainly generated after
crystallization, which diffraction peaks are observed at 12.5�, 17.7�,
21.7�, 28.2� and 33.4� of 2h.

Fig. 3(b),(c) indicates that under the conditions of CUC-1–CUC-
4, the XRD patterns of MK75C and MK50C groups also show the

presence of amorphous aluminosilicate gel structure in the range
of 2h = 25�–30�, and diffraction peaks of tobermorite structure sim-
ilar to C-S-H gel appear near 2h = 30� and 2h = 32.5� [49,50], indi-
cating that in addition to the sodium-containing N-A-S-H gel,
calcium silicate gel (C-A-S-H gel) with a layered structure appears
in the reaction product [51–53]. However, under CUC-5 curing
condition, although the diffraction peak of C-A-S-H gel structure
at 2h = 30� in MK75C group is retained, the retention is already
very insignificant, indicating that the N-A-S-H gel with a large pro-
portion in the products still has obvious crystallinity. But, in the
MK50C group with higher calcium content, although the diffrac-
tion peak of zeolite structure appears in the XRD pattern under
CUC-5 curing condition, the dispersive diffraction peaks in the
range of 2h = 25�–30� and the diffraction peaks of C-A-S-H gel
structure near 2h = 30� and 2h = 32.5� are basically intact. The
MK50C group has lower crystallization products compared to
MK100 and MK75C groups. This may be due to that the main prod-
ucts of MK50C are C-A-S-H gels, which are more stable than N-A-S-
H under hydrothermal conditions.

From the strength results and the changes of crystalline struc-
ture of the products, it can be seen that high temperature environ-
ment of 150 �C does not directly promote the crystallization of the
silicate product gel under dry condition. Only when the product
gels are subjected to hydrothermal conditions of 150 �C, crystal-
lization of the products occurs to form zeolite, resulting in the
deterioration of strength. This is consistent with the literatures
[45,54,55], which also found the transition of amorphous gels into
crystalline zeolites leading to a certain loss of compressive
strength. However, the C-A-S-H gel containing calcium can main-
tain the gel stability under hydrothermal conditions at 150 �C com-
pared with N-A-S-H gel and thus the high strength is retained.

3.3. TG-DTG analysis

The thermal analysis method was used to characterize the com-
position changes of the geopolymers in MK100, MK75C, and
MK50C systems under different curing conditions. It can be seen
from Fig. 4(a) that under the CUC-2 and CUC-3 curing conditions,
the MK100 groups lost weight in the temperature range of 100–
250 �C. According to literatures [51–53,56], only bound water in
the gel is removed within this temperature range. The mass losses
of the sample are basically identical under the two conditions,
which further proves that the reaction degree of geological poly-

Fig. 2. Images of the three pastes obtained from different curing conditions.
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merization in MK100 is basically the same after curing at 80 �C for
4 and 24 h. However, under the condition of CUC-5, the mass loss
of MK100 group is significantly reduced, and the temperature

range of thermal mass loss is expanded to 100–400 �C. The thermal
mass loss of MK100 group under CUC-5 curing condition is about
15.1%, while the figure is about 18.2% under CUC-2 curing condi-
tion. This change may be caused by the phenomenon that the pores

Fig. 3. XRD patterns of the three pastes obtained from different curing conditions:
(a) MK, (b) MK75C, (c) MK50C.

Fig. 4. TG-DTG curves of the three pastes obtained from different curing conditions:
(a) MK100, (b) MK75C, (c) MK50C.
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in the zeolite structure formed by the crystallization of N-A-S-H gel
at 150 �C hydrothermal condition are too small [44,57] to bind
more water molecules.

Fig. 4(b),(c) shows thermogravimetric curve of metakaolin-
cement system. It can be seen from Fig. 4(b) that the mass loss
of MK75C is basically consistent under the CUC-2 and CUC-3 con-
ditions, while it is also significantly reduced under CUC-5 curing
conditions. At 100–250 �C and 250–450 �C in the DTG curve of
the sample under CUC-5 curing condition, two obvious thermo-
gravimetric rate peaks appear, indicating that the sample has
two stages of mass loss. The first stage is mainly due to the loss
of bound water in the non crystallized gels, including the cement
hydration product calcium-silicate-hydrate (C-S-H) gel and a small
part of N-A-S-H gels [51–53,56]. As for the second stage of mass
loss, this may be due to the delayed heat conduction caused by
the entanglement between the uncrystallized gel and the crystals
in the sample. The outer gels first remove bound water, and then
the bound water in the crystal loses at higher temperature. How-
ever, different from MK100 and MK75C groups, it can be seen from
Fig. 4(c) that the TG curves of MK50C samples under three curing
conditions are basically similar and the thermal mass loss occurs
in the temperature range of 100–250 �C. This indicates that the
bound water contents in the gel structure are essentially the same
and the gel compositions are comparable. In fact, it can be seen
from Fig. 4(c) that the MK50C samples even present a higher mass
loss under CUC-5 condition. This may be because the hydration
degree of metakaolin-cement system is improved and more C-A-
S-H gels are produced with the increase of temperature [19–21].

3.4. Porosity

Fig. 5 shows the pore structure of MK100 and MK50C groups
tested by the nitrogen adsorption method. It can be seen that the
MK100 group under CUC-2 curing condition has the highest total
porosity, while the total porosity is considerably lower under
CUC-5 curing condition compared to the other two curing condi-
tions. On the other hand, the most probable pore size of MK100
group under CUC-1 and CUC-2 curing conditions is about 20–
25 nm, while the figure is only about 5 nm under CUC-5 curing
conditions.

As shown in Fig. 5(b), the total porosity of MK50C group
under CUC-1 and CUC-2 curing conditions is basically the same.
However, the total porosity of MK50C group under CUC-5 curing
conditions is moderately smaller than the other two curing con-
ditions. Although the total porosity of MK50C group decreases
under CUC-5 condition, the most integrable pore size of the sam-
ple under CUC-5 curing condition is about 30 nm, slightly larger
than that under CUC-1 and CUC-2 curing conditions, which is in
the range of 15–20 nm. This may be due to the precipitation of
some crystals in the original gel matrix under hydrothermal con-
ditions [30,58]. In the high-calcium geopolymers, some com-
pletely precipitated crystals fill the original pore space,
resulting in the decrease of porosity, and the other part of the
crystals which are not completely precipitated from the gel can
form interfaces with the gel, causing the most probable pore size
to increase.

It is worth noting that under CUC-5 curing conditions, the
total porosity and the most probable pore size of MK100 group
are much smaller than MK50C group. Theoretically, the compres-
sive strength of MK100 group should be higher than MK50C
group, but the experimental results are just the opposite. This
is because under CUC-5 curing conditions, a large number of gels
in the low-calcium pure kaolin geopolymer crystallizes to gener-
ate zeolite crystals [44], resulting in the loss of cementation
capacity.

3.5. NMR analysis

29Si NMR has been used to further study the changes in reaction
products under CUC-2 and CUC-5 curing conditions. It can be seen
from Fig. 6(a),(b) that the peak of the MK100 group products under
CUC-5 curing condition is visibly shifted compared with that of the
products under CUC-2 curing condition, and a new peak appears at
d = –91.30. This demonstrates that the chemical structure of N-A-S-
H gel in MK100 group is changed considerably under the
hydrothermal condition of 150 �C.

As shown in Fig. 6(c) and (d), the 29Si NMR patterns of MK50C
obtained from the two curing conditions, are virtually identical
under indicating that the hydrothermal condition of 150 �C does
not lead to structural change the C-A-S-H gel generated in
MK50C group, which is consistent with the results of XRD in Sec-
tion 3.2. It is further clarified that N-A-S-H gel will undergo obvi-
ous structural changes under saturated water condition of
150 �C, while C-A-S-H gel with high calcium content is stable
enough against the hydrothermal treatment of 150 �C.

The original 29Si NMR spectra were then deconvolved into indi-
vidual Gaussian peaks to further analyze the Si coordination envi-
ronment in the samples [59–61]. In this paper, Q0, Q1, Q2, Q2(1Al),
Q3(1Al), Q3(2Al), Q4(0Al), Q4(1Al), Q4(2Al), Q4(3Al) and Q4(4Al) are
derived after deconvolution, whose chemical shifts are located
at � 68 ± 5, �76 ± 4, �78 ± 5, �84 ± 4, �90 ± 4, �94 ± 4, �110 ± 5,
�101 ± 4, –95 ± 4, –91 ± 4 and –85 ± 4 respectively [44,61–66].
The proportion of each Qn(mAl) structure are shown in Table 4,
and the calculated and fitted patterns are shown in Fig. 7.

Fig. 7(a),(b) and Table 4 give the fitting results of NMR deconvo-
lution curves of MK100 group under CUC-2 and CUC-5 curing con-
ditions, as well as the proportion of each Qn(mAl) structure. It can
be seen from the results that the chemical structures of Si in
MK100 group under 80 �C curing conditions are mainly Q2(1Al)
and Q4(4Al) structures, accounting for 19.3% and 19.7%, respec-
tively. The proportions of Q3(2Al), Q4(1Al), Q4(2Al) and Q4(4Al)
structures are significantly increased under saturated water condi-
tion of 150 �C, while the other structures decrease obviously, and
the structures of Q4(0Al) and Q4(3Al) basically disappear. The Si/
Al ratios in MK100 group under CUC-2 and CUC-5 curing condi-
tions are calculated to be 1.30 and 1.23, respectively [51,62,67],
according to the Eq. (1) [62] and the contents of chemical structure
Q4(mAl) (m = 0, 1, 2, 3, 4) shown in Table 4.

Si=AlN-A-S-H gel ¼
P4

m¼0
Q4ðmAlÞ

P4

m¼0

m
4 Q

4ðmAlÞ
ð1Þ

In the N-A-S-H gel generated under CUC-2 curing conditions,
Q0, Q1, Q2, Q2(1Al), Q3(1Al) and Q3(2Al) structures are grafted onto
the aluminosilicate main chain to form a network gel structure, in
addition to the main chain structure dominant by Q4(mAl) (m = 0,
1, 2, 3, 4). However, the proportion of aluminum in the main chain
structure has increased significantly under the CUC-5 curing condi-
tion, indicating that the gel structure of the original product has
undergone reorganization, and the process is shown in Fig. 8. In
the 150 �C saturated water condition of CUC-5, the free alkali ions
inside the sample dissolve into the water to form an alkaline envi-
ronment. Since the amorphous N-A-S-H gel is in a thermodynamic
metastable state [27,45], it can be re-dissolved in the alkaline solu-
tion [58]. The silicon-aluminum structure dissociates into
[Al(OH)4]– and [Si(OH)4] and then undergoes condensation poly-
merization to integrate part of the original branched chain struc-
ture into the main chain, thus forming a crystalline structure
dominated by Q4(4Al) backbone and Q3(2Al) branched chains. In
this way, the original amorphous gel structure is ordered, and
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Fig. 5. Pore structure of the pastes treated under different conditions: (a) MK100, (b) MK50C.

Fig. 6. NMR curves of the pastes obtained from different curing conditions: (a) MK100-(CUC-2), (b) MK100-(CUC-5), (c) MK50C-(CUC-2), (d) MK50C-(CUC-5).
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the content of aluminum element in the main chain structure is
increased. This process can be summarized as ‘‘dissociation–repoly
merization–crystallization”.

As can be seen from Fig. 7(c) and (d) and Table 4, there is no sig-
nificant difference in the type and content of each Qn(mAl) in

MK50C group under the two curing conditions. The chemical struc-
ture of Si in MK50C group under CUC-2 curing condition is princi-
pally Q2, Q2(1Al) and Q4(4Al), which is still the same under CUC-5
curing condition but the relative content has a slight decline. It can
be seen that the main gel generated in the kaolin-cement system

Table 4
Proportion of Qn(mAl) structure in MK100 and MK50C pastes

Site type Proportion/%

MK100 MK50C

CUC-2 CUC-5 CUC-2 CUC-5

Q0 4.48 1.47 9.01 8.96
Q1 11.03 4.90 5.62 5.64
Q2 0.00 0.00 17.08 16.97
Q2(1Al) 19.30 12.43 26.21 25.71
Q3(1Al) 12.41 3.20 3.02 3.03
Q3(2Al) 9.06 31.15 6.02 6.05
Q4(0Al) 2.15 0.52 0.00 0.00
Q4(1Al) 1.18 2.02 0.00 0.00
Q4(2Al) 6.70 13.89 2.22 2.23
Q4(3Al) 13.99 0.00 11.61 13.30
Q4(4Al) 19.70 30.42 19.21 18.11

Fig. 7. Deconvolution results for 29Si NMR spectra of the pastes obtained from different curing conditions: (a) MK100-(CUC-2), (b) MK100-(CUC-5), (c) MK50C-(CUC-2), (d)
MK50C-(CUC-5).

Fig. 8. The sequential changes of N-A-S-H gel under hydrothermal conditions.
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has not undergone significant internal structural reorganization in
the saturated water condition of 150 �C. The main product of group
MK50C is C-A-S-H gel, which is similar to Tobey mullite structure.
The order of C-A-S-H structure is higher than that of N-A-S-H gel,
and its thermodynamic properties are more stable under
hydrothermal conditions. On the other hand, although the back-
bone of C-A-S-H gel is mainly composed of three main structures,
Q1, Q2 and Q2(1Al), the results demonstrate the presence of Q4(4Al)

structure. This indicates that a certain amount of N-A-S-H gel is
also doped in the C-A-S-H gel.

3.6. SEM and TEM analysis

The gel transformation of MK100 group at different curing con-
ditions is verified by SEM and TEM analysis as shown in Figs. 9 and
10. It is seen that the reaction products of MK100 group are cemen-

Fig. 9. SEM images of the pastes obtained from different curing conditions.
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ted together into a whole structure under CUC-2 curing conditions,
forming a dense cementitious matrix. However, under the condi-
tion of CUC-5 curing, as shown in Fig. 9(b), the SEM image exhibits
a loose matrix, which are evidently different from the gel obtained
under CUC-2 curing conditions. It can also be seen from the TEM
image (Fig. 10(b)) that the interconnection between particles is
too loose to hold the whole structure. The EDS results of Area1
and Area2 (as shown in Fig. 9(c),(d)) show that although the reac-
tion products are all composed of Na, Al, Si and O, the element
composition ratio of the products has changed substantially under
CUC-2 and CUC-5 curing conditions, with Si/Al molar ratios of 1.58
and 1.31, respectively. From the electron diffraction pattern, it can

be seen that the samples of group MK100 under CUC-2 curing con-
dition display a dispersive diffraction pattern, indicating that the
product is amorphous gel, while the samples under CUC-5 curing
condition show a concentric ring diffraction pattern, indicating
that the product is a polycrystalline crystal composed of multiple
crystal grains. Based on the results in Sections 3.2 and 3.5, it can
be deduced that the gel products under CUC-2 curing conditions
are N-A-S-H gels, which are tightly cemented forming a dense
microstructure. However, the spherical particles under CUC-5 cur-
ing condition are Na–P zeolite crystals with residual gel on the sur-
face. The spherical particles are very loose and basically lose the
cementation ability. This further indicates that the crystallization

Fig. 10. TEM images and electron diffraction patterns of the pastes obtained from different curing conditions.
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of N-A-S-H gel under 150 �C saturated water condition is the main
reason for its strength degradation [45,54].

The micromorphology of MK50C group is different from that
of MK100 groups as shown in Figs. 9 and 10. Different from
MK100 group, the products of MK50C groups both have dense
matrix structures under both CUC-2 and CUC-5 curing condi-
tions. Furthermore, the diffraction patterns of MK50C group
(Fig. 10(c) and (d)) are all diffuse patterns under the two curing
conditions, demonstrating that the products under the two con-
ditions are predominantly amorphous gel. However, as shown in
Fig. 9(h), some cubic structures appear in the matrix gel under
CUC-5 curing condition. In addition, the EDS tests of Area3–
Area5 (Fig. 9(g) and (h)) show that the products are mostly com-
posed of Na, Al, CA, Si, O, and S elements. The element compo-
sition in Area3 shows that under CUC-2 curing condition the
products are mainly composed of C-S-H gel and C-A-S-H gel,
due to the incorporation of Portland cement. The EDS test results
of Area4 and Area5 show that the product of MK50C group sam-
ples is still predominantly calcium-containing aluminosilicates

under CUC-5 curing condition. Area4 is dominated by gel matrix,
while the product structure in Area5 has undergone certain
changes relative to gel. The Si/Al molar ratios of Area4 and Area5
are 1.86 and 1.80, respectively, while Ca/Si values are 0.55 and
0.57, respectively. The products of two areas have essentially
consistent elemental composition, indicating that the cubic pro-
duct in Area5 is precipitated from matrix gel and cemented with
the gel, so that the overall microstructure remains intact without
losing the cementing property.

Based on the abovementioned results, the relevant mecha-
nism of the different strength changing behaviors between
MK100 and MK50C under 150 �C saturated water condition is
proposed. As shown in Fig. 11(a), for the low-calcium MK100
group composed of pure metakaolin, the main product is N-A-
S-H gels. In the 150 �C saturated water environment, N-A-S-H
gel re-dissociates into the silicon aluminum monomer in water
and further reorganizes to form Na–P zeolite crystals [58]. The
resulting zeolite crystalline particles leads to loss of the cemen-
tation capability of the matrix and thus deterioration of mechan-
ical strength. For the high-calcium containing system of MK50C
group composed of metakaolin and cement, however, the main
products are N-A-S-H and C-A-S-H gels. As shown in Fig. 11(b),
the two gels are interwoven to form the matrix. When the sam-
ples are placed in a high-temperature hydrothermal environ-
ment, the N-A-S-H gel will also undergo the process of
‘‘dissociation–repolymerization–crystallization”. But in this envi-
ronment, the C-A-S-H gel is more stable than N-A-S-H and does
not re-dissociate, thus retaining the cementitious property of the
matrix. Due to the crystallization of N-A-S-H in the hydration
products, defects increased in the cemented matrix structure,
resulting in a slight decrease in strength.

4. Conclusions

In this paper, the mechanical strength and the degradation
mechanism of pure metakaolin system and metakaolin-cement
system under hydrothermal and non-hydrothermal conditions
were studied. Based on the results reported above, the following
conclusions can be drawn:

(1) Under high-temperature hydrothermal conditions of 150 �C,
the strength of pure metakaolin geopolymer decreases
markedly, while the metakaolin-cement geopolymers have
lower degree of strength decrease;

(2) The product of pure metakaolin geopolymer is predomi-
nantly N-A-S-H gel, while the metakaolin-cement geopoly-
mer system is mainly C-A-S-H gel. Compared with the
high-calcium C-A-S-H gel, N-A-S-H gel exhibits a more obvi-
ous crystallization tendency under high-temperature
hydrothermal conditions;

(3) The N-A-S-H gel undergoes the process of ‘‘dissociation–re
polymerization–crystallization” under high-temperature
hydrothermal conditions, resulting in the change of internal
chemical structure. The crystallized zeolite grains basically
lose the cementation ability, leading to an obvious decrease
in the mechanical strength;

(4) The high-calcium C-A-S-H gel, which has a higher degree of
ordered structure and better thermodynamic stability, does
not undergo the same ‘‘dissociation–repolymerization–crys
tallization” process as N-A-S-H gel under hydrothermal con-
ditions. As a result, material gelation is not damaged,
thereby ensuring macroscopic strength. However, due to
the crystallization of the N-A-S-H gel doped in the matrix,
microscopic defects increase, resulting in a slight decrease
in the macroscopic strength.

Fig. 11. Schematic diagrams of microstructure changes of the pastes under
different curing conditions: (a) MK100, (b) MK50C.

128 X. Miao et al. / Chinese Journal of Chemical Engineering 60 (2023) 118–130



Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

This work is supported by the State Key Laboratory of Shale Oil
and Gas Enrichment Mechanisms and Effective Development (20-
YYGZ-KF-GC-04).

References

[1] J. Davidovits, Geopolymer Chemistry and Applications, 5th edition.,
Geopolymer Institute, Saint Quentin, 2020.

[2] H. Xu, J.S.J. van Deventer, The geopolymerisation of alumino-silicate minerals,
Int. J. Miner. Process. 59 (3) (2000) 247–266.

[3] D.L.Y. Kong, J.G. Sanjayan, Effect of elevated temperatures on geopolymer
paste, mortar and concrete, Cem. Concr. Res. 40 (2) (2010) 334–339.

[4] F. Farooq, X. Jin, M. Faisal Javed, A. Akbar, M. Izhar Shah, F. Aslam, R. Alyousef,
Geopolymer concrete as sustainable material: A state of the art review, Constr.
Build. Mater. 306 (2021) 124762.

[5] T.A. Aiken, J. Kwasny, W. Sha, M.N. Soutsos, Effect of slag content and activator
dosage on the resistance of fly ash geopolymer binders to sulfuric acid attack,
Cem. Concr. Res. 111 (2018) 23–40.

[6] D.M. Ren, C.J. Yan, P. Duan, Z.H. Zhang, L.Y. Li, Z.Y. Yan, Durability performances
of wollastonite, tremolite and basalt fiber-reinforced metakaolin geopolymer
composites under sulfate and chloride attack, Constr. Build. Mater. 134 (2017)
56–66.

[7] P. Duxson, J.L. Provis, G.C. Lukey, J.S.J. van Deventer, The role of inorganic
polymer technology in the development of ‘green concrete’, Cem. Concr. Res. 37
(12) (2007) 1590–1597.

[8] N.B. Singh, S.K. Saxena, M. Kumar, Effect of nanomaterials on the properties of
geopolymer mortars and concrete, Mater. Today Proc. 5 (3) (2018) 9035–9040.

[9] S. Adjei, S. Elkatatny, W.N. Aggrey, Y. Abdelraouf, Geopolymer as the future oil-
well cement: A review, J. Petroleum Sci. Eng. 208 (2022) 109485.

[10] Y. Yan, Z.C. Guan, W.J. Yan, H.T. Wang, Mechanical response and damage
mechanism of cement sheath during perforation in oil and gas well, J.
Petroleum Sci. Eng. 188 (2020) 106924.

[11] S. Salehi, M.J. Khattak, A.H. Bwala, F.K. S, Characterization, morphology and
shear bond strength analysis of geopolymers: Implications for oil and gas well
cementing applications, J. Nat. Gas Sci. Eng. 38 (2017) 323–332.

[12] N.M. Faqir, S. Elkatatny, M. Mahmoud, R. Shawabkeh, Fabrication of kaolin-
based cement plug for CO2 storage wells, Appl. Clay Sci. 141 (2017) 81–87.

[13] F.N. Okoye, S. Prakash, N.B. Singh, Durability of fly ash based geopolymer
concrete in the presence of silica fume, J. Clean. Prod. 149 (2017) 1062–1067.

[14] P. Sajan, T.Y. Jiang, C. Lau, G. Tan, K. Ng, Combined effect of curing temperature,
curing period and alkaline concentration on the mechanical properties of fly
ash-based geopolymer, Clean. Mater. 1 (2021) 100002.

[15] T. Luukkonen, Z. Abdollahnejad, J. Yliniemi, P. Kinnunen, M. Illikainen, One-
part alkali-activated materials: A review, Cem. Concr. Res. 103 (2018) 21–34.

[16] N. Chuewangkam, P. Payakaniti, P. Chindaprasirt, S. Pinitsoontorn, Ohmic
heating as an effective path to rapidly cure and strengthen alkali activated
material, Constr. Build. Mater. 322 (2022) 126425.

[17] S. Samantasinghar, S. Singh, Effects of curing environment on strength and
microstructure of alkali-activated fly ash-slag binder, Constr. Build. Mater. 235
(2020) 117481.

[18] S. Salehi, J. Khattak, F.K. Saleh, S. Igbojekwe, Investigation of mix design and
properties of geopolymers for application as wellbore cement, J. Petroleum Sci.
Eng. 178 (2019) 133–139.

[19] B.H. Mo, H. Zhu, X.M. Cui, Y. He, S.Y. Gong, Effect of curing temperature on
geopolymerization of metakaolin-based geopolymers, Appl. Clay Sci. 99 (2014)
144–148.

[20] L. Yun Ming, K. Hussin, M.M. Al Bakri Abdullah, M. Binhussain, L. Musa, I.
Khairul Nizar, C.M.R. Ghazali, C.Y. Heah, Effect of curing regimes on metakaolin
geopolymer pastes produced from geopolymer powder, Adv. Mater. Res. 626
(2012) 931–936.

[21] J.K. Yuan, P.G. He, D.C. Jia, C. Yang, Y. Zhang, S. Yan, Z.H. Yang, X.M. Duan, S.J.
Wang, Y. Zhou, Effect of curing temperature and SiO2/K2O molar ratio on the
performance of metakaolin-based geopolymers, Ceram. Int. 42 (14) (2016)
16184–16190.

[22] M.X. Peng, Z.H. Wang, Q.G. Xiao, F. Song, W. Xie, L.C. Yu, H.W. Huang, S.J. Yi,
Effects of alkali on one-part alkali-activated cement synthesized by calcining
bentonite with dolomite and Na2CO3, Appl. Clay Sci. 139 (2017) 64–71.

[23] R.R. Suppiah, S.H.A. Rahman, N. Shafiq, S. Irawan, Uniaxial compressive
strength of geopolymer cement for oil well cement, J. Petrol. Explor. Prod.
Technol. 10 (1) (2020) 67–70.

[24] N. Poornima, D. Katyal, T. Revathi, M. Sivasakthi, R. Jeyalakshmi, Effect of
curing on mechanical strength and microstructure of fly ash blend GGBS
geopolymer, Portland cement mortar and its behavior at elevated
temperature, Mater. Today Proc. 47 (2021) 863–870.

[25] H.Y. Zhang, V. Kodur, B. Wu, L. Cao, F. Wang, Thermal behavior and mechanical
properties of geopolymer mortar after exposure to elevated temperatures,
Constr. Build. Mater. 109 (2016) 17–24.

[26] A. Nazari, A. Bagheri, J.G. Sanjayan, M. Dao, C. Mallawa, P. Zannis, S. Zumbo,
Thermal shock reactions of Ordinary Portland cement and geopolymer
concrete: Microstructural and mechanical investigation, Constr. Build. Mater.
196 (2019) 492–498.

[27] P. Sturm, G.J.G. Gluth, S. Simon, H.J.H. Brouwers, H.C. Kühne, The effect of heat
treatment on the mechanical and structural properties of one-part
geopolymer-zeolite composites, Thermochimica Acta 635 (2016) 41–58.

[28] D. Koloušek, J. Brus, M. Urbanova, J. Andertova, V. Hulinsky, J. Vorel,
Preparation, structure and hydrothermal stability of alternative (sodium
silicate-free) geopolymers, J. Mater. Sci. 42 (22) (2007) 9267–9275.

[29] Y. Liu, C.J. Yan, X.M. Qiu, D. Li, H.Q. Wang, A. Alshameri, Preparation of faujasite
block from fly ash-based geopolymer via in-situ hydrothermal method, J.
Taiwan Inst. Chem. Eng. 59 (2016) 433–439.

[30] H.R. Khalid, N.K. Lee, S.M. Park, N. Abbas, H.K. Lee, Synthesis of geopolymer-
supported zeolites via robust one-step method and their adsorption potential,
J. Hazard. Mater. 353 (2018) 522–533.

[31] N.K. Lee, H.R. Khalid, H.K. Lee, Synthesis of mesoporous geopolymers
containing zeolite phases by a hydrothermal treatment, Microporous
Mesoporous Mater. 229 (2016) 22–30.

[32] P.G. He, M.R. Wang, S. Fu, D.C. Jia, S. Yan, J.K. Yuan, J.H. Xu, P.F. Wang, Y. Zhou,
Effects of Si/Al ratio on the structure and properties of metakaolin based
geopolymer, Ceram. Int. 42 (13) (2016) 14416–14422.

[33] Q. Wan, F. Rao, S.X. Song, R.E. García, R.M. Estrella, C.L. Patiño, Y.M. Zhang,
Geopolymerization reaction, microstructure and simulation of metakaolin-
based geopolymers at extended Si/Al ratios, Cem. Concr. Compos. 79 (2017) 45–
52.

[34] Y.S. Zhang, W. Sun, Z.J. Li, Composition design and microstructural
characterization of calcined kaolin-based geopolymer cement, Appl. Clay Sci.
47 (3–4) (2010) 271–275.

[35] Z. Zuhua, Y. Xiao, Z. Huajun, C. Yue, Role of water in the synthesis of calcined
kaolin-based geopolymer, Appl. Clay Sci. 43 (2) (2009) 218–223.

[36] M. Lizcano, A. Gonzalez, S. Basu, K. Lozano, M. Radovic, Effects of water content
and chemical composition on structural properties of alkaline activated
metakaolin-based geopolymers, J. Am. Ceram. Soc. 95 (7) (2012) 2169–2177.

[37] P. De Silva, K. Sagoe-Crenstil, V. Sirivivatnanon, Kinetics of geopolymerization:
Role of Al2O3 and SiO2, Cem. Concr. Res. 37 (4) (2007) 512–518.

[38] P. Duxson, J.L. Provis, G.C. Lukey, S.W. Mallicoat, W.M. Kriven, J.S.J. van
Deventer, Understanding the relationship between geopolymer composition,
microstructure and mechanical properties, Colloids Surf. A Physicochem. Eng.
Aspects 269 (1–3) (2005) 47–58.

[39] Y. Cui, D.M. Wang, Y.R. Wang, R. Sun, Y.F. Rui, Effects of the n(H2O: Na2Oeq)
ratio on the geopolymerization process and microstructures of fly ash-based
geopolymers, J. Non Cryst. Solids 511 (2019) 19–28.

[40] GB/T 17671-2021, Test method of cement mortar strength (ISO method),
China Building Material Council, Beijing, 2021. (in Chinese)

[41] H.W. Tian, X.M. Kong, T. Su, D.M. Wang, Comparative study of two PCE
superplasticizers with varied charge density in Portland cement and
sulfoaluminate cement systems, Cem. Concr. Res. 115 (2019) 43–58.

[42] A.V. Kirschner, H. Harmuth, Investigation of geopolymer binders with respect
to their application for building materials, Ceram. Silikaty 48 (3) (2004) 117–
120.

[43] I. Ozer, S. Soyer-Uzun, Relations between the structural characteristics and
compressive strength in metakaolin based geopolymers with different molar
Si/Al ratios, Ceram. Int. 41 (8) (2015) 10192–10198.

[44] Z.M. Li, S.Z. Zhang, Y.B. Zuo, W. Chen, G. Ye, Chemical deformation of
metakaolin based geopolymer, Cem. Concr. Res. 120 (2019) 108–118.

[45] Z. Zheng, X. Ma, Z.H. Zhang, Y.X. Li, In-situ transition of amorphous gels to Na–
P1 zeolite in geopolymer: Mechanical and adsorption properties, Constr. Build.
Mater. 202 (2019) 851–860.

[46] R. Sánchez-Hernández, I. Padilla, S. López-Andrés, A. López-Delgado, Eco-
friendly bench-scale zeolitization of an Al-containing waste into gismondine-
type zeolite under effluent recycling, J. Clean. Prod. 161 (2017) 792–802.

[47] Y. Liu, C.J. Yan, J.J. Zhao, Z.H. Zhang, H.Q. Wang, S. Zhou, L.M. Wu, Synthesis of
zeolite P1 from fly ash under solvent-free conditions for ammonium removal
from water, J. Clean. Prod. 202 (2018) 11–22.

[48] W.Z. Liu, T. Aldahri, S. Ren, C.C. Xu, S. Rohani, B. Liang, C. Li, Solvent-free
synthesis of hydroxycancrinite zeolite microspheres during the carbonation
process of blast furnace slag, J. Alloys Compd. 847 (2020) 156456.

[49] L.M. Huang, Z.H. Yang, Hydration kinetics of tricalcium silicate with the
presence of portlandite and calcium silicate hydrate, Thermochimica Acta 681
(2019) 178398.

[50] S. Grangeon, F. Claret, C. Lerouge, F. Warmont, T. Sato, S. Anraku, C. Numako, Y.
Linard, B. Lanson, On the nature of structural disorder in calcium silicate
hydrates with a calcium/silicon ratio similar to tobermorite, Cem. Concr. Res.
52 (2013) 31–37.

[51] E. L’Hôpital, B. Lothenbach, K. Scrivener, D.A. Kulik, Alkali uptake in calcium
alumina silicate hydrate (C-A-S-H), Cem. Concr. Res. 85 (2016) 122–136.

[52] I. Garcia-Lodeiro, A. Palomo, A. Fernández-Jiménez, D.E. MacPhee,
Compatibility studies between N-A-S-H and C-A-S-H gels. Study in the
ternary diagram Na2O–CaO–Al2O3–SiO2–H2O, Cem. Concr. Res. 41 (9) (2011)
923–931.

[53] B. Walkley, R. San Nicolas, M.A. Sani, G.J. Rees, J.V. Hanna, J.S.J. van Deventer, J.
L. Provis, Phase evolution of C-(N)-A-S-H/N-A-S-H gel blends investigated via

X. Miao et al. / Chinese Journal of Chemical Engineering 60 (2023) 118–130 129



alkali-activation of synthetic calcium aluminosilicate precursors, Cem. Concr.
Res. 89 (2016) 120–135.

[54] D.B. Istuque, L. Reig, J.C.B. Moraes, J.L. Akasaki, M.V. Borrachero, L. Soriano, J.
Payá, J.A. Malmonge, M.M. Tashima, Behaviour of metakaolin-based
geopolymers incorporating sewage sludge ash (SSA), Mater. Lett. 180 (2016)
192–195.

[55] P. De Silva, K. Sagoe-Crenstil, Medium-term phase stability of Na2O–Al2O3–
SiO2–H2O geopolymer systems, Cem. Concr. Res. 38 (6) (2008) 870–876.

[56] T. da Silva Rocha, D.P. Dias, F.C.C. França, R.R. de Salles Guerra, L.R. da Costa de
Oliveira Marques, Metakaolin-based geopolymer mortars with different
alkaline activators (Na+ and K+), Constr. Build. Mater. 178 (2018) 453–461.

[57] P. Ro _zek, M. Król, W. Mozgawa, Geopolymer-zeolite composites: A review, J.
Clean. Prod. 230 (2019) 557–579.

[58] Z.H. Liu, Q. Tang, C.M. Li, Y. He, X.M. Cui, Preparation of NaA zeolite spheres
from geopolymer gels using a one-step method in silicone oil, Int. J. Appl.
Ceram. Technol. 14 (5) (2017) 982–986.

[59] S.K. Lee, J.F. Stebbins, The degree of aluminum avoidance in aluminosilicate
glasses, Am. Mineral. 84 (5–6) (1999) 937–945.

[60] P. Duxson, J.L. Provis, G.C. Lukey, F. Separovic, J.S. van Deventer, 29Si NMR study
of structural ordering in aluminosilicate geopolymer gels, Langmuir 21 (7)
(2005) 3028–3036.

[61] B. Walkley, J.L. Provis, Solid-state nuclear magnetic resonance spectroscopy of
cements, Mater. Today Adv. 1 (2019) 100007.

[62] X. Gao, Q.L. Yu, H.J.H. Brouwers, Apply 29Si, 27Al MAS NMR and selective
dissolution in identifying the reaction degree of alkali activated slag-fly ash
composites, Ceram. Int. 43 (15) (2017) 12408–12419.

[63] H. Lin, H. Liu, Y. Li, X.M. Kong, Properties and reaction mechanism of
phosphoric acid activated metakaolin geopolymer at varied curing
temperatures, Cem. Concr. Res. 144 (2021) 106425.

[64] H. Sreenivasan, E. Adesanya, H. Niu, P. Perumal, A.M. Kantola, V.V. Telkki, M.
Huttula, W. Cao, J.L. Provis, M. Illikainen, P. Kinnunen, Evidence of formation of
an amorphous magnesium silicate (AMS) phase during alkali activation of
(Na–Mg) aluminosilicate glasses, Cem. Concr. Res. 145 (2021) 106464.

[65] B. Walkley, R. San Nicolas, M.A. Sani, J.D. Gehman, J.S.J. van Deventer, J.L.
Provis, Synthesis of stoichiometrically controlled reactive aluminosilicate and
calcium–aluminosilicate powders, Powder Technol. 297 (2016) 17–33.

[66] S. Greiser, P. Sturm, G.J.G. Gluth, M. Hunger, C. Jäger, Differentiation of the
solid-state NMR signals of gel, zeolite phases and water species in
geopolymer–zeolite composites, Ceram. Int. 43 (2) (2017) 2202–2208.

[67] R.R. Xu, W.Q. Pang, J.H. Yu, Q.S. Huo, J.S. Chen, Chemistry of Zeolites and
Related Porous Materials, Wiley, New York, 2007.

130 X. Miao et al. / Chinese Journal of Chemical Engineering 60 (2023) 118–130


