<]
TUDelft

Delft University of Technology

Chemical deformation of metakaolin based geopolymer

Li, Zhenming; Zhang, Shizhe; Zuo, Yibing; Chen, Wei; Ye, Guang

DOI
10.1016/j.cemconres.2019.03.017

Publication date
2019

Document Version
Accepted author manuscript

Published in
Cement and Concrete Research

Citation (APA)

Li, Z., Zhang, S., Zuo, Y., Chen, W., & Ye, G. (2019). Chemical deformation of metakaolin based
geopolymer. Cement and Concrete Research, 120, 108-118.
https://doi.org/10.1016/j.cemconres.2019.03.017

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.cemconres.2019.03.017
https://doi.org/10.1016/j.cemconres.2019.03.017

Chemical deformation of metakaolin based geopolymer

Zhenming Li?, Shizhe Zhang?, Yibing Zuo?, Wei Chen®“* and Guang Ye*"
aDepartment of Materials and Environment (Microlab), Faculty of Civil Engineering and Geoscience,
Delft University of Technology, Delft, the Netherlands
bSchool of Materials Science and Engineering, Wuhan University of Technology, Wuhan, China
State Key Laboratory of Silicate Materials for Architecture (Wuhan University of Technology), Wuhan,
430070, China.

E-mail: Z.Li-2@tudelft.nl
Shizhe.Zhang@tudelft.nl
Y.Zuo@tudelft.nl
Chen.wei@whut.edu.cn
G.Ye@tudelft.nl

* Corresponding author

Abstract:

Chemical deformation (chemical shrinkage/expansion), the absolute volume change
during reactions, is a key parameter influencing the volume stability, especially the
autogenous deformation of a binder material. This work, for the first time, reports an
in-depth investigation on the chemical deformation of metakaolin based geopolymer
(MKG). Unlike ordinary Portland cement-based binders with monotonic chemical
shrinkage, MKG experiences three stages of chemical deformations: chemical
shrinkage in the first stage, chemical expansion afterward and chemical shrinkage
again in the final stage. Various experimental techniques (XRD, FTIR and NMR) plus
theoretical calculations are applied to explore the mechanisms behind the chemical
deformation of MKG. Clear correlations are found between the chemical
deformations and the reaction processes during geopolymerization. A conceptual
chemical deformation model for geopolymer is summarised. The insights into the
chemical deformation provided by this study will play a fundamental role in further
understanding, controlling and even utilizing the deformation behaviours of
geopolymers.

Keywords: chemical shrinkage, chemical expansion, volume change, metakaolin,
geopolymer

1. Introduction

Geopolymer is a class of inorganic polymer binder typically synthesized via alkaline
activation of aluminosilicate precursors [1]. This material has attracted increasing
interest in last decades, due to its promising potential to be used as an alternative
binder to ordinary Portland cement (OPC). Even though OPC has been widely used for
centuries with superior engineering performances, the OPC production contributes 5-
8% of CO2 emission worldwide [2]. Geopolymers, on the other hand, are mainly made
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from industrial by-products or other inexpensive aluminosilicate materials and the
production of geopolymers usually induces much less environmental footprint [3].
Many studies have been conducted to explore the physical/chemical properties and
long-term performance of geopolymers. It has been reported that geopolymers can
show high strength, excellent thermal resistance and very good durability [4-6].
However, the volume stability, especially the bulk deformation of geopolymers
remains an unsolved issue, which has largely hindered the application of this material
in engineering practise [7-9].

Ma et al. and Li et al. investigated the autogenous shrinkage of fly ash based
geopolymer (FG) and metakaolin based geopolymer (MKG), respectively [8,9]
Although autogenous shrinkage was observed in their studies, the internal relative
humidity of the mixtures didn’t decrease, which serves as strong evidence that the
autogenous shrinkage of FG and MKG cannot be explained by the classical self-
desiccation theory for OPC. In addition, some researchers observed expansion of FG,
MKG and their blended systems at certain curing ages when the samples were cured
in sealed or humid conditions [10—13]. Such expansion cannot be explained by the
theories for OPC either, of which the expansion is normally attributed to the formation
of ettringite or the sucking back of bleeding water. To explain the deformation
behaviours of geopolymers, research on the chemical deformations is crucial.

Chemical deformation is the absolute volume change of a binder material associated
with the chemical reactions and it is the key factor influencing the volume change of
the materials [14,15]. For OPC, the theoretical chemical deformation associated with
cement hydration was already established through experimental and modeling
methods [16,17], which provides important information for researchers and engineers
to estimate the autogenous shrinkage and drying shrinkage. The chemical
deformation associated with geopolymerization, however, has seldom been studied,
thus hindering a better understanding towards deformation behaviours of
geopolymers.

The purpose of this study, therefore, is to investigate the chemical deformation of
geopolymer and try to clarify the mechanisms behind. In the first step, the evolution
of chemical deformation of MKG paste was measured and discussed. Secondly, the
reaction processes corresponding to the chemical deformation were investigated by
intensive characterization of MKG pastes cured at different ages. A correlation was
established between the chemical deformation and reaction process. Moreover, the
reason why different reaction processes result in different chemical deformations is
qualitatively/semi-quantitatively interpreted based on experimental results and/or
theoretical calculations. In the end, a conceptual model of chemical deformation of
geopolymerization for MKG is presented.



2. Materials and methods

2.1 Materials

MK and fly ash are the two most common used precursors to synthesize geopolymer.
MK, in particular, is widely used as a model material in laboratory to study
geopolymerization, because it is purer and more homogenous than fly ash which
contains lots of impurities and hollow voids inside. The most commonly used
compounds for alkali activator are MOH and M,0-rSiO,, where M is either Na or K [18].
Hence, in this study MK is used as precursor and NaOH/Na3SiOs solution is selected as
activator to synthesize geopolymer paste. The MK was from Caltra Nederland B.V.
with a dso particle size of 11.5 um and density of 2.2 g/cm3. The chemical composition
of this material was determined by means of X-ray fluorescence spectrometry (XRF)
as shown in Table 1.

The reactive SiO, and Al,O3 contents in MK were determined by chemical dissolution
method. The MK was dissolved in dilute hydrochloric acid solution and was afterwards
treated with boiling sodium carbonate solution [19]. The obtained residue was rinsed,
heated up to 950 °C and then was cooled to room temperature in a desiccator before
subject to XRF test. The dissolved fraction corresponding to the mass loss after
chemical dissolution treatment is determined as the amorphous phase content. The
amount of reactive SiO; and Al;Os is shown in Table 1 and Table 2. The molar ratio of
Si/Al of the reactive part of MK is 0.76. The density of the amorphous part of MK
determined by pycnometer method is 2.08 g/ml, which is a bit lower than the overall
density of MK.

Table 1

Chemical composition of MK and its insoluble residue

Oxide SiO2 Al203 Cao Fe203 K20 TiO2 ZrO2 Other
(wt. %)
MK 45.35 47.49 0.20 0.63 0.06 1.64 0.11 2.51
I.R. 60.87 26.00 0.16 0.81 0.35 10.78 0.79 0.23
I.R. = insoluble residue
Table 2
Reactivity of MK (wt. %).
Components I.R. Reactive Total SiO2 Reactive Total Al20s  Reactive
content Si02 Al203
Weight (%) 13.17 86.83 47.49 39.47 47.35 43.93

I.R. =insoluble residue

The alkaline activator was prepared by mixing sodium hydroxide pellets (analytical
grade, >98 % purity) with distilled water and sodium silicate solution (Na20: 8.25 wt. %,
Si0Oy: 27.50 wt. %). The solution was then allowed to cool for 24 hours before sample
preparation. The mixture design of the investigated MKG paste is presented in Table
3. The overall Si/Al of the paste is 1.15.



Table 3

Mixture proportions of MKG paste.

Reactants SiO2 (mol) Al203 (mol) Na20 (mol) H20 (g)
MK 1.97 1.29 - --
Activator 1 -- 1.5 350
total 2.97 1.29 1.5 350

An OPC paste with water/cement ratio of 0.4 was used as a reference sample in
section 3.1. The cement type was CEM | 52.5 N from Gaurain and the chemical
composition of the cement was shown elsewhere [9].

2.2 Methods
2.2.1 Testing method for chemical deformation

The testing method of chemical deformation of MKG paste was adapted from the
gravimetry method or so-called buoyancy method for Portland cement [20,21]. The
detailed experimental set up is illustrated in Fig. 1.
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Fig.1 Schematic of devices for chemical shrinkage measurement, after [21].

According to mixture proportion, 100 g of MK was mixed with alkali solution in a
container using a small blender for 4 minutes. Then, around 100 grams of paste was
poured into a plastic vessel with a diameter of 8 cm. Glass container was not chosen
because it may react slowly with the alkali solution. A thin layer (around 10 grams) of
alkali solution with the same concentration as activator was gently added onto the
surface of the paste by pipette. The amount of liquid should be sufficient to cover the
entire surface of paste and also to compensate the chemical shrinkage, but in the
meantime, it should be kept as little as possible to diminish the influence on the
reaction kinetics of the paste. Paraffin oil was gradually added onto the surface of the
alkali solution until the dish was nearly filled. After that, the vessel was gently lowered
into a bigger beaker full of paraffin oil. The beaker was placed in the thermostat water



bath at least 1 day in advance of the measurement to equilibrate the temperature.
The beaker was used to protect the dish from the disturbance of circulating water and
meanwhile to transfer the heat. The temperature of the circulating water in the bath
was controlled at 25+0.01 °C. The submerged weight of the sample was recorded
automatically every 5 minutes from the time the specimen was placed in the bath
(around 20 minutes after casting). The chemical deformation was calculated according
to equation 1 [22].

VCD - Avpaste (t) — Wsub (t) _Wsub (0) (1)

Gk Proar * Ymk
Where V., (ml/g) is the chemical deformation of the paste per gram of MK, AV

paste
(ml) is the volume change of the paste, 9., (g) is the mass of MK, W, (t) (g) is the
submerged weight of the paste at time t, W, (0) (g) is the initial submerged weight
of the paste, and p,,, (g/ml) is the density of the paraffin oil in the buoyancy bath

(0.85 g/ml at 25°C). Three replicate samples were measured. The chemical
deformation of OPC paste was measured with the same method as MKG paste.

2.2.2 Characterization of MK and MKG pastes

The MKG pastes were ground into powders and the reaction was stopped by solvent
exchange method recommended by previous studies [23]. MK and MKG paste
powdered samples were characterized by Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD) and magic-angle spinning nuclear magnetic resonance
(MAS NMR). FTIR was performed using a Spectrum TM 100 Optical ATR-FTIR
spectrometer over the wavelength range of 600 to 4000 cm™ with a resolution of 4
cm™t. XRD was conducted using a Philips PW 1830 powder X-ray diffractometer, with
Cu Ka (1.5406 A) radiation, tube setting to be 40 kV and 40 mA, a step size of 0.030°,
and a 20 range of 5-70°. Solid-state MAS NMR spectra were acquired using a Bruker
Avance 400WB spectrometer. The 2°Si NMR spectra were collected at 79.5 MHz on a
7 mm probe, with a pulse width of 6.5 ys, a spinning speed of 15.9 kHz and a relaxation
delay of 10 s. [24]. The 2°Si MAS NMR spectra were deconvoluted into individual
Gaussian peaks assigned to different atomic environments of Si according to the
literature which have similar chemical environments to this study [23—-26]. Aiming for
the best fit with highest R? value, the peak positions and widths were held constant
throughout the deconvolutions of all spectra and the minimum possible number of
peaks was used for all spectra deconvolution to ensure an accurate and meaningful
interpretation of the spectra [27]. During deconvolution, MK is considered to consist
of only Q* groups, while the MKG pastes can contain Q°% Q?, Q? and Q3. It is assumed
that the Q3(1Al) is the only Q3(mAl) group due to the high Al content in the samples.
The overall Si/Al ratio calculated from the individual peaks was compared with the
nominal reactive Si/Al of the mixture to check the correct interpretation of the spectra.



2.2.3 Measurement of volume change associated with dissolving of MK

In order to investigate the volume change associated with MK dissolution, 30 g of MK
was mixed with 1000 g of NaOH solution in a conical flask stirring continuously. The
volume change during the dissolution process was measured according to dilatometry
or so-called Le Chatelier method [20]. The NaOH solution had the same Na;O content
as the activator to provide a similar dissolution environment. SiO, was excluded to
avoid additional volume change induced by its reaction with the dissolved Al from MK
and thus induce additional volume change. 30g of MK was believed to be an optimum
in this experimental set up taking account of the balance between accurate acquisition
of the volume change and a limited polymerization of dissolved silicate and aluminate
species. Considering the very high reactivity of MK under alkaline environment, it was
assumed all the reactive contents of MK were dissolved during the tests and no
polymerization occurred. The final volume change was recorded when the volume of
the system equilibrated after mixing for 5 hours. The test was repeated for 3 times to
ensure the reproducibility of the results and the average value of the results was used.
The volume change (ml/g) was normalized by dividing the measured volume change
(ml) by the mass of investigated MK (g).

3. Results and discussion

3.1 Chemical deformation of MKG paste

The evolution of chemical deformation of MKG paste is presented in Fig.2 (a), with a
representative curve shown in solid line and the other two in grey dashed lines. After
two weeks of curing, the chemical shrinkage continuously went on only with a
decreasing speed. Therefore, only the chemical deformation evolution during the first
14 days is presented. As a reference, the chemical deformation of OPC paste is shown
in Fig. 2 (b).
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Fig. 2. Chemical deformation of (a) MKG paste, and (b) OPC paste. A representative curve is shown in
solid line while the other two curves are shown in grey dashed lines. The curves indicate a good
repeatability of the measurement.



It can be seen that the evolution of chemical deformation of MKG is essentially
different from that of OPC, which shows monotonic chemical shrinkage after casting
[28,29]. MKG firstly experiences a chemical shrinkage process, followed by a chemical
expansion in the second stage and a chemical shrinkage again in the final stage. The
history of the volume change of MK based geopolymer caused by chemical reaction
suggests that the terminology ‘chemical deformation’ is more proper to describe the
volume change associated with geopolymerization rather than the term ‘chemical
shrinkage’ which is commonly used for OPC to describe the absolute volume decrease
along the cement hydration.

The multiple-stage development of chemical deformation of MKG is believed to be
due to the complexity of geopolymerization. Previous researchers have proposed
several models regarding the mechanisms for geopolymerization [30—-36]. From the
volumetric change point of view, three stages can be observed for the MKG paste as
shown by Fig.2. Building up relationships between the volumetric changes with the
corresponding reaction products could be a feasible approach to reveal mechanisms
of the chemical deformation of MKG related to different stages of geopolymerization.
To this end, the precursor MK and MKG pastes cured for 4 hours, 8 hours, 16 hours,
48 hours and 240 hours were characterized by means of FTIR, XRD and NMR. The
sample at different curing age are referred to as MK, 4h, 8h, 16h, 48h and 240h,
respectively.

3.2 Characterization of MK and reaction processes of MKG paste
3.2.1 FTIR analysis

The FTIR spectra of MK and MKG pastes are presented in Fig.3. In the spectrum of MK,
the broad band centered at around 1056 cmis assigned to the asymmetric stretching
vibration of Si-O-T bonds (T= tetrahedral Si or Al) and the small bump at 1200 cm™
represents the asymmetric stretching of Si-O-Si in the mullite-like structures [37]. Both
of these peaks become less apparent at 4 hours indicating that the precursor was
largely dissolved at this stage. The main band of the spectrum at 948 cm™ at 4h
suggests that an N-A-S-H gel framework was being generated [38]. The small peak at
880 cm™ (marked by the arrow) can be assigned to either the bending vibration of Al-
0-H [39,40] or the bending vibration of small anionic species such as silicate monomer,
SiO™ [41-43]. Since the raw material is undergoing rapid dissolution in this period, the
formation of small silicate monomers is believed to be the case here.
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Fig.3. FTIR spectra of MK and MKG pastes.

The main band of spectrum 8h shifts to higher wavenumber as a result of a higher
degree of polymerization of the reaction products [44]. In the meantime, the small
peak at 880 cm™ is absent, indicating the consumption of silicate monomers in favour
of larger species. The main band of the spectrum 16h shifts further to around 956 cm"
! indicating the formation of polymerized structures. The humps at around 740 cm
and 860 cm™, which are associated with the symmetric stretching and asymmetric
stretching vibrations of Al-O bonds in AlO4 tetrahedral groups, respectively, become
apparent at this age [45]. The hump at 680 cm™ could also be assigned to the vibration
of AlI-O bonds [46]. These signals indicate that an increasing amount of Al is
incorporated into the structures after 16 hours of curing. The region from 630 cm™ to
760 cm™ generally corresponds to units such as the aluminosilicate ring and cage
structures, and the peak at 668 cm™ (marked by the arrow), although not intensive,
could indicate the presence of secondary building units or fragments of zeolites
[47,48]. The spectrum of sample 16h also exhibits a small peak at 880 cm™. Since the
sample has been cured for 16 hours, this peak is unlikely to be assigned to monomers.
According to Watling [40], the peak at 880 cm™ is best assigned to the bending
vibration of Al-O-H in a polymeric structure, in which 4-coordinate aluminium atoms
are linked by oxygen bridges but are also bonded to unshared hydroxyl groups. The
Al-O-H can be the edge of structure units (such as the secondary building units of
zeolites) formed in this stage [49,50].

In the spectrum of sample 48h and 240h, the peak at 880 cm™ disappears and the
humps around 680 cm™?, 740 cm™ and 860 cm become more intensive. This
information together with the further shift of the main band towards high
wavenumbers indicates the formation of a more polymerized aluminosilicate
structure.

3.2.2 XRD analysis

The XRD data collected for precursor powder and geopolymer binders are illustrated
in Fig.4.



MK is mainly amorphous, coherent with the high reactivity of this material as shown
in section 2.1. The crystals identified in MK are kaolinite-1 Md (Al,Si,Os(OH)a, pdf 29-
1488), mullite (Alx(SiO4)0O, pdf 83-1510) and with a minor presence of quartz (SiO,, pdf
83-0539). Some peaks disappear after alkali activation, indicating that some crystals
were partly dissolved during reaction [51]. The broad hump displayed in the pattern
of MK at about 20°-25° 20 is typical of aluminosilicate glasses [50]. This hump becomes
much less obvious in the patterns of MKG pastes, indicating a fast dissolution of raw
material during the first hours of activation.

240h
48h
——16h
8h
——4h
—— MK
1I0 zlo 3:0 4Io 5Io elo 7Io
2 theta (°)
Fig.4. XRD patterns of MK and MKG pastes (K = kaolinite-1 Md; M = mullite; Q = quartz; S = sodium
carbonates).

The XRD patterns of MKG pastes in general exhibit humps at around 29° 26 associated
with the formation of an N-A-S-H type gel [36,52—-54]. The peaks at around 30.27°,
32.1°,34.2°,37.9°, 40.2°, 41.3° and 46.6° 26 in the patterns are attributed to sodium
carbonates (NaxCOs, pdf 01-075-6816), due to possible carbonation during the sample
preparation.

Two new peaks are found at 59.9° 28 and 68.3° 26 (marked by arrows) in the pattern
of the sample 8h, and the intensity of these peaks increases in the sample 16h.
Actually, in the pattern of the sample 4h, the peak at 59.9° 26 has already appeared
justin a lower strength. This indicates that new types of crystalline phases were under
formation from 4h up to 16h of curing. These crystals are most likely to be assigned to
zeolites, as also found by other researchers in geopolymers [55,56]. Through
transmission electron microscope (TEM), Yip et al. observed some zeolitic phases as
constituents of the geopolymeric products [56]. Trinepheline (NaAISiO4, pdf 31-1267)
might be the crystal formed here [57]. The areas of peaks 59.9° 26 and 68.3° 26 20 are
small compared with the big hump in the XRD pattern, indicating that the zeolite(s)
observable by XRD occupies only a small part of the total reaction products. The main
reaction products in sample 8h and 16h are amorphous geopolymer gels or nano-
/quasi- crystals that cannot be observed by XRD. In literature, it has been stated that
“a significant component of the binder phase formed in geopolymerization is likely to



be comprised of nanometer-sized crystalline structures” [50]. These initially formed
zeolites and gels or nano-crystals may act as nuclei for the growth of future reaction
products [50].

It is worth noting that the signals of peaks 59.9° 26 and 68.3° 20 (marked by arrows in
Fig. 4) diminish in the sample 48h and 240h corresponding to the chemical shrinkage
at the third stage in Fig. 2. This indicates that the zeolites may be decomposed in this
stage and the new products contributed by the species from the decomposition are
not long-term ordered and have amorphous structures.

3.2.3 NMR analysis

The 2°Si NMR spectra of MK and MKG pastes are presented in Fig.5. It can be seen that
the MK has a big hump from -90 ppm to -120 ppm due to the large content of highly
polymerized Si groups. The intensity of this hump is significantly reduced after alkali
activation. This is in good agreement with the dissolution demonstrated by the FTIR
and XRD results. With increasing of curing time, the main bands keep moving to higher
chemical shifts and the relative intensity of the regions from -60 ppm to -80 ppm
decrease. This is indicative of a decreasing amount of low polymerized species from
monomers to small oligomers in favour of more polymerized products. From 48h to
240h, there is only a slight movement of the curves indicating a stable Si coordination
environment was formed. The main bands of spectra for MKG pastes, although
different in positions, all lie in the region from -83 ppm to -86 ppm, indicating a high
Al substitution in the reaction products after activation [24]. This is due to the high
overall Al/Si ratio of the mixtures.

50 60 70 80 -80 -100 110 -120
Frequency (ppm)

Fig. 5. 2°Si NMR spectra of MK and MKG pastes.

To obtain more specific information on Si coordination environments in the reaction
products, deconvolution of the curves is conducted. According to literature, the peaks
at -76, -79, -82, -84.5, -88, -95, -101.5, -108 ppm are assigned to Q°%, Q%, Q?(1Al),
Q*(4Al), Q*(3AI)/Q3(1Al), Q4(2Al), Q*(1Al), Q*(0Al), respectively [24,25,58], where the
Q"(mAIl) represents the tetrahedral of Si. The narrow peak at -91.5 ppm is due to the
presence of kaolinite from the precursor [26]. The peak at -88 ppm is assigned to both
Q3(1Al) and Q*(3Al) sites due to their overlapping resonance [25,58]. The widths of



different peaks at half-height are between 9 ppm and 12 ppm [24], except for the peak

at-91

.5 ppm which is 2.3 ppm in width [26].

The deconvolution results and relative quantification of each species at all time points
are shown in Fig.6 and Fig.7, respectively. The Si/Al ratios of sample 4h, 16h, 48h and

240h

calculated from the deconvoluted results are 1.38, 1.19, 1.17 and 1.18,

respectively. These values, especially those for the samples cured for longer times

when

less MK remained undissolved, are very close to the overall Si/Al ratio (1.15) of

the paste, which indicates a sound interpretation using spectra deconvolution.
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Fig. 6. Deconvolution results for 2°Si NMR spectra of MK (a) and MKG pastes cured for 4 hours (b), 8
hours (c) 16 hours (d), 48 hours (e) and 240 hours (f).
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Fig.7. Normalized summary of Qn(mAl) Si coordination environments within MK and MKG pastes
identified in the deconvoluted 2°Si NMR spectra.

Different stages of MKG reactions could be revealed by the 29Si NMR spectra
deconvolution shown in Fig.6 and normalized Si coordination environments Q"(mAl)
in Fig.7. The amounts of Q*(1Al) and Q*(0Al) largely decrease up to 4h and lots of Q°,
Q!, Q? species were present, from either the activator or the dissolution of raw
material, which indicates the sample was mainly experiencing dissolving process in
this period.

In the spectrum of 8h and 16h, the broad bump from -95 ppm to -110 ppm becomes
nearly invisible, indicating the dissolution was nearly complete. In the meantime, a
large amount of Q*4Al) was formed at the expense of consumption of lower
polymerized species (Q° Q%, and Q?(1Al)) in this period. The result is in line with the
FTIR spectrum of 16h which shows a large extent of aluminium incorporation in
structures. The Q*(4Al) formed in this period corresponds to the well-known “Al-rich”
gels or “gel 1” reported by many researchers as the first stage reaction products in
geopolymerization [36,59]. However, as indicated by the XRD and FTIR results, it
seems that at least a significant amount of these Al-rich products was
(semi-)crystalline zeolites or nano-zeolites rather than completely amorphous gels
[50].

The amount of Q*4Al) units reached its maximum at 48 hours, after which it
decreased together with the further consumption of Q°% Q! and Q? species to form
more Q*3Al) or Q3(1Al) and Q*2Al) structures. The reaction products formed
between 48 hours and 240 hours are normally amorphous according to the XRD
results. Compared with Q*(4Al), these products are richer in Si, belonging to so-called
“gel 2” [36,59]. The later formation of Si-rich gels compared with Al-rich products is
due to the preferential dissolution of Al over Si from the precursor in the early stages
of reaction, with delayed dissolution of Si occurring as the curing time was increased



[25]. However, it is noteworthy that the “very” Si-rich gels consisting of Q*(0Al), Q*(1Al)
and Q*(2Al) units were rarely formed due to the high alumina content in MK. In this
period, more Si was incorporated in the framework, therefore Al was mainly
connected with -O-Si-, rather than -OH. This explains why the signal of Al-OH in the
FTIR spectra for sample 48h and 240h is not observed. The formation of Si-rich gel in
this stage might result from the polymerization between Al-rich nuclei and Si-rich
oligomers available in the interstitial solution [60].

3.2.4 Summation of the characterization results

Combining the characterization results obtained from FTIR, XRD and NMR, the
reaction processes corresponding to different chemical deformation stages can be
summarised as follows:

- During the first hours (before 8 hours) when MKG showed chemical shrinkage, the
sample was mainly experiencing dissolution, with MK dissolved and small species
produced.

- When the samples were cured for more than 8 hours, small species were consumed
in favour of the formation of Al-rich products, which consist of a certain amount of
(nano-) zeolites acting as nuclei for further polymerization. The formation of these
(nano-) zeolites or gels was associated with the chemical expansion of the paste in the
second stage.

- When the samples were cured for more than 48 hours, the Al-rich entities were
reorganized and further polymerized with the silicate oligomers available in the
interstitial solution to produce a Si-rich geopolymer network. During this stage, the
MKG underwent chemical shrinkage.

Of course, these reaction processes occur to some extent simultaneously during
geopolymerization, but individually they dominated in certain periods. The reaction
processes summarised above are generally consistent with those reported in the
literature [30—36], but just here the relationship between the reaction processes and
the chemical deformations is built up.

3.3 Interpretation of the chemical deformations associated with different reaction
processes

3.3.1 Chemical shrinkage caused by the dissolution of precursor

The volume change during the dissolution of 30 g MK in 1000 g alkali solution is
measured to be -0.059 ml/gmk (the detailed testing method is described in 2.2.3),
meaning a volume decrease of 0.059 ml/gmk. This volume reduction during dissolution
of MKiis in consistent with the chemical shrinkage measured for MKG in the first stage.
However, the value 0.059 ml/gm is higher than the chemical shrinkage value which
reached only 0.032ml/gmk at 8 hours as shown in Fig.2. The higher volume reduction
determined in the dissolution test is believed to be due to the higher extent of



dissolution of MK in a huge amount of activator than in paste. The very high liquid to
solid ratio (1000 g/30 g) largely facilitate the dissolution of MK and in the meantime
dilute the concentration of dissolved species so that polymerization among the
dissolved species is eliminated. On the other hand, the chemical shrinkage of the MKG
paste due to dissolution can be compensated by the chemical expansion occurred in
the second stage (which will be elaborated in next section), thus the chemical
shrinkage measured for the paste is much lower.

A rough theoretical estimation of the chemical shrinkage of the MKG in the dissolution
process can also be made based on the density of MK and the molar volumes of
Si(OH)a4 and Al(OH)4 if we simplify the dissolving of MK as in equation 1. It is assumed
that the MK is completely dissolved and the reaction products after dissolving are
simply monomers.

(SiO2)1.53 * Al,03 + 6.06 H,0 + 20H" —® 1.53 Si(OH)4 + 2AI(OH)4 (1)

The SiO2/Al,03 ratio of the reactive part of MK is 1.53, so the chemical formula of MK
is expressed as (Si0;)1.53 * Al;0s. The molar volumes of Si(OH)4 and AI(OH)s™ are
important for the calculation. According to the experimental data from literature or
from the database provided by the sodium silicate and sodium aluminate producers
[61-67], the molar volumes of Si(OH)4 and AI(OH)4™ in similar chemical environments
with this study normally fell in the range of 58.0-59.6 ml/mol and 40.6-44.7 ml/mol,
respectively. Therefore, the molar volumes of Si(OH)2 and Al(OH)4™ are herein assigned
to be 58.68 and 42.30, respectively. The molar volume of H,0 is 18 ml/mol, while the
one for OH" is assigned to be -4.7 ml/mol according to the reference [68]. The density
of the amorphous part of MK was 2.08 g/ml. The chemical deformation associated
with equation 1 can be accordingly calculated as shown in Table 4.

Table 4

Calculation of chemical deformation of equation 1.

Reactants or reaction Moles Mass Density or Volume
products molar volume

MK (SiO2)1.53 * Al2O3 1 193.8¢g 2.08 g/ml 88.90 ml
H.0 6.06 109.08 g 18 ml/mol 109.08 ml
OH" 2 34 -4.7 ml/mol -9.4 ml
Si(OH)a 1.53 146.88 g 58.68 ml/mol 89.78 ml
Al(OH)3 2 156 g 42.3 ml/mol 84.6 ml
Volume change -18.47 ml

Chemical deformation -0.095 ml/gmk




The chemical shrinkage calculated based on equation 1 is 0.095ml/gmk, Which is not
identical to the measured chemical shrinkage of MKG in the first stage (0.032ml/gmx).
This is because the reaction shown by equation 1 is an ideal and simplified case. In real
geopolymerization, the species after dissolving are not only monomers, and even
monomers may polymerize after they are released from the precursor [69]. Moreover,
the chemical expansion in the second stage will compensate part of the chemical
shrinkage that occurred in the first hours. Nonetheless, 0.095 ml/gmk obtained from
the rough calculation is at least in the same order of magnitude as the chemical
shrinkage measured by experiment.

3.3.2 Chemical expansion caused by the formation of Al-rich (nano-) zeolites

It has been shown in Section 3.2 that the chemical expansion of MKG in the second
stage is closely related to the formation of Al-rich products. These products are found
to consist of a certain amount of zeolites and/or secondary building units/fragments
of zeolites. The similar molecular structures of these products to zeolites result in
lower local densities of these products compared with monomers or small oligomers.
Before polymerization, silicate and aluminate species (monomers or small oligomers)
suspend in interstitial solution. The volume that monomers or small oligomers occupy
is close to the sum of their van der Waals molecular volumes [70]. When these species
are polymerized to form crystalline structures like zeolites, pores within these
frameworks are created and occupy a certain amount of volume. Some of these
intracrystalline pores are too small to be accessible to guest molecules even as small
and polar as water [71]; the other ones like intracrystalline channels or cavities may
be big enough to be accessible to water, but the packing density of the water
molecules within these spaces is less than in bulk solution [72]. In this case, the total
volume occupied by these crystalline units together with the water molecules
produced during polymerization consists of not only the intrinsic volume of the atoms
forming solid and liquid but also the occluded volume. For example, the porosity of
LTA zeolite (Na12(Al02)12(Si02)12:27H,0, as shown in Fig.8) is 77.7%, but the volume
that could be occupied by liquid within the structure is only 43.3%, meaning 34.5% of
the volume within LTA is occluded [73]. The occluded volume within the crystalline
structures is the main reason why the (nano-) zeolites and water produced from
polymerization occupy a larger volume than the reactants (monomers or oligomers).
In addition, due to the existence of occluded volume, part of the interstitial water that
cannot stay within the framework will be expelled out [71]. Accordingly, experimental
evidence was found as shown in Fig. 9 with a certain amount of water or pore solution
expelled out from the MKG paste at curing age of 16 hours. It has to be noted that the
expelling of liquid observed at this stage was not due to bleeding which mainly
happens for freshly mixed samples.
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Fig. 8. Schematic representation of LTA zeolite structure [74].
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Fig.9. Expelled liquid observed on the surface of MKG cured for 16 hours.

Using LTA (Na12(Al02)12(Si02)12:27H20) as an example, the chemical deformation of
the formation of LTA can be roughly calculated as shown in equation 2, assuming the
reactants are purely monomers. The molar volume of NaOH is assigned to 6.23mol/ml
according to the concentration of the solution [75—78]. Si(OH)4 comes from either the
dissolving of MK or the activator and Al(OH); comes only from the dissolving of MK.
The chemical deformation during formation of LTA type zeolite is shown in Table 5.

1.53 Si(OH)4 + 2AI(OH)4 + 0.47 Si(OH)4 + 2 Na*
— 0.167 Na12(Al02)12(S5i02)12:27H20 + 3.5 H,0 (2)

Table 5

Calculation of chemical deformation of equation 2.

Reactants or reaction moles Mass Density or Volume
products molar volume

Si(OH)a 1.53+0.47 192 ¢ 58.68 ml/mol 117.36 ml
Al(OH)4 2 190¢g 42.3 ml/mol 84.6 ml

Na* 2 46 g -1.2 ml/mol 2.4 ml



Na12(Al02)12(Si02)12:27H20 0.167 365¢g 1125.7 ml/mol [73] 187.99 ml

H.0 3.5 63g 18 ml/mol 63 ml
Volume change 51.43 ml
Chemical deformation 0.265 ml/gmk

It can be seen that the reaction forming LTA type zeolite from monomers shows
chemical expansion, which is evidence for the previous inference. According to the
available data of zeolites in [71], it can be calculated that the formation of different
kinds of zeolites (e.g. zeolite LTA, faujasite, phillipsite, etc) from monomers can
generate different amounts of chemical expansions, but never chemical shrinkage,
due to the large intrazeolitic porosities and the large occluded volumes in these
zeolites. In the MKG paste studied here, the products formed in the second stage may
be only secondary building units or fragments of zeolites which may not be observed
by X-ray, but the (nano-) crystalline structures of these products can already induce
chemical expansion.

The chemical expansion processed within MK geopolymerization and the expelling of
pore solution observed from experiment are very interesting phenomena, in
comparison with the monotonic chemical shrinkage and uptake of water during
hydration of OPC. This information will be useful to explore the influences of the
expelling of pore solution on engineering properties (such as efflorescence,
autogenous shrinkage and drying shrinkage) of geopolymers in future research.

3.3.3 Chemical shrinkage caused by the formation of Si-rich gel

In zeolites, a large amount of volume in the intracrystalline pores is occluded or
inaccessible to water due to their small pore sizes which are mainly in nm or A level
[71]. By contrast, the pores formed during the formation of amorphous Si-rich gels are
mainly gel pores or capillary pores, whose sizes are in nm to um level [79,80]. In these
pores, the status of water molecules are just like in bulk solution and occluded volume
would rarely exist. Therefore, the local density of geopolymer gels should be denser
than the zeolites. Supports for this view can be found in [81], which, through atomistic
simulation, proved that the geopolymer gel has lower porosity and thus higher density
than crystalline zeolites like sodalite. In this case, reduction of volume would occur
when the (nano-) zeolites were decomposed and polymerized/reorganized to form
space-filling geopolymer gels. This may explain why MKG experienced a chemical
shrinkage process in the late age of geopolymerization.

Similar to section 3.3.1 and 3.3.2, the volume change associated with the formation
of geopolymer gels can be approximately calculated based on the density or molar
volume data of the gels. Due to the amorphous nature of the gels, it is hard to directly
determine the densities of the gels by experiments. Nonetheless, according to the
methods presented by Myers et al. [68] and Thomas et al. [82], the density of a
geopolymer gel with a given chemical formula can be calculated according to [68].
Since the Si-rich gels formed in the third stage are mainly Q*(3Al)/Q3(1Al) and Q*(2Al)
with an overall Si/Al ratio around 1.5, here we assume the chemical formula of one of



the main gels formed in this stage is Na-AlO,-1.55i0,-H,0. The density of gel
Na-Al0,-1.55i0,-H,0 can be calculated to be 2.64 g/ml according to [68,82]. We then
assume that the formation of gel Na-AlO;-1.5Si02-H;0 is from the polymerization
between (nano-) LTA type zeolite with incorporation of silicate monomers, as shown
by Eq. (3). It is noticed that the reactions occurred in reality would be more complex
than shown by Eq. (3). The gels may not be formed directly from the (nano-) crystals.
The (nano-) crystals may experience first decomposition and the species from the
decomposition then react with the silicate monomers to form gels. The chemical
deformation associated with Eq. (3) is shown in Table 6.

Si(OH)4 + 0.167 Na12(Al02)12(Si02)12:27H20
— 2 Na-Al0,:1.55i02-H,0 + 4.5 H,0 (3)
Table 6

Calculation of chemical deformation of equation 3.

Reactants or reaction moles Mass Density or Volume
products molar volume

Si(OH)a 1 9% g 58.68 ml/mol 58.68 ml
Na12(Al02)12(Si02)12:27H20 0.167 365¢g 1125.7 ml/mol 187.99 ml
Na-AlO2-1.5Si02-H20 2 380¢g 2.64 g/ml 143.94 ml
H20 4.5 8lg 1g/ml 81 ml
Volume change -21.73 ml

Chemical deformation -0.112 ml/gmk

As shown in Table 6, the reorganization from LTA type zeolite to geopolymer gel with
a Si/Al of 1.5 generates chemical shrinkage, which is coherent with the experiment
results. The value 0.112ml/gmk is much higher than the experimental chemical
shrinkage, i.e., 0.015ml/gmk in the third stage. That is because not all the reaction
products in the second stage are crystals like LTA, and 0.015ml/gmk is just the chemical
shrinkage occurred till 2 weeks, when the reactions are far from finished. Despite the
difference in values, the calculation helps to explain why the formation of NASH gel
would induce chemical shrinkage.

3.4 Summary and final discussion

Based on the experimental results and the theoretical interpretations, clear
connections between the chemical deformations and the reaction processes have
been established and explained. A conceptual model can be summarised in Fig.10. The
geopolymerization of MK with the activator of NaOH and Na,SiOs experienced three
stages of reaction processes and therefore three stages of chemical deformations. In
the very early age, MKG paste showed chemical shrinkage due to the continuous
dissolution of the precursor to form monomers or small oligomers. In the second stage,
MKG paste experienced chemical expansion during the formation of Al-rich products
which contain a certain amount of (nano-) zeolites. During this period, a certain
amount of pore solution was expelled out from the paste. It will be very interesting to



further explore the influences on engineering properties of MKG systems of this
expelling of pore solution, which is essentially different from the uptake of water in
conventional cement hydration. In the final stage, the Al-rich products were
reorganized and polymerized with the silicate oligomers to form amorphous Si-rich
gels, during which MKG pastes showed chemical shrinkage again.

Activating solution

Metakaolin (NaOH+Na,5i0,)

v

Dissolution ———» Chemical shrinkage

Dissolved silicate and
aluminosilicate species

Gelation and nucleation ———» Chemical expansion

Al-rich gels and
(nano-) zeolites

Reorganization and polymerization ———»  Chemical shrinkage

A 4

Si-rich gels

Fig.10. Reaction processes and chemical deformations of geopolymerization.

The reaction sequence presented in Fig.10 is similar to what had been shown in [83]
but is modified to include the nucleation process, through which (nano-) zeolites
would form, into the reaction pathways based on the XRD and FTIR results. Aluminate
monomers are not included in the products after dissolution because they would react
with silicate species immediately after it is formed [69].

The conceptual model presented in Fig.10 contributes to an in-depth understanding
of the mechanism of MKG chemical deformation, which is crucial for estimating the
driving force of bulk deformations of geopolymers. Of course, Fig.10 only describes
the typical situation of activating MK by NaOH and NaSiOs at room temperature. If
the raw material properties, type of activator and curing conditions are changed, the
chemical deformation values will also change. Nonetheless, the principles proposed
by this study will still work. For example, if one type of MK with higher density is used
as precursor, the chemical shrinkage of the paste in the first stage would be smaller,
due to the small volume reduction during dissolution; if pure NaOH is used as activator
or if elevated temperature is used for curing, the chemical expansion in the second



stage is supposed to increase, due to the higher tendency to form zeolites in high PH
or high-temperature condition [50]. Further research on quantitative analysis and
prediction of chemical deformation is absolutely helpful, which may be done by the
combination of thermodynamic modeling and experimental work.

4. Conclusions

This research presents an in-depth investigation on the chemical deformation of MK
based geopolymer. For the first time, it is found that the chemical deformation MKG
cured at ambient temperature doesn’t show monotonic chemical shrinkage like OPC
based binder. MKG experiences three stages of chemical deformations, including an
initial chemical shrinkage, a followed-up chemical expansion and a chemical shrinkage
again in the final stage. Through systemic experimental studies, clear relationships
were found between the reaction processes and chemical deformations. Furthermore,
a conceptual model of the reaction processes and corresponding chemical
deformation is proposed based on experimental results and theoretical calculations.

This study provides important insights into the chemical deformation associated with
geopolymerization, which will play a fundamental role for further understanding,
controlling and even utilizing deformation behaviour (especially the autogenous
deformation) of geopolymers in engineering applications. In addition, the conceptual
model of the chemical deformation proposed in this study can be adapted for different
geopolymer mixtures under various curing conditions in future researches. In the
meantime, this study provides a new (volumetric) aspect to study geopolymerization
especially the reaction processes before a final geopolymer gel is formed.
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