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ABSTRACT

The reaction mechanism of geopolymers remains unclear, yet it significantly influences their early-
age properties such as strength and microstructure. In this study, the heat of reaction and compressive
strength were measured for geopolymers with varying SiO2/Al.Os and H.O/AL:Os ratios. Results
showed that increasing both ratios decreased the degree of reaction and the peak heat flow, likely due
to reduced alkalinity and hindered dehydration during polymerization. A certain degree of reaction is
essential for strength development, while unreacted metakaolin can act as a filler, contributing
positively to strength. An increased H-O/Al2O:s ratio initially enhances workability and strength, but
excessive water leads to higher porosity and reduced strength. Based on the balance between reactivity
and porosity, the optimal mix proportions were found to be Si02/Al-Os = 3.5-3.75 and H.O/Al:O; =
11 for K-based geopolymers, and SiO»/Al:Os = 3.75 with H.O/ALOs = 11-12 for Na-based
geopolymers.
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1. Introduction

Cement production leads to the emission of significant amounts of CO», which causes global warming
[1,2]. Therefore, cement production needs to be limited to minimize CO> emissions, and alternative
materials are required. Geopolymers are an alternative material to cement and are manufactured
through the reaction of an alkaline activator and precursors, such as metakaolin, fly ash, and blast-
furnace slag [3,4]. A 60% reduction in CO; emissions is possible if geopolymers are produced with
the same strength as cement concrete [5]. Geopolymers have advantages, such as good fire resistance
and good acid resistance, enabling materials to be used for extended periods and reducing energy
consumption [6-10]. In addition, geopolymers exhibit adsorption and are useful for disposing of
radioactive materials and fixing heavy metals [11,12]. However, geopolymers have drawbacks for
practical applications, such as cracking caused by shrinkage and efflorescence, high material cost, and
production under high pH [13-15]. In particular, the reaction mechanism of geopolymers is unclear.
Geopolymers are synthesized from several precursors and an alkaline activator. Precursors such as fly
ash, blast-furnace, and metakaolin exhibit different characteristics, such as chemical properties,
mineral composition, and particle shape. NaOH, KOH, Na>Si03, and K>SiO3 in the form of alkaline
solutions are generally used for geopolymers. Geopolymers are synthesized through various reactions
and yield different products, mainly N(or K)-A-S-H and C(-A)-S-H. Furthermore, geopolymers can
be tailored for various functions based on the intended use, and hence, a clear understanding of their
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reactions is required. The use of metakaolin as a precursor is suitable for analyzing reaction
mechanisms because metakaolin does not contain calcium and produces C(-A)-S-H. By clarifying the
reaction of a simple system, the reaction of a more complex system can be revealed. However, studies
on metakaolin geopolymers have not been conducted extensively compared to those on other
geopolymers [16]. Moreover, metakaolin is known for its relatively stable chemical composition and
high reactivity, and when geopolymers are produced using MK with a certain reactivity, the products
and mechanical properties are controlled by the alkaline activator [17]. In conclusion, the reaction in
metakaolin-based geopolymers can be controlled by controlling the alkaline activator mixture.
Analyzing the reaction kinetics of geopolymers helps reveal the reactions in geopolymers. The heat of
reaction can be measured continuously, and the progress of the reaction can be observed [18,19]. It is
easier to develop heat evolution and cumulative heat using metakaolin than using fly ash or blast-
furnace slag as precursors of geopolymers because metakaolin exhibits a higher chemical activity than
fly ash and blast-furnace slag. The solid/liquid (S/L) ratio does not significantly influence heat
evolution and cumulative heat; however, as the concentration of the alkali activator or curing
temperature increases, the first heat evolution peak and cumulative heat increases [18,19].

The reaction between precursors and alkali activator can also be determined from the setting time.
Dupuy et al. examined the reaction of metakaolin with potassium or potassium + sodium-based alkali
activators and continuously measured the viscosity values until setting [20]. They found that an ideal
Si/M ratio (M = K or K+Na) exists with low initial viscosity and gradually increasing viscosity.
Reducing the S/L ratio resulted in a low viscosity and longer setting time; however, a weak network
was generated, possibly because of the low water content and slow dissolution of metakaolin.

The microstructures of geopolymers formed as a result of the reaction have also been examined.
Lizcano et al. captured scanning electron microscopy (SEM) images of metakaolin geopolymer after
1 day and observed that the structure changed with the alkali species and Si/Al ratio of the alkaline
activator [21]. The K-based geopolymer had a less porous and more homogeneous structure than the
Na-based geopolymer. Geopolymers with Si/Al ratios of 1.5 and 2.0 had a denser and more
homogeneous structure than those with an Si/Al ratio of 1.25. Rovnanik measured the cumulative and
differential pore volumes of geopolymers after 1, 3, 7, and 28 days to assess the changes in the
microstructure and pores [22]. When the reaction occurred rapidly owing to the increased curing
temperature, the pore volume and pore size increased. In general, compressive strength increases with
increasing temperature [23], elevated temperatures increase pore volume and differential pore volume
and decreases strength [22]. Therefore, an optimum value is required for the curing temperature, as
very high and very low temperatures degrade the performance of geopolymers. Chen et al. determined
the optimum mixing conditions for metakaolin-based geopolymers and found that the best condition
for curing was 60 °C for 7 days, at which the geopolymers exhibited the highest compressive strength
[24].

Researchers have found that strength is influenced by other parameters other than temperature. As the
alkali activator concentration increases, the pH and strength of geopolymers increase [19]. Strength
also increases with the Si/Al ratio [25].

Duxson et al. reported that the compressive strength at 7 and 28 days is constant regardless of the Si/Al
ratio and alkali species [25]. In particular, uniaxial compression test results have shown that when
cured at room temperature, the strength at 3 days is close to 80% of that at 28 days. These findings
suggest that the reaction and microstructure formation up to 3 days determines the compressive
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strength development. This trend applies not only to strength development but also to other mechanical
properties. The authors have also investigated the improvement of flowability and diffusion
performance of geopolymers [26,27]. Factors that determine properties (such as compressive strength,
shrinkage, and permeability) include the strength of the reacted product and the pore structure.

The aim of this study was to examine the reaction of metakaolin-based geopolymers up to 3 days of
curing and analyze the effect of mixing conditions on the reaction to reveal the reaction mechanism of
geopolymers. We investigated the initial reaction of metakaolin-based geopolymers using isothermal
calorimetry, ultrasonic pulse velocity (UPV) test, and uniaxial compression test. Isothermal
calorimetry indicates the reaction rate based on the measured heat flow. UPV tests determine the ratio
of solid parts bonded together, and uniaxial compression tests are typically used to evaluate the
mechanical properties of materials. Finally, the influence of porosity structure on strength development
was clarified.

2. Experimental

2.1 Materials and preparation of samples

The metakaolin (Metamax, BASF, Rheinland-Pfalz, Germany) used in this study was an
aluminosilicate powder for sourcing alumina and silica (S102/A1>03 = 2.0 in mol/mol). The chemical
composition and particle size distribution of the metakaolin are presented in Table 1 and Fig. 1,
respectively. The average particle size and the Brunauer—Emmett—Teller (BET) specific surface area
were 1.3 pm and 12.9 m?-g’!, respectively. X-ray diffraction (XRD) measurements performed using
an internal standard (corundum) indicated that most of the metakaolin was amorphous. The alkali
activators were prepared using potassium silicate solution (Fujifilm Wako Pure Chemical Co., Osaka,
Japan), sodium silicate solution (Fujifilm Wako Pure Chemical Co., Osaka, Japan), potassium
hydroxide (Kanto Chemical Co., Inc., Tokyo, Japan), and sodium hydroxide (Kanto Chemical Co.,
Inc., Tokyo, Japan) as reagent grades, and purified water that had a conductivity lower than 0.1 mS/m.
The alkali activators were mixed with chemicals at least 24 h prior to geopolymer preparation. Alkaline
solutions were prepared using sodium silicate (Na;SiO3), sodium hydroxide (NaOH), potassium
silicate (K2S103), potassium hydroxide (KOH), and purified water. The Si02/NayO ratio of sodium
silicate was 2.176, and the Si02/K>0 ratio of potassium silicate was 2.012. NaOH and KOH had purity
values higher than 98% and 87%, respectively.

Samples were named based on their alkali species, Si02/Al203; molar ratio, and H2O/Al>O3 molar ratio.
The molar of SiO; and H>O indicates the molar in the alkali activator, whereas the molar of Al>O3
represents the molar in metakaolin. For example, in N1.5S11, “N” indicates that sodium is the alkali
species in the alkali activator. “1.5S” indicates that the alkali activator is prepared using Si02/A1,O3 =
1.5. “11” indicates that the alkali activator is prepared using HoO/Al,O3; = 11. In the case of KS9, “K”
indicates that the alkali species in the alkali activator is potassium. “S” indicates that the alkali activator
is prepared using Si02/AlbO3 = 1.0, where 1.0 is excluded. “9” indicates that the alkali activator is
prepared using H2O/Al,O3 = 9. The mix proportions of the geopolymers are summarized in Table 2.
These mix proportions are similar to that of Duxson et al. [25]. The range of Si/Al adopted in this study
was set with reference to the result that compressive strength was maximum at Si/Al= 1.9 in Ref. [22].
Also, M. F. Oliveira et al. investigated optimal mix design in terms of workability and efflorescence
[28]; the mix design of this study was close to that of their study and yielded good results.



The flowchart of the geopolymer preparation is shown in Fig. 2. For mortar sample production, after
mixing metakaolin and fine aggregate for 1 min at a low speed, the activator was first added to the
mixer and stirred for 5 min at a low speed. It was then stirred for 1 min manually and finally stirred
for 10 min at a high speed. Next, the fresh samples were poured into a plastic mold and cured at 20 °C.
In the small-angle X-ray scattering (SAXS), SEM, and transmission electron microscopy (TEM)
analyses, the samples were freeze-dried with liquid nitrogen and examined.
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Table 1 Chemical composition of metakaolin (wWt%)
SiO2 Al2O3 Fe203 Na:0 K20 CaO
52.78 45.37 0.35 0.22 0.12 0.020

Table 2 Mix proportions of specimens

M20/ALLO3 m: SiO2/ n:
Sample  Composition of sample
ALO3 H20/ALOs3
KS11 1.0 3.0
K1.5811 K20 AlLO3*mSiO;- 1.0 3.5 11.0
K1.75S11 2HLO 1.0 3.75
KS9 1.0 3.0 9.0
NS11 1.0 3.0
N1.5S11 1.0 3.5 11.0
—  NaxO-*AlLO3;*mSiO*
N1.75811 1.0 3.75
NS12 nH0 1.0 0 12.0
NS15 1.0 ' 15.0

2.2 Experimental methods
(1) Viscosity measurement
The viscosities of alkali activators were measured using a B-type viscometer (DV2T, Eko Instruments
Co., Ltd., Tokyo, Japan). The spindle was connected to the spring, which measured the torque
generated via flow resistance when the spindle was rotated in the solution. The error of the measured

value was within £5 mPa-s.

(2) Flow test

For the flow test, the samples were first poured into a cylindrical mold (diameter: 50 mm; height: 50
mm) after mixing. The mold was lifted up, and the diameter of the samples were recorded as the flow
value (mm).

(3) pH test

The pH values of the alkali activators were measured using a pH meter (D-51, Horiba, Ltd., Kyoto,
Japan). Prior to pH measurements, calibration was performed using a pH standard solution. The pH
values were measured when the potential and temperature change for 10 s were £1 mV and £2 °C,
respectively.

(4) Uniaxial compressive test



Cylindrical specimens (® 50 mm % 100 mm) were used for the compressive strength test. The uniaxial
compressive strength was determined using an automatic compression tester (Hi-ACTIS-2000, Marui
& Co., Ltd., Osaka, Japan). The maximum stress during the test, determined from the breaking point
of each specimen, was divided by the cross-sectional area of the end face to obtained the uniaxial
compressive strength. The test was repeated using three specimens for each activator, and the average
value was adopted as the compressive strength.

(5) UPV test

UPV was measured using an ultrasonic nondestructive tester (UST MIN-020-1-00, Marui & Co., Ltd.,
Osaka, Japan). Samples were blended in the mortar mixer and poured into molds, each with a length
and width of 50 mm and height of 100 mm. Polyethylene film was wrapped at the top of the mold to
prevent water evaporation. The mold had holes on each side, into which the ultrasonic transmitter and
receiver were attached. Ultrasonic waves were transmitted from the transmitter to the receiver, and the
time was measured. The UPV value was calculated by dividing the transmission time by 50 mm.

(6) Isothermal calorimetry

Heat flow was monitored using a isothermal calorimeter (MMC-5116, Tokyo Ricoh Co., Ltd.),
measured at 20 °C for 7 days. Samples were blended by hand outside the calorimeter and immediately
placed in the calorimeter. Therefore, the result was unstable until after 1 h.

(7) Mercury intrusion porosimetry (MIP)

Immediately the geopolymer paste reached a specified age, it was roughly crushed to particle sizes of
2.5-5 mm using a hammer. The reaction was stopped using liquid nitrogen and a freeze dryer.
Subsequently, the pore-size distribution was determined using MIP (AutoPore V 9620, Micromeritics
Instrument Co., Georgia, USA). The measurement range of the pore size was 3—400 pm. A 1.0 g sample
was used for the measurement, and this amount is sufficient for measurement reproducibility.

(8) Nitrogen adsorption (NAD)

Each sample was crushed in a ball mill, and the powder was utilized for the NAD analysis. Prior to
measurements, vacuum drying was performed at room temperature for 24 h. The specific surface area
and pore structure of the sample were determined via NAD measurements (BELSORP Max,
MicrotracBEL CO., Osaka, Japan). The sample was approximately 0.2 g. The BET specific surface
area was calculated from the NAD measurements, and pore size distribution was determined using the
Barrett-Joyner—Halenda method.

(9) SAXS measurements

SAXS and wide-angle X-ray scattering (Nano-inXider, Xenocs, Grenoble, France) were adopted for
pore measurements. X-rays from a Cu source (1=1.54 A, 50 kV, 0.6 mA) were scattered by the sample
and recorded using a detector. Powders were placed between Kapton windows in a 0.5 mm Al washer
without being compressed. The sample environment was vacuumed. A Guinier Porod model was used
for calculations, and based on the assumption of spherical pores (slope qo), polydispersity was
neglected.

(10) SEM and energy dispersive X-ray (EDX) analysis

A scanning electron microscope (JSM-IT200, Jeol Ltd., Tokyo, Japan) was used to characterize the
microstructures of the samples. For SEM observations, the crushed samples were embedded in epoxy
resin, and a cross-section with a polished surface was observed. Platinum sputtering was used to make
the surface electrically conductive. The procedure was performed at an accelerating voltage of 15 keV
and a working distance of 10 mm. In addition, EDX point analysis was performed to determine the
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elemental composition of the product in the geopolymers. In the point analysis, 10 or more points were
analyzed using the ZAF method, and the average value was calculated.

(11) TEM measurements

The powder sample was dispersed on a Cu grid, and TEM (Titan G2 60-300) was performed at 60 kV.
(12) High-energy X-ray diffraction (HEXD)

HEXD data were analyzed at SPring-8 (BL04B2 beam-line) using a two-axis diffractometer. The
incident X-ray energy was 61.5 keV, and the diffraction patterns were detected by four CdTe and three
Ge detectors. A vacuum chamber was used to prevent air scattering around the sample. The powder
sample was filled into a capillary tube. The total correlation function, T(r), calculated by a previous
study [26] was used.

3. Results and discussion

3.1 Viscosity, pH of alkali activators, and flow test of geopolymer

The viscosities of the alkali activators are presented in Fig. 3. When the SiO2/A1,03 and H20/AL2O;
ratios were the same, the K-based solutions had a lower viscosity than the Na-based solutions. In
addition, the viscosity increased with increasing SiO»/Al>Os ratio or decreasing H,O/Al>Os3 ratio,
which was particularly significant for Na-based solutions. The viscosity values of potassium silicate
(K2S103) and sodium silicate (Na>Si03) used as raw materials were also measured. These values are
close to them of K1.75S11 or N1.75S11.

The pH values of different alkali activators are presented in Fig. 4. The pH values of potassium silicate
and sodium silicate were also measured. However, these values were lower than those of the alkali
activators because the alkali activators were prepared by adding KOH or NaOH to the silicate solution.
The K-based solutions had higher pH values than the Na-based solutions at the same SiO2/Al,O3 and
H>O/Al>05 ratios. Additionally, increasing the SiO»/AlO; or H2O/Al>O3 ratio resulted in low pH
values. This result was identical to that of Jansson et al. They found that samples with higher
S102/NaxO ratios yielded lower pH values and delayed setting [30]. In this study, the M2O/ Al,O3 ratio
was fixed to 1.0 for all specimens, thus ensuring that the SiO»/Na>O ratio was the same as the
Si10,/AlbOs ratio. However, the pH meter used in this study had a range of 0—14, and the pH values
were only used for reference. Gharzouni et al. measured the pH values of a metakaolin-based
geopolymer, which ranged from 10 to 14 [17]. It would be expected that the pH of the alkali activator
would decrease with the addition of the precursor.

The flow values of the specimens are presented in Fig. 5. The flow decreased with increasing
Si02/AbO3 ratio in all the samples. For the Na-based samples, the flow value increased as the
H>0O/Al0O3 ratio decreased. When the SiO2/AlxO3; and H,O/ALOs ratios were the same, the K-based
samples yielded higher flow values than the Na-based samples owing to differences in the
charge/radius ratio and hydration energy of alkali cation [31]. Na" requires higher hydration energy
than K* because Na* has a smaller ion radius than K*. Therefore, K* interacts more with water, and
the K-based geopolymer yielded a higher flow value. A good correlation was observed between
solution viscosity and flow. Therefore, the mixing design influences the workability and pH of
specimens, which influence the reaction rate.
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3.3 Mechanical properties

The uniaxial compressive strength results are presented shown in Fig. 6. For the K-based samples, the
strength increased as the SiO2/ALO; ratio increased. In addition, the increase in the H2O/ALOs ratio
resulted in a decrease in strength at 3 day; however, this trend reversed at 28 day, with the increase in
the HoO/Al,O3 ratio causing an increase in strength. In contrast, in the Na-based samples, the
maximum strength was observed in N1.5S11 at 3 day; however, the strength increased with the
Si02/Ab0O3 ratio at 28 day. Specially, N1.75S11 exhibited increased strength of approximately 1.8
times from 3 to 28 day. In the case of the same SiO»/AlLOs ratio, the strength increased as the
H>0/Al>035 ratio increased. According to Duxson et al., the strength increased with an increasing Si/Al
ratio, but no trend was observed for alkali species [25]. Cai et al. and Wang et al. investigated the
effects of KOH and NaOH concentrations on strength, respectively. In both cases, an increase in
alkaline activator concentration resulted in an increase in strength [19,32]. The strength increased with
a decrease in the H2O/Al>O3 ratio because an increase in the pH value of the alkali activator promoted
the reaction of geopolymers.

Fig. 7 presents the UPV measurement results. The decrease in H2O/Al>Os3 ratio is attributed to the high
UPYV values. An increase in the Si02/Al,03 ratio delayed the UPV being constant.
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3.4 Heat flow

Fig. 8 shows the variations in heat flow with time. When the SiO2/A1,O3 or H2O/ALO3 ratio was the
same, the peak of heat flow was higher for K-based samples than Na-based samples. This may be
related to the pH value of the alkali activator and the ease of dehydration during condensation
polymerization. When the Si0,/AlO3 or H2O/ALO3 ratio was the same, the pH value was higher for
K-based solutions than Na-based solutions (Fig. 4). In the case of samples with H2O/Al,O3 = 11, the
peak decreased as the Si0,/Al,05 ratio increased, and the peak time was also delayed. For the samples
with Si02/Al,03 = 3.0, the peak value decreased as the HO/Al>Os ratio increased, except for NS11.
The results for cumulative heat at 3 day are presented in Fig. 9. When the Si02/A1bO3 or HoO/AlLO3
ratio was the same, similar to the heat flow trend, the cumulative heat was higher for K-based samples
than Na-based samples. An increase in the Si02/Al>0O3 ratio suppressed heat generation and promoted
the heat evolution after 3 days. For the samples with Si0,/Al,O3 = 3.0, regardless of alkali species or
H>0/Al0Os5 ratio, the reaction was completed by the third day.
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Furthermore, the cumulative heat curves presented in Fig. 10 are closely related to the heat flow
characteristics. During heat flow, samples with high peak and early convergence of reactions tended
to exhibit significant cumulative heat.

In contrast, delayed reactions showed a decrease in the cumulative heat. Similar trends of heat
evolution and cumulative heat were observed by Sun et al. and Liang et al. [16,18]. Sun et al. found
that reaction heat slightly increased with decreased liquid-to-solid ratio, which is consistent with the
findings of our study because the liquid-to-solid ratio in their study and our H2O/Al;Os ratio are the
same parameter [21]. Liang et al. reported that reaction heat decreased with an increase in Si02/A1,03
ratio [16]. According to Rovnanik [22] and Chen et al. [24], these trends may be related to very early
dissolution of the precursor. Rapid-polymerization AI** in metakaolin and Si monomers or oligomers
caused that metakaolin particles to become sealed by a layer of geopolymer [22,24]. Therefore, when
heat flow showed high peak and early convergence, the cumulative heat decreased. In addition, the
heat flow is related to strength, as observed by Albidah et al. Specimens heated and cured at 400 °C
had a more porous and sponge-like structure than those cured at room temperature [33]. High heat
flow increases porosity and causes cracking, which result in strength reduction.
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Krstulovic et al. proposed a conceptual reaction model of cement hydration [34]. This model is used
for crystal-growing systems; however, it has not been extensively used to analyze metakaolin
geopolymers, which is amorphous and has a structure similar to that of natural zeolite. Nevertheless,
Liu et al. and Fernandez-Jimenez et al. applied this model to geopolymers with blast-furnace slag as
the binder and determined the reaction rates [35,36]. Therefore, this model can be used to analyze
metakaolin-based geopolymers and their reaction mechanisms.

The model considers three main reaction processes: nucleation and crystal growth (NG), interactions
at phase boundaries (I), and diffusion (D). The rate of reaction of each process can be determined from
the heat evolution. The Avrami-Erofeev equation, expressed by Eq. (1), describes a reaction dominated
by the nucleation and growth processes. In general, the reaction during interactions at phase boundaries
are determined using Eq. (2). Eq. (3), proposed by Jander, provides a comprehensive explanation of
the diffusion process.

[~ In(1 — )7 = Kyr=2(t — to) = K'+(t — to) o)

[1- - 0f] = k- 1) = K - 1) @
2

[1-a- @3] =kt -1) =K - 1) 3)

In Egs. (1)-(3), a is the degree of reaction, K;(K’;), K>(K’;), and K3(K’3) are rate constants
corresponding to NG, I and D, t is the reaction time, to(h) is the ending time of the induction period,
and n is the crystal growth index within the range, 1=n=2. The crystal growth has the form of needles
for n =1 and sheets for n = 2.

In Egs. (1)~(3), a is differentiated by ¢, and the following equations are derived:

da n-1
i Fi(a)=Ki(1—-a)[-In(1—a)] n (4)
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da 2

= = Fa(a) =3K,(1 - a)3 (5
3 2

d s|K3(1— )3

d_ctzst(Ol)=2[ i 1] (6)
[1 —(- a)§]

where Fi(a), F2(a), and F3(a) represent each reaction process. The degree of reaction, a(z), and the rate
of reaction, da/dt, are defined by Egs. (7) and (8), respectively.

a(t) = L %
Q'max
da dQ 1 )

dt  dt Q'max

where Q’(J/g MK) is the cumulative heat at t(h). The cumulative heat Q’max (J/g MK) at the end of the
reaction is predicted from the Knudsen extrapolation, as expressed by Eq. (9):

1 1 t

Q' - Q'max Q' max(t—ty)

where tso is the time when samples release 50% of the cumulative heat. Q max and tso were calculated
by plotting 1/Q’ and 1/(t-to) in a line.

Fig. 11showed a fitting curve plotted for KS11. The kinetic parameters were calculated based on this

model and the cumulative heat values (Table 3). The maximum heat flow rate (Q’max) was 900 (J/g
MK) for most K-based samples. The crystal growth index (n) ranged from 1.035 to 1.207, indicating
that the dimension of crystal growth remained relatively consistent. An increase in the SiO2/Al>0O3 ratio
resulted in a decrease in n and the promotion of one-dimensional growth. a; and o, represent the
respective degrees of reaction at which the dominant reaction process changes from NG to I, and I to
D; however, a; was not mostly observed in this study. a; increased as the Si02/Al>Os3 ratio increased.
tso did not have a trend under this mix condition. According to Liu et al. and Fernandez-Jimenez et al.,
high values of n were obtained and a1 was observed when the slag reacted with the alkali activator
[35,36].
K; and K decreased as the Si02/Al,0O3 ratio increased. For Na-based, these values decreased as the
H>0/Al>05 ratio decreased, and a decrease in pH resulted in an increase in the reaction rate. In contrast,
the decrease in K3 with increasing SiO2/Al,O3 ratio was slight compared with those of other rate
constants. This suggests that increasing Si0,/Al>O3 ratio suppresses the reaction rate during the early
stages; however, the reaction continued slowly for a long time.
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Fig. 11 Plot of fitting of KS11

Table 3 Kinetic parameters determined by the Krstulovic—Davic model
Samples Q' max n K; K> K; a2 tso
KS11 909.9 1.207 0.0530  0.0165 0.00635  0.483 8.10
K1.5811 902.5 1.090 0.0246  0.0091 0.00320  0.443 17.38
K1.75811  885.0 1.069 0.0140  0.0051 0.00267  0.605 22.16
KS9 888.9 1.152 0.0568  0.0178 0.00710  0.487 6.34
NS11 881.1 1.179 0.0387  0.0109 0.00303  0.361 18.59
N1.5S11 593.8 1.059 0.0268  0.0092  0.00508  0.622 13.80
N1.75811  564.7 1.037 0.0134  0.0066 0.00448  0.712 14.23
NS12 705.2 1.065 0.0549  0.0170  0.00684  0.490 8.06
NS15 706.7 1.094 0.0534  0.0167 0.00709  0.511 6.04

3.5 Degree of reaction and compressive strength
The relationships between the degree of reaction and the compressive strength at 3 and 28 days are
discussed. The degree of reaction at 3 day was calculated using Eq. (10):

Q@)
a(3d) = TN X 100 (10)

where Q(to) is the cumulative heat at to(h). The strength of K-based samples ranged from 50 to 60
N/mm?, regardless of the degree of reaction, but the Na-based samples had no specific trend (Fig. 12).
Differences in the charge density and hydration energies of K and Na are believed to cause the tendency
for alkali species, but this was not investigated in this study.
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Fig. 12 Plots of compressive strength and degree of reaction

The reaction rate increased with strength, whereas samples with Si02/Al,03 = 3.5 showed higher
strength than samples with Si02/Al,03 = 3.0 and 3.75, regardless of the degree of reaction. According
to Duxon et al., unreacted metakaolin may be related to the strength development [37]. Compressive
strength increased with increasing Si/Al ratio up to Si/Al = 1.9, but decreased when the Si/Al ratio was
increased from 1.9 to 2.15 [25]. Therefore, unreacted metakaolin may be related to the mechanism of
higher strength at a lower degree of reaction. However, it is necessary to clarify the amount of
unreacted metakaolin.

Compressive strength decreased as the HoO/AlO; ratio increased, regardless of alkali species;
however the degree of reaction exceeded 90% for most specimens. This may be attributed to excess
water, which causes reduction in strength. The increase in the degree of reaction from NS11 to NS12
or NS15 can be explained by the flow test results. For Na-based samples, the value increased as the
H>0O/AlL05 ratio increased, and the flowability improved significantly. Therefore, the degrees of
reaction of NS12 and NS15 were higher than that of NS11.

Quotal was used as the degree of reaction at 28 days to investigate the relationship between the
compressive strength and the degree of reaction at 28 days. Qotar is expressed as the sum of Q’max and
Q(to). The relationship between Qioral and compressive strength at 28 days is presented in Fig. 13. The
Na-based samples showed more variation than the K-based samples and were subject to strength and
cumulative heat, depending on the mixing conditions.
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In particular, the cumulative heat of K1.75S11 increased from 3 to 28 day, and the strength increased
significantly. For Na-based samples, increasing the SiO2/Al2O; ratio results in a decrease in the
cumulative heat and an increase in the strength. This is because of the presence of unreacted metakaolin,
as explained by Duxon et al., but an optimum SiO»/Al,0O;3 ratio may exist [37]. Fig. 14shows that
unreacted metakaolin that remained in this study. The unreacted metakaolin were slightly darker for
K-based samples and slightly brighter for Na-based samples. In addition, increasing the SiO2/Al,0O3
ratio yielded a brightened area. Brighter areas have a lower density; hence; the unreacted metakaolin
affects the strength. Evidence of unreacted metakaolin is shown in supplementary information. The
influence of the H,O/Al>,O3 ratio on compressive strength indicated that excess water increased
porosity and decreased strength. Porosity increases with the H,O/(Si0>+Al>O3) ratio because excess
water evaporates and moves into pores [38].
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Fig. 15 Porosity measured using MIP and BET surface area at the 28d

3.6 Compressive strength and microstructure

Results for the pore volume and BET surface area are presented in Fig. 15. Porosity tends to decrease
as Si/Al increases, and the decrease in the H,O/Al>Os3 ratio also decreases the pore volume. Similar
trends were obtained for Na-based samples in previous studies [39,40]. The decrease in porosity may
result in an increase in fine pores and surface area, but no specific correlation was observed in this
study.

The average pore diameters measured using each method are listed in Table 4. Although the absolute
values differed, the pore diameters of the K-based samples tended to be smaller and those of the Na-
based samples tended to be larger, which was consistent regardless of the measurement method. The
increase in the HoO/Al>Os ratio contributed to the increase in pore size, but no clear trend was observed
with respect to the Si02/Al>Os3 ratio. These were also similar to the findings of a previous study [40].
Fig. 16 shows the total correlation function of metakaolin geopolymer at 28 days. The K- and Na-
based results differed, including peaks at 2-2.5 A. This is probably attributed to Na-O bonding in Na-
based samples, and the results are similar to those of previous studies on bonding distances, such as
Si-O and Al-O [41,42]. The effect of the alkaline activators of Si/Al and H>O/Al,O3 were minimal.
The results are consistent with those of solid-state nuclear magnetic resonance measurements from
previous studies by the authors [27].

Fig. 17 shows the TEM images. Similar to findings of previous studies, the K-based samples showed
solids with a regular shape, whereas the Na-based samples did not show a clear solid shape [43-46].
Circular voids were clearly identified in the Na-based sample. Therefore, the formation of pores differs
between Na- and K-based samples. No effect of the HoO/Al2O3 and SiO2/ Al2Os ratios was observed
for the same alkali with respect to pore size and shape.

Fig. 18 (a) shows the relationship between the pore volumes measured using MIP and compressive
strength. The strength linearly decreased with increasing porosity, indicating that porosity is the main
determinant of strength. Although many previous studies have examined differences in water content
and the SiO»/Al>0s ratio [45-47], this study also observed differences in alkali species and a good
correlation between porosity and strength. As shown in Figs. 12 and 13, the degree of reaction does
not provide a consistent relationship to strength, but the pore volume allows for a more consistent
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evaluation. However, because the reaction is the main cause of pore structure formation (Fig. 18(b)),
the pore volume increases as the degree of reaction increases, a trend that is different from the reaction
of cement. This is attributed to the formation of the pore structure via polycondensation reaction
[17,48,49], which is different from the reaction of cement. Hence, microporosity within a few
nanopores increases with the reaction [44]. Therefore, it is necessary to clarify the reaction and pore
structure formation in the future. Compressive strength (CS) is estimated from the mix proportion via
multiple regression analysis and can be expressed by the following equation:

S H
CSIN/mm®] = ~4.78AS + 16,67 — 3.6+ 0.25Age + 72.1 (11)

where AS is the alkali species of activator (K:1 or Na:0), S/A is the SiO2/Al,0Os ratio of the alkali
activator, H/A is the H>O/ALbO3 of the alkali activator, Age is the curing age (day). This equation
enables estimation with an error of 20%, as shown in Fig. 18(c). The Si02/Al,05 ratio was found to be
the most important contributor to strength development. The alkali species, being K-based, may not
have a positive effect on strength development because excessive reaction leads to the loss of unreacted
metakaolin. As this study was conducted using a type of metakaolin with good reactivity, K-based
alkalis may be effective for less reactive metakaolin.

Table 4 Pore sizes measured using MIP, NAD and SAXS at 28d

Average pore size | Average pore size by | Pore diameter measured
by MIP (nm) N2 adsorption(nm) by SAXS(nm)

KS11 5.65 8.90+0.5 16.4+0.01
K1.5S811 6.25 6.36+2.9 11.3+0.02
K1.75811 6.34 10.5+5.5 -

KS9 5.57 16.8+£9.0 15.2+0.01

NS11 12.8 24.2+4.5 22.5+0.02
N1.5S11 7.09 29.0+4.6 -
N1.75811 7.38 29.5+5.1 -

NS12 13.4 22.7+0.4 -

NS15 23.5 27.9+1.2 -
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Fig. 17 TEM observations of geopolymer at 28d
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4. Conclusion

In this study, the initial reaction of metakaolin geopolymer was investigated, and the heat of reaction

was measured using a calorimeter. Several methods were applied to clarify changes in the

microstructure. The following conclusions were drawn.

1). The viscosity of alkali activators is influenced by the mix proportion. The Na-based solutions had
higher viscosity values than the K-based solutions. Furthermore, higher viscosity was obtained
for higher Si02/Al>O3 ratios and lower H>O/Al>,Os ratios. The trend of viscosity determined by
mix proportion was consistent with that of the flow results. The pH of alkali activators increased
when alkali species is Ka and the Si02/Al203; and H2O/Al20s ratios are low.

2). Compressive strength at 3 days reached 80% of that at 28 days, except for N1.75S11. The strength
was determined by the reaction up to the third day. Higher UPV values were obtained for lower
H>0/Al>0Os5 ratios. A higher Si0,/AlO3 ratio delayed the UPV in being constant.

3). Cumulative heat indicated the degree of reaction and was characterized using calorimeter
measurements. Heat flow with high peak and early convergence of reactions tended to yield high
cumulative heat. This tendency was observed for samples with low Si02/Al,03 and H>O/Al,0O3
ratios.
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4).

5).

6).

The trend of the reaction rate was quantitatively analyzed using the Krstulovic-Davic model. K},
K> and K3 of the kinetic parameters determined the value of each reaction rate. Samples with lower
Si0,/Al0O3 and H,O/Al>O3 ratios continued to react slowly for a longer time than those with
higher ratios. These yielded decerased K; and K> and increased K. Furthermore, these constants
were featured by mix design relating to workability and pH. Increasing the Si02/Al,03 ratio and
decreasing the H2O/Al>O3 ratio resulted in low flow and pH values.

From the relationship between compressive strength and cumulative heat, it was assumed that a
certain degree of reaction progression and the presence of unreacted metakaolin were necessary
for strength increase. Increasing the HoO/Al,O3 ratio resulted in increasing pore volume and
decreasing strength. Therefore, the optimal mix proportion for higher strength at 28 days is
Si02/AlO3 = 3.5 or 3.75 and H,O/AlO3 = 11 in K-based. In Na-based, the proportion is
Si02/Al1,03 = 3.75 and HoO/Al2O3 = 11 or 12. This is because it affects the formation of the pore
structure, and different alkalis have a significant effect on the formation of pore structure and
resultant strength development.

An equation for estimating the compressive strength from the mix proportion and curing age was
determined by multiple regression analysis, showing that the strength can be estimated with an
error of about 20%. The amount of alkali species could not be quantified in this study. Therefore,
the NaxO/Al2O3 and K>O/AL>O3 ratios should be varied to estimate this effect in future studies.
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Supplementary information

Al is concentrated in areas where K and Na not present. Al-rich area shows that unreacted metakaolin
is present. In original images, unreacted metakaolin is present in brighter areas.
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