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Abstract: Shrinkage during hardening and curing is one of the largest challenges for the widespread
application of metakaolin-based geopolymers (MKGs). To solve this problem, a silane coupling agent
(SCA) and waterborne epoxy resin (WER) were used to synthesize MKG composites. The individual
and synergistic effects of the SCA and WER on chemical, autogenous, and drying shrinkage were
assessed, the modification mechanisms were investigated by microstructural characterization, and
shrinkage resistance was evaluated by the chloride ion permeability of MKG composite coatings. The
results showed that the SCA and WER significantly decreased the chemical shrinkage, autogenous
shrinkage, and drying shrinkage of the MKG, with the highest reductions of 46.4%, 131.2%, and
25.2% obtained by the combination of 20 wt% WER and 1 wt% SCA. The incorporation of the organic
modifiers densified the microstructure. Compared with the MKG, the total volume of mesopores and
macropores in MKG-WER, MKG-SCA, and MKG-WER-SCA decreased by 11.5%, 8.7%, and 3.8%,
respectively. In particular, the silanol hydrolyzed from the SCA can react with the opened epoxy
ring of the WER and the aluminosilicate oligomers simultaneously to form a compact network and
resist shrinkage during the hardening and continuous reaction of the geopolymer. Furthermore, the
apparently lowered chloride ion diffusion coefficient of concrete (i.e., reduction of 51.4% to 59.5%)
by the WER- and SCA-modified MKG coatings verified their improved shrinkage resistance. The
findings in this study provide promising methods to essentially solve the shrinkage problem of MKGs
at the microscale and shed light on the modification mechanism by WERs and SCAs, and they also
suggest the applicability of MKG composites in protective coatings for marine concrete.

Keywords: metakaolin-based geopolymer; chemical shrinkage; autogenous shrinkage; drying shrinkage;
organic modification

1. Introduction

Geopolymers are a type of cementitious material synthesized through the alkali activa-
tion of aluminosilicate materials, such as metakaolin [1], granulated blast furnace slag [2],
steel slag [3], etc. Due to the reuse capability of industrial by-products and low carbon
emissions of the production process, geopolymers have received wide research interest [4].
In recent years, the applicability of geopolymers as protective coating materials has been
increasingly investigated due to their high toughness [5], high thermal stability [6], good
corrosion resistance [7], and water impermeability [8]. A metakaolin-based geopolymer
(MKG) coating presented excellent resistance to seawater corrosion and high adhesion
strength to concrete and steel substrates [9], while the intrinsic shrinkage nature can induce
serious cracking problems and limit the application of MKGs [10-12]. High shrinkage
gave rise to microcracks in the MKG coating and accelerated the intrusion and penetra-
tion of aggressive ions into the concrete, rendering the geopolymer coating functionally
ineffective [13].
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Many efforts have endeavored to reduce shrinkage cracking risks [14]. Incorporating
shortcut fibers is one of the most widely applied methods, which controls the development
and expansion of cracks during different types of shrinkage [15,16]. Al et al. revealed that
steel fibers and glass fibers reduced the drying shrinkage of fly ash-based geopolymer
composites by 16-24% after curing for 28 days [17]. Vilaplana et al. showed that 0.2 wt% of
3 mm carbon fibers (CFs) was sufficient to reduce the maximum strain of drying shrinkage
to less than 1.5 mm/m [15]. However, the workability and mechanical strength of the
geopolymer were significantly impacted by the dispersity and type of fiber [18,19]. At the
same time, the fibers cannot participate in geopolymerization, and thus, they can barely
reduce shrinkage at the microscale and essentially dissolve shrinkage problems [20,21].
Other studies have focused on modifications with liquid organic solvents, such as silane
coupling agents (SCAs) and waterborne epoxy resins (WERs), to reduce the shrinkage
of geopolymers. Liquid organic solvents could be evenly dispersed in the geopolymer
gels, thus enhancing the compactness of the geopolymer and inhibiting the propagation of
microcracks in the geopolymer [22]. Wang et al. found that the incorporation of an SCA
reduced the drying shrinkage of MKGs by 18% after curing for 28 days [23]. Zhang et al.
found that the incorporation of an SCA improved the compressive strength of an MKG
by 14.99% and the flexural strength by 11.24%. The structure of the MKG became more
compact, and the closed pore size was reduced from 13.16 nm to 8.11 nm [24]. The improved
mechanical and shrinkage properties were likely to have resulted from the involvement
of the SCA in the polymerization of the MKG, generating enriched N-A-S-H gels and
thus refining the pore structure of the SCA-MKG composites [25]. Epoxy resin is another
organic solvent that can be well dispersed in geopolymers [26]. In contrast to the bond
strength of geopolymer gels, epoxy resin had a strong interaction with the inorganic matrix
of the geopolymer, as epoxy resin molecules opened their rings during the cross-linking
process and formed a dense network of hydrogen bonds with each other, thus improving
the strength of the geopolymer [27,28]. Apriany et al. found that epoxy resin reduced
the drying shrinkage of fly ash-slag-based geopolymer composites by 5.2-12.2% [29]. Du
et al. found that the compressive strength of a metakaolin-granulated blast furnace slag
geopolymer increased by 30% with the incorporation of 20 wt% epoxy resin [30]. The
improvement of the mechanical properties and durability of geopolymers suggested the
wide application of liquid organic solvent modification. However, the performance and
underlying mechanisms of shrinkage reduction in geopolymers by incorporating multiple
organic solvents have rarely been reported.

Due to the distinctive reaction processes and microstructures of geopolymers com-
pared with ordinary Portland cement (OPC), the shrinkage mechanism of geopolymers
is quite different from that of OPC [31]. For geopolymers, autogenous shrinkage is the
volume reduction caused by the combined action of self-desiccation and chemical shrinkage
without water transferring to the external environment [32]. Among them, self-desiccation
is caused by the dissolution process of geopolymers, continuously consuming pore water
in the capillary pores, thus leading to the development of pores inside the geopolymer
and generating capillary pressure [33]. Chemical shrinkage is caused by the variation
in the density of geopolymer products before and after geopolymerization [34]. Li et al.
found that MKGs underwent three stages of chemical shrinkage, i.e., chemical shrinkage,
chemical expansion, and chemical shrinkage again [35]. However, chemical shrinkage is
less likely to occur during the hydration of cement because of the great toughness and
particle skeleton of cement [36]. In an open environment, drying shrinkage is caused by the
evaporation of water from the pore structure of the geopolymer [37], which can be much
greater than that of OPC [38,39]. Therefore, autogenous shrinkage, chemical shrinkage, and
drying shrinkage correspond to the volume changes in the geopolymer during dissolution,
pre-hardening, and post-hardening processes, respectively. Under the combined effect of
autogenous shrinkage, chemical shrinkage, and drying shrinkage, the macroscopic volume
of the geopolymer changes, leading to tensile stresses, inhomogeneous deformations, and
damaging cracks, which can seriously affect the mechanical properties of the geopolymer
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and thus its durability [40]. By adding additives to suppress the change in the geopolymer
volume during the different reaction times of the geopolymer, the shrinkage of the geopoly-
mer can be significantly reduced, and the strength of the geopolymer can be increased.
Yang et al. found that the reaction of geopolymers based on fly ash and metakaolin drove
the pore fluids to the autogenous shrinkage sites and reduced the capillary stresses, and
autogenous shrinkage showed a negative trend (i.e., expansion) before it became positive
(shrinkage) [41]. Ruan et al. [42] found that the hydrophobic chemical groups introduced by
polydimethylsiloxane (PDMS) and sodium methylsilicate (SMS) could be strongly bound
to the geopolymer gel, giving the MKG a good water-repellent effect and thus reducing
autogenous shrinkage by 91.1% and 41.8%, respectively. In terms of chemical shrinkage,
PDMS improved the dispersion of the solid precursors, and SMS increased the alkalinity of
the MKG, allowing the MKG to form a denser and more amorphous Si-rich gel, which re-
duced the chemical expansion of the MKG. Tian et al. [43] found that the addition of 5 wt%
silicon acrylic (Si-A) reduced the drying shrinkage of fly ash- and slag-based geopolymers
by 63.5%. This was due to the film formed by the Si-A polymer on the hydration products,
which sealed the water in the geopolymer and prevented its evaporation. However, the
existing studies only focus on the effects of organic solvent modification on the shrinkage
of geopolymers. There are few studies on the effects of organic solvents on the whole reac-
tion process of geopolymers, i.e., autogenous shrinkage, chemical shrinkage, and drying
shrinkage [44].

As shown in Figure 1, a waterborne epoxy resin (WER), a silane coupling agent (SCA),
and a mixture of the above two were used to synthesize an organically modified MKG to
reduce shrinkage in this study. The influence of the individual addition and synergistic
mixture of the WER and SCA on the chemical shrinkage, autogenous shrinkage, and drying
shrinkage of the MKG was investigated. The modification mechanism of the WER, SCA,
and WER-SCA on the shrinkage properties of the MKG was analyzed using microstructural
characterization by scanning electron microscopy (SEM), energy-dispersive spectroscopy
(EDS), Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), mercury
intrusion porosimetry (MIP), and nuclear magnetic resonance (NMR). An appropriate
reaction process among the WER, SCA, and MKG was proposed. Finally, the resistance of
the WER-SCA-modified MKG coating to chloride ion penetration was evaluated by rapid
chloride migration (RCM) tests to illustrate its applicability in marine protective coatings.

Stage 1: The synthesis of organically Stage 2: Shrinkage Stage 3: Modification Stage 4: Resistance to
modified MKG erformance test mechanism analysis

Waterborne Chemical SEM-EDS Rapid Chloride

epoxy resin shrinkage Migration Tests
— — MIP 1

Metakaolin R Organically | AUtQSC“OUS FTIR Conceptual ||| | Organically modified
modified MKG shrinkage model MKG coating
!
Silane Drying XRD Applicability in
coupling shrinkage NMR marine protective

agents coatings

Figure 1. Research methodology of metakaolin-based geopolymer composites enhanced with organic
modifiers WER and SCA.

2. Materials and Methods
2.1. Materials

Metakaolin (MK) with a mesh size of 1250 was provided by Jiaozuo Yukun Co., Ltd.,
in Jiaozuo, China. The average particle size of MK is 10 um, and the specific surface
area is 128,710 cm?/g. The main chemical composition of MK is listed in Table 1, and
the mineralogical properties are presented in the form of XRD patterns, as shown in
Figure 2d. The alkaline activator solution used in the experiment was prepared with
sodium metasilicate solution (Na,O-25iO,, Na,O/SiO, = 2.0, and a solid content of 42%)
and 50 wt% sodium hydroxide (NaOH) solution. Deionized water was used throughout
the experiments. E51 epoxy resin and the Q17 waterborne hardener (diethylenetriamine
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(DETA) as the main ingredient) were selected as the main components to prepare the
waterborne epoxy resin (WER). The n-Octyl triethoxy silane coupling agent (SCA) was
selected as another type of organic modifier. E51 epoxy resin and the Q17 waterborne
hardener were purchased from Yingyi Environmental Protection Technology Co., Ltd.
in Weifang, China, and the silane coupling agent was purchased from Nanjing Feiteng
Technology Co., Ltd., in Nanjing, China. The chemical structures of E51 epoxy resin, the
SCA, and DETA are shown in Figure 2.

Table 1. Chemical composition of metakaolin.

Metakaolin SiO; Al,O3 TiO, Fe, O3 Na,O CaO K,O MgO
Chemical Composition (wt%) 49.67 42.54 2.14 1.32 0.68 0.19 0.18 0.14
(a)
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Figure 2. The chemical structures of (a) E51 epoxy resin, (b) the n-Octyl triethoxy SCA, and (c) DETA
and (d) the XRD pattern of metakaolin.

2.2. Sample Preparation

The mix proportions of all MKG sample sets in this experiment are listed in Table 2
and were determined on the basis of previous studies [45,46]. A 50 wt% NaOH solution
was prepared 24 h in advance and cooled to room temperature. The 50 wt% NaOH solution
and Na;O-SiO; solution were mixed in a volume ratio of 5:1 to obtain the alkali activator
solution. MK and the alkali activator solution were mixed for 3 min to obtain an MKG
paste using a cement mortar mixer. At the same time, the waterborne curing agent Q17
and E51 epoxy resin were mixed in a mass ratio of 5:3 to obtain the waterborne epoxy resin
(WER). For the WER-modified MKG (MKG-WER), the WER was mixed with the MKG
paste in a mass ratio of 20%. The SCA was mixed with the MKG paste at a mass ratio of 1%



Buildings 2024, 14, 586

50f 20

by direct dropping for the SCA-modified MKG (MKG-SCA). For the SCA-WER-modified
MKG (MKG-WER-SCA), the SCA was slowly mixed with fresh MKG-WER paste at a mass
ratio of 1% and stirred for 3 min. The prepared MKG and MKG-WER coatings are shown
in Figure 3.

Table 2. Material compositions of organic-liquid-modified geopolymer.

Sample Metakaolin (g) Na,0-28i0; (mL) 50 wt% NaOH (mL)  E51 Epoxy Resin (g) Q17 Hardener (g)  SCA (g)
MKG 100 90 18 - - -
MKG-WER 100 90 18 32.9 19.8 -
MKG-SCA 100 90 18 - - 2.6
MKG-WER-SCA 100 90 18 329 19.8 3.2
(@ (b)

Figure 3. (a) MKG coating and (b) MKG-WER coating on cement concrete.

2.3. Testing Program
2.3.1. Drying Shrinkage Test

According to the Chinese standard GB/T 50082-2009 [47], 25 mm x 25 mm X 280 mm
prism specimens were prepared and demolded after sealed curing for 24 h. The lengths of the
specimens along the longitudinal axis were determined with a BC-300d bench comparator,
with an accuracy of 0.001 mm. The specimens were cured in sealed bags at room temperature
for 7 days. The first readings were recorded immediately after demolding, and then the daily
length changes of the specimens were recorded to calculate the drying shrinkage.

2.3.2. Chemical Shrinkage Test

According to the ASTM standard C1608-2017 [48], dilatometry was used to measure
the chemical shrinkage of the MKG, MKG-WER, MKG-SCA, and MKG-WER-SCA. The
prepared pastes were injected into vials to a height of 7 mm. The paste level was then
sealed with droplets of vegetable oil, and the vial was plugged using a rubber stopper
with a graduated capillary tube inserted through it. The level of the vegetable oil in the
graduated tube was within the graduation line. The vials were left to stand in a water bath
to maintain the temperature at 23 °C. The initial readings of the bottom of the meniscus in
the capillary tube were recorded after 1 h of curing, and then the level changes (hi) in the
glass tube were recorded every hour for the first 8 h and every day thereafter. Chemical
shrinkage was calculated according to Equation (1) [48]:

(hj — ho)

S; =
mc

@
where S; is the chemical shrinkage value in mL/g; hy is the initial height of the liquid level
in the scale tube in mL; £; is the change in the liquid level in the capillary tube in mL; and
m, is the mass of the pastes in the vials in g.
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2.3.3. Autogenous Shrinkage Test

The autogenous shrinkage of four types of geopolymer composite pastes was mea-
sured continuously over a period of 7 days according to the ASTM standard C1698-2009
(2014) [49]. The prepared geopolymer composite paste was filled into a corrugated tube,
of which the length change was monitored automatically with a digital gauge every hour
from the final setting time (i.e., 6.5h, 4 h, 6 h, and 3.5 h for MKG, MKG-5CA, MKG-WER,
and MKG-WER-SCA, respectively) until the 24th h, and then every day for the following
6 days. Autogenous shrinkage was calculated according to Equations (2) and (3) [49]:

Ly= Lref +Ri — 2Lplug 2)

e= R Ri g6 3)
Lo
where L is the initial length of the sample measured at the final setting time in mm;
Ly is the length of the reference rod in mm; R; is the reading of the dial gauge at each
measurement moment in mm; Ly, is the length of one stopper plugged in one end of the
corrugated tube in mm; ¢ is the autogenous shrinkage in pm/mm; and R; is the dial gauge
reading at the final setting time in mm.

2.3.4. Microstructural Characterization

The microstructural evolution of the four types of geopolymer composites was charac-
terized using an 54800 scanning electron microscope at an accelerating voltage of 5 kV, and
EDS was conducted to determine the chemical compositions of the resins and geopolymer
gels. The pore size distribution and pore volume of the composites were measured by
mercury intrusion porosimetry with a Micromeritics Autopore IV, and cubic specimens of
about 27 mm? were used. The bonding structure of the specimens was characterized by a
TENSOR 27 FTIR device in the wavelength range from 600 cm ! to 4000 cm~!. The mineral
composition of the specimens was determined using a Smartlab 9KW XRD diffractometer
with CuK« radiation at a voltage of 40 kV and a current of 100 mA. The scan rate was
6° /min from 5° to 40° (20) at 0.02/step. The chemical reaction between the organic modifier
and the geopolymer was characterized by solid-state 27Al and 2’Si nuclear magnetic reso-
nance (NMR) using a Bruker 400M NMR spectrometer with a probe diameter of 4 mm and
a MAS spin rate of 10 KHz. The parameters of 2 Al NMR and ?°Si NMR were as follows:

For 27 Al MAS NMR, the resonance frequency was 104.26 MHz, single-pulse sampling
was adopted, the pulse width was 0.97 ps, the relaxation delay time was 1 s, the number of
scans was 800 times, and the chemical shift was referenced to aqueous NaAlO,.

For 2Si MAS NMR, the resonance frequency was 79.49 MHz, single-pulse sampling
was adopted, the pulse width was 4.97 ps, the relaxation delay time was 5 s, the number of
scans was 512 times, and the chemical shift was referenced to tetramethyl orthosilicate at

0 ppm.

2.3.5. Rapid Chloride Migration Test

According to the Chinese standard GB/T 50082-2009 [47], the chloride ion penetration
resistance of geopolymer coatings was measured by the rapid chloride migration (RCM)
test. Cylindrical concrete specimens with a size of 100 mm x 50 mm after curing for
14 days were used for this experiment. A 2~3 mm thick geopolymer paste coating was
applied to the top and bottom surfaces of the specimens. The sides of the specimens
were coated with a petroleum wax sealant and then cured at room temperature for 7 days.
During the test, the applied voltage was set to 30 V to record the initial current. Based on the
initial current, the applied voltage was adjusted according to the relationship between the
initial current and voltage in Table 3, and a new initial current and voltage were recorded.
At the end of the assigned test duration, the initial and final temperatures of the anode
solution were recorded by electrocouples, and the duration of the experiment was recorded.
The diffusion coefficient of the chloride ion was calculated according to Equation (4) [47]:
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0.0239 x (273 + T)L
(U —2)t

(4)

Dgrem =

- (273 + T)LX,
(Xd 0.0238) [~~~

where Drcy is the chloride ion migration coefficient in X 10-12 m2/s; U is the absolute
value of the applied voltage according to Table 3 in V; T is the average value of the initial
and final temperature of the anode solution in °C; L is the thickness of the geopolymer
specimens in mm; Xj is the average value of the chloride ion penetration depth in mm; and
t is the test duration in h.

Table 3. The relationship between the initial current, voltage, and test time [47].

Initial Current Applied Voltage  Possible New Initial Current = Duration of Test
(Izpv/mA) /v (Io/mA) (t/h)

Ip<5 60 Ip <10 96
5<I)<10 60 10 <Ip<20 48
10<Iy<15 60 20 <Ip <30 24
15 <Ip <20 50 25 <Ip<35 24
20<Ip<30 40 25 <1y <40 24
30 <Ip<40 35 35 <1y <50 24
40 <Ip<60 30 40 <Ip <60 24

3. Results and Discussion
3.1. Chemical, Autogenous, and Drying Shrinkage

The drying shrinkage, chemical shrinkage, and autogenous shrinkage of the WER-,
SCA-, and SCA-WER-modified MKG composites were tested and are illustrated in Figure 4.
As shown in Figure 4a, the drying shrinkage of the MKG and MKG composites increased
sharply in the first 10 days, then slowed down, and gradually tended to be stable on the
21st day. The drying shrinkage of MKG-SCA, MKG-WER, and MKG-WER-SCA was much
lower than that of the MKG. In particular, the shrinkage of MKG-WER-SCA was even lower
than that of MKG-SCA and MKG-WER. Compared to the MKG, the drying shrinkage of
MKG-SCA, MKG-WER, and MKG-WER-SCA on the 28th day decreased by 24.5%, 23.5%,
and 25.2%, respectively. Since only a small amount of water existed in the form of bonding
water in geopolymers, a large amount of unbound water or free water evaporated during
the curing process, resulting in large drying shrinkage in the early stage. Consistently,
the chemical shrinkage of all four samples developed rapidly in the early stage and then
became slower after 1 to 2 days, as shown in Figure 4b. The four sets of samples showed
generally increasing trends and increasing rates of chemical shrinkage in the first 8 h, while
MKG-SCA showed slightly lower chemical shrinkage at the end of 8 h than the other three
composites. In the following testing period, the chemical shrinkage of the MKG increased
much faster than that of the organically modified geopolymer composites, with a higher
increase than that of the three organically modified geopolymer composites. Compared to
the MKG, the chemical shrinkage of MKG-SCA, MKG-WER, and MKG-WER-SCA on the
7th day decreased by 58.8%, 47.9%, and 46.4%, respectively. Different from drying shrinkage
and chemical shrinkage, the autogenous shrinkage of the MKG showed a linear upward
trend in the period from the final setting to the 18th h and then gradually stabilized, as
illustrated in Figure 4c,d. MKG-SCA, MKG-WER, and MKG-WER-SCA showed negligible
autogenous shrinkage in the first 9 h after the final setting and then developed with different
trends. The autogenous shrinkage of MKG-WER increased from the 9th h to 18th h and
then tended to be stable. The autogenous shrinkage of MKG-SCA and MKG-WER-SCA
had similar trends, increasing from the 9th to the 16th hr, then decreasing to 82.19 and
43.55 um/m at the 24th h and further to —110.32 and —296.39 um/m at the 48th h (see
Figure 4c), and finally stabilizing. This indicated that MKG-SCA and MKG-WER-SCA
had slight volumetric expansion after the first 24 h. After 7 days of curing, all organically
modified geopolymers showed a decrease in autogenous shrinkage, with MKG-SCA and
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MKG-WER-SCA exhibiting expansion. Compared to the MKG, the autogenous shrinkage
of MKG-5CA, MKG-WER, and MKG-WER-SCA decreased by 111.4%, 64.7%, and 131.2%,

respectively.

(a)o.40 - (b)
= MKG ?4:0'040 - —=— MKG -
_035[ * MKG-WER = 0.035 | —*— MKG-WER .
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s * MKG-WER-SCA- R &0030F . MKG-WER-SCA
2025 22228020 0025} —
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Figure 4. The (a) drying shrinkage, (b) chemical shrinkage, and (c) autogenous shrinkage during the
curing of 7 days and (d) autogenous shrinkage during the curing of the first 24 h of MKG, MKG-SCA,
MKG-WER, and MKG-WER-SCA composites.

Metakaolin underwent a dissolution-polymerization-polycondensation process with
alkali activation [50]. First, metakaolin was rapidly dissolved in the alkaline aqueous
solution, generating a large number of silicate and aluminate oligomers [42]. During this
process, the density of the material decreased, and the chemical shrinkage of the MKG had
a monotonically increasing period. Since autogenous shrinkage includes both chemical
shrinkage and self-desiccation, the autogenous shrinkage of the MKG showed the same
trend. Afterward, the aluminate oligomers further polymerized with the silicate oligomers
in the pore water and formed a silica-rich amorphous geopolymer network [51]. MK
underwent drastic self-desiccation and gradually hardened, and the autogenous shrinkage
of the MKG further developed. However, part of the WER and SCA in the organically
modified geopolymer composites covered the surface of the metakaolin to form a coating
film and hinder the reaction process [52,53]. As a result, MKG-SCA, MKG-WER, and
MKG-WER-SCA had lower chemical shrinkage and slower autogenous shrinking rates
than the MKG in the early stage.

On the other hand, the WER and SCA reacted with the geopolymer gel to form a more
ductile micro-network and fix more water molecules [54,55]. Some of the WER in the form
of spheres and films can also partially fill or simply seal the capillary pores, contributing
to a denser porous structure [56]. The SCA has the structure of Ry-S-Xy4_p,) (1 =1, 2),
where X stands for alkoxy, and R stands for an organo-functional group, enabling it to react
with the geopolymer gel and the WER simultaneously [57,58]. The SCA acted as a bridge
between the organic agent and the inorganic substances, resulting in a more compact three-
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dimensional network structure of the MKG composites. At the same time, water molecules
were more stably retained in the networks of MKG composites. This would significantly
reduce the drying shrinkage, which is induced by the evaporation of unbound or free water
from the geopolymer matrix [59]. As a result, MKG-SCA, MKG-WER, and MKG-WER-SCA
had lower drying shrinkage than the MKG. At the same time, the incorporation of the WER
and SCA produced more a-Anatase, b-Phlogopite-1M, and c-Calcite in the geopolymer,
leading to a slight expansion and a decrease in the autogenous shrinkage of the geopolymer,
as shown in Figure 4c. These will be further discussed in Section 3.2.

It was revealed that the incorporation of 1 wt% SCA and 20 wt% WER reduced the
drying shrinkage of the MKG significantly, particularly the combination of the SCA and
WER. As the chemical shrinkage and the autogenous shrinkage of the MKG composites
were decreased, the drying shrinkage is suggested to have been reduced by the modification
of the microstructure of the geopolymerization products by the organic liquids.

3.2. Microstructure and Modification Mechanism
3.2.1. Micromorphology and Porosity

The effects of the WER and SCA on the microstructure of the MKG were investigated
by characterizing the micromorphology and porosity of the SCA- and WER-modified
MKG. As shown in Figure 5a, relatively wide and long microcracks were found in the
MKG. Compared with the MKG, the microstructures of MKG-SCA, MKG-WER, and MKG-
WER-SCA were denser, and the microcracks were fewer and narrower, indicating that the
addition of organic modifiers increased the microstructural compactness of the MKG and
reduced the generation of microcracks. The denser microstructure means less pore water
and a more closed pore structure, which will reduce the consumption of pore water in
the process of geopolymer dissolution and reduce the capillary stress generated by the
evaporation of pore water into the external environment, thus improving the resistance
to autogenous shrinkage and drying shrinkage. In addition, the resin in MKG-WER and
MKG-WER-SCA was embedded in the matrix with a close connection to the surrounding
geopolymer gel. As shown in the enlarged portion inserted in Figure 5c,d, the surface of the
resin spheres in MKG-WER was smooth, while that in MKG-WER-SCA had many “pits”,
which might be caused by the chemical reaction between the SCA and WER.

As shown in Figure 6, the interface between the WER and the geopolymer matrix was
characterized by SEM-EDS. The content of carbon (C) greatly changed along the scanning
line, which gradually changed from a matrix to a resin and from a resin to a matrix (see
Figure 6b). This indicates great compatibility between the resin and the geopolymer gel.
Sodium (Na) and aluminum (Al) showed an overall stable trend along the scan line, while
oxygen (O) was higher in the resin region than in the matrix region, and silicon (Si) was
lower in the matrix region. This indicates that Al and Na are evenly distributed across
the resin and the matrix, with more O in the resin region and more Si in the matrix region.
In addition, a point of interest on the resin and geopolymer matrix was selected and
characterized by EDS, the spectrum of which is illustrated in Figure 6¢,d, respectively. The
main elements of Point 1 (on the resin) and Point 2 (on the geopolymer) both contain the
elements C, Si, Al, Na, and O. For the WER (Point 1), C and O were the main elements in
the resin, and the high content of Si could come from the SCA and the adhered geopolymer
and Al from the adhered geopolymer. On the other hand, the C and Si in the spectrum
of Point 2 (on the geopolymer) could partially originate from the SCA and WER linked
in the geopolymer matrix. In this case, the SCA acted as a bridge between the WER and
MKG, reacting with both the resin and the aluminosilicate products and strengthening the
connection between these two materials [57].

To verify the densification effect of the organic-inorganic interaction on the microstruc-
ture of the MKG composites, the porosity of the MKG, MKG-WER, MKG-SCA, and MKG-
WER-SCA was characterized by MIP. The pore size distribution of the composites after
curing for 28 days and a diagram of the pore volume in different size ranges are shown in
Figure 7. The pores of the four samples were mainly in the micropore (<100 nm) range. The
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proportions of mesopores (100 nm-1000 nm) and macropores (>1000 nm) were relatively
small. The volume of the micropores of MKG-WER, MKG-SCA and MKG-WER-SCA was
higher than that of the MKG, while the mesopore and macropore volume showed the
opposite trend. Compared to the MKG, the total volume of mesopores and macropores
in MKG-WER, MKG-5CA, and MKG-WER-SCA decreased by 11.5%, 8.7%, and 3.8%, re-
spectively. The total pore volume of the SCA- and WER-modified geopolymer composites
was higher than that of the MKG, with MKG-WER-SCA having the highest pore volume
due to the significantly increased volume of micropores and the higher pore size of the
dominant micropore, as shown in Figure 7a,b. The chain-like organic resin molecules of
MKG-WER-SCA and MKG-WER filled the voids and converted macropores into microp-
ores, resulting in a more compact microstructure, although the total pore volume increased.
In addition, “small pits” formed on the surface of MKG-WER-SCA (see Figure 5d), which
can be another reason for the large increase in micropores in MKG-WER-SCA. The main
diameters of the micropores in MKG-WER-SCA and MKG-WER were larger than those of
the MKG and MKG-SCA (see Figure 7a). The film formed by the WER blocked a portion
of the hollow pore channels, creating closed pores and affecting the migration of water.
However, under the high pressure of the mercury intrusion test, the film would break,
and the presence of these pores still remained detectable, increasing the porosity and pore
diameter of MKG-WER-SCA and MKG-WER [60].

<. Migro Cracks = |

ilo \ \
Micror Cracks
Micro Cracks

4 :'Res_in/’
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Figure 5. The SEM images of (a) MKG, (b) MKG-5CA, (¢) MKG-WER, and (d) MKG-WER-SCA cured
for 28 days.
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Figure 6. (a) The SEM image of MKG—WER—SCA and the EDS spectra of (b) the line scanned across
the WER and geopolymer matrix, (c) Point 1, and (d) Point 2 in (a).
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Figure 7. The (a) pore size distribution volume and (b) the volume of the pores in different size
ranges of composites.

3.2.2. Characteristic Bonds and Mineralogy

As shown in Figure 8a, the characteristic bonds of the MKG, MKG-5CA, MKG-
WER, and MKG-WER-SCA composite pastes were characterized by FTIR. The bands
at 3450~3570 cm~! and 1650 cm~! in the patterns of all four samples were attributed to
O-H stretching vibrations and bending vibrations, respectively [28]. The peak centered at
1040 cm~! was attributed to the stretching vibration of Si-O-X (X represents Al or Si) [61],
and the band at 703 cm™~! was attributed to the symmetric stretching vibration of Si-O-
X [28,62], indicating the polymerization of Si-O oligomers and the formation of geopolymer
gels. Moreover, the intensities of these two peaks in MKG-SCA, MKG-WER, and MKG-
WER-SCA were higher than their counterparts in the MKG, indicating that the addition of
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organic modifiers promotes the formation of geopolymer gels. In particular, the spectra of
MKG-WER and MKG-WER-SCA were similar, and a peak at 1240 cm~! with low intensity
was found, which was caused by the stretching vibration of aromatic hydrocarbons in the
main chain of the epoxy resin [63]. A small peak was also found at 1515 cm !, which was
caused by N-H bending vibrations [26].
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Figure 8. The (a) FTIR spectra and (b) XRD patterns of the MKG, MKG-SCA, MKG-WER, and
MKG-WER-SCA after 28 days of curing (a: Anatase; b: Phlogopite-1M; c: Calcite).

As shown in Figure 8b, the mineral composition of the MKG, MKG-SCA, MKG-WER,
and MKG-WER-SCA cured for 28 days was characterized by XRD. A hump in the range
of 20~35° 20 was found in the patterns of all MKG and MKG composites, indicating the
formation of geopolymer gels. The strength and width of this hump of MKG-SCA were
approximated to those of the MKG, indicating that the addition of the SCA in the small
amount used (1wt%) had little influence on the mineralogy of the MKG. In addition, the
mineral crystalline phases, including anatase (a-Anatase), phlogopite (b-Phlogopite-1M),
and calcite (c-Calcite), were found in the four composites.

3.2.3. Molecular Structure

As shown in Figure 9a, the 27 Al MAS NMR spectra of the MKG, MKG-SCA, MKG-
WER, and MKG-WER-SCA all had only one peak at 57.5 ppm, which was the typical
signal of IV-coordinated Al, indicating that the Al polymerization of [AI(OH)4]~ in the
MKG and the MKG composites was complete [64]. This was mainly due to the faster and
higher reaction rate of polymerization between aluminate and silicate than polymerization
between silicates. During the reaction, [AI(OH)4]~ groups with a negative charge were
more stable than Si due to the larger atomic size and higher local charge of the Al atom.
Meanwhile, polymerization involving aluminate oligomers might occur more easily due to
the four hydroxyl groups of [AI(OH)4]™ [51,65]. The intensity of the signal at 57.5 ppm of
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MKG-WER and MKG-WER-SCA was obviously higher than that of the MKG. This might be
due to the fact that the strong basicity of DETA introduced by the WER improved the alka-
linity of the MKG matrix and promoted the dissolution of MK, releasing more [AI(OH)*]~,
[SIO(OH)3]~, and [SiO>(OH)?]>~ [51] and improving the degree of polymerization. On the
other hand, the SCA increased the number of Si-O bridging bonds, which would suppress
the polycondensation of Al to a certain extent, and decreased the intensity of this peak in
MKG-SCA and MKG-WER-SCA compared to the MKG and MKG-WER, respectively [66].
As shown in Figure 9b, the #’Si MAS NMR spectra of the MKG, MKG-SCA, MKG-WER,
and MKG-WER-SCA all had a wide hump in the range of —120~—60 ppm, indicating that
a stable Si coordination sphere had formed [35]. However, the humps of MKG-SCA and
MKG-WER-SCA were shifted to more negative wavenumbers compared to the MKG and
MKG-WER, respectively. It might be due to the fact that the Si-O- of the SCA bonded with
-5i-O-Si- and -5i-O-Al- in the MKG matrix, changing the stable Si coordination.
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Figure 9. The (a) 2’ Al and (b) 2°Si MAS NMR spectra of the MKG, MKG-SCA, MKG-WER, and MKG-
WER-SCA. The deconvolution fitting of 22Si MAS NMR spectrum of (c) the MKG, (d) MKG-SCA,
(e) MKG-WER, and (f) MKG-WER-SCA (note: the black lines represent experimental curves; the red
lines represent the fitting curves; the remaining lines represent the fitting peaks).
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To investigate the coordination environment of Si more comprehensively, deconvolu-
tion analysis was performed on the 295i MAS NMR spectra of the composites. As shown
in Figure 9c—f, the peak in the 29S5i MAS NMR spectrum in the range of —70~—120 ppm
was deconvoluted to Q4(mAl), where Q4 is the Si tetrahedron connected to four bridging
O atoms, and m is the number of aluminum atoms connected to [SiO4] units via bridging
oxygen [65,67]. The fitted peaks were assigned to Q4(0Al), Q4(1Al), Q4(2Al), Q4(3Al), and
(Q4(4Al), indicating that a highly polymerized three-dimensional structure was formed in
the MKG and all organically modified MKG composites. In addition, the proportion of each
type of Q4(mAl) was calculated by dividing the area of the deconvoluted Gaussian peak
by the total area of the experimental curve, as listed in Table 4 [67]. The peaks of different
Q4(mAl) coordinates in MKG-SCA, MKG-WER, and MKG-WER-SCA all shifted in a more
negative direction than in the MKG, indicating that the number of polymers including
monomers and small oligomers of the MKG decreased after the incorporation of organic
modifiers, and the degree of polymerization of organically modified MKGs increased [35].
The proportion of Q4(2Al), Q4(3Al), and Q4(4Al) in MKG-SCA and MKG-WER increased
compared to the MKG, indicating that the addition of the WER and SCA promoted the
formation of higher-polymerized -Si-O-Al- and -5i-O-Si-. At the same time, the fraction of
Q4(1Al) in MKG-WER-SCA was higher than in MKG-WER and MKG-SCA, while Q4(2Al)
and Q4(3Al) showed the opposite trend. This indicates that more -5i-O-Al- bonds tend
to form in the geopolymer when the WER and SCA are used synergistically [68]. This is
consistent with the XRD results, where the Phlogopite-1M peak of MKG-WER-SCA was
clearly higher than those of MKG-WER and MKG-SCA (see Figure 8b).

Table 4. Signal positions and ratios of deconvoluted peaks.

MKG MKG-WER MKG-SCA MKG-WER-SCA

Peaks Slg.n.al Ratio Slg'n'al Ratio Slgn.al Ratio Slg'n'al Ratio
Position o Position o Position o Position o
(%) (%) (%) (%)
(ppm) (ppm) (ppm) (ppm)
Q4(0Al]) —96.2 18.68 -96.9 10.64 —105.1 512 —-99.4 13.97
Q4(1A]) -92.0 24.04 —93.4 19.46 -97.0 19.46 —93.6 36.78
Q4(2Al]) —88.5 29.77 —90.3 31.19 -91.9 35.89 —89.3 29.38
Q4(3Al) —84.9 17.57 —86.5 25.59 —87.6 24.82 —85.3 19.97
Q4(4Al) —81.2 9.94 —82.4 13.12 —83.7 14.70 - --

3.2.4. Polymerization Mechanism

Based on the above results and observations, we propose a reasonable reaction process
among the SCA, WER, and MKG, as illustrated in Figure 10. In the first step, the aluminosil-
icate mineral components in MK dissolved in the alkali solution and released Si(OH)4 and
Al(OH)4~. Secondly, the released Si(OH)4 and AI(OH), ™ in the alkali solution polymerized
and formed aluminosilicate oligomers, while the WER opened the epoxy ring of the epoxy
resin to form hydroxyl groups, and the SCA hydrolyzed to form silanol groups (=Si-OH).
In the third step, the hydroxyl groups formed by the WER were hydrogen-bonded by
reacting with the hydroxyl groups in the aluminosilicate oligomers and water molecules.
Furthermore, the silanol groups formed by the SCA and the Si-OH and Al-OH groups in
the aluminosilicate oligomers polymerized to form -5i-O-Si- and -5i-O-Al- bonds. At the
same time, the alkoxy groups (-OCHj3 or -OC;,Hj5) in the SCA were bound to the opened
rings of the WER, resulting in a dense organic-inorganic WER-SCA-MKG network formed
by the bridging SCA between the WER and MKG gel [55,69].

The dissolution of metakaolin in the first stage was the most important factor influenc-
ing the chemical shrinkage of the MKG. The chemical shrinkage of MKG-WER-SCA and
MKG-WER was larger than that of MKG-SCA, which can be attributed to the strong base
(i.e., DETA) introduced by the WER, which promotes the dissolution of metakaolin [51].
Later, the WER opened its ring, and the SCA was hydrolyzed to form silanol groups. At
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this point, the products of the WER and SCA might attach to the aluminosilicate oligomers
generated by the alkali activation of metakaolin, forming a film that prevents further poly-
merization [43]. This is consistent with the almost disappearance of autogenous shrinkage
in MKG-WER-SCA, MKG-WER, and MKG-SCA in the early stage. Eventually, a dense
organic-inorganic was formed to fix more water molecules, and MKG-WER-SCA exhibited
the lowest drying shrinkage [59]. From the microstructural point of view, the intensity of
MKG-WER-SCA, MKG-WER, and MKG-SCA peaks in FTIR (see Figure 8a) at 1040 cm !
and 703 cm ! was higher than that of the MKG. The total pore volume of MKG-WER-SCA,
MKG-WER, and MKG-SCA was larger than that of the pure geopolymer (see Figure 7b).
This indicates that a denser resin—gel structure was formed, which is confirmed by the SEM
images of MKG-WER-SCA (see Figure 6d). These findings elucidate the formation of the
organic—inorganic WER-SCA-MKG network.

Aluminosilicate A Mixture of Aluminosilicate Silane Coupling Agent-Waterborne

vz Oligomers, Cured Epoxy Epoxy Resins-Geopolymer Composite
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Figure 10. A conceptual model of the reaction of MKG-WER-SCA (note: dashed lines “1, 2, 3”
represent the hydrogen bonds formed between the amino and hydroxyl groups in the WER and the
hydroxyl and water molecules in the MKG; the purple area is the bonding of the WER to the SCA;
the orange area is the SCA bonded to the MKG network).

3.3. Resistance to Chloride Ion Penetration

The shrinkage and induced cracks at different scales have a significant influence on
the permeability of cementitious materials. The higher shrinkage of the MKG can lead
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to surface cracks in the specimen, which are susceptible to chloride ion penetration, thus
promoting the diffusion of chloride ions [70]. In this case, the chloride ion penetration of the
MKG and MKG composites was assessed. The 2~3 mm thick coatings of the MKG, MKG-
WER, MKG-SCA, and MKG-WER-SCA were applied to the concrete samples and tested
with the RCM test to evaluate the resistance of the MKG and MKG composites to chloride
ion penetration. After the RCM test, a AgNOj solution was sprayed on the section of the
concrete samples, and the color of the C1™-penetrated area turned white. The boundary of
the white area was marked with a red dotted line, as shown in Figure 11. The penetration
depth of C1™ in the three composite-coated concrete samples was lower than that in the
uncoated concrete and MKG-coated concrete specimens. As shown in Figure 12, the
diffusion coefficient of C1~ (Dgrcp) of each sample was calculated according to the diffusion
depth. The Dgcpr of the MKG-coated concrete was 2.6 x 10712 m2 /s, 29.7% lower than
that of the uncoated concrete, which was 3.7 x 10712 m2/s. The Dgcy; of the three MKG
composite-coated concrete samples varied in the range of 1.5 x 1071? to 1.8 x 10712 m?/s,
which was 51.4% to 59.5% lower than that of the control group and 30.8% to 42.3% lower
than that of the MKG-coated sample. This showed that the protective coatings of the MKG
and MKG composites effectively inhibited the diffusion of C1~, with MKG-SCA having the
best apparent protective effect. On the other hand, the Drcy values of the control group and
MKG-coated concrete were between 2 x 10712 and 8 x 10712 m? /s, which showed that
the concrete had good resistance to the penetration of CI~ according to the standard (see
Table 5) proposed by Tang [71]. The chloride ion diffusion coefficients of MKG-WER-, MKG-
SCA-, and MKG-WER-SCA-coated concrete were all less than 2 x 10712 m?2/s, indicating
that the WER and SCA-modified MKG had better resistance to C1~ penetration, verifying
their lower shrinkage and denser microstructure.

Uncoated MKG coating

MKG-WER coating

MKG-WER-SCA coating

Figure 11. The cross-sections of all samples tested with the RCM method (note: the white area above
the red dashed line is the CI~ penetration depth).
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Figure 12. Chloride ion diffusion coefficients of concrete with and without MKG composite coatings.

Table 5. Reference standard for chloride ion diffusion coefficient [71].

Apparent Diffusion Coefficient of Chloride ions (D,/10~12 m?/s) Concrete Properties
<2 Very good resistance to chloride ion penetration
<8 Good resistance to chloride ion penetration
<16 General resistance to chloride ion penetration
>16 Not suitable for harsh environments

4. Conclusions

The shrinkage properties of the MKG were modified with a WER, an SCA, and a

synergistic modifier consisting of the WER and SCA. The chemical shrinkage, autogenous
shrinkage, and drying shrinkage of the organic-agent-modified MKG were tested, and the
modification mechanisms were investigated. Finally, the improved volumetric stability of
MKG composites was verified by assessing the resistance of chloride ion penetration of the
MKG composite coatings. Accordingly, the following conclusions can be drawn:

1.

The addition of the SCA, WER, and mixture of these two agents significantly reduced
the drying shrinkage, chemical shrinkage, and autogenous shrinkage of the MKG. The
chemical shrinkage and shrinkage rate of the SCA-modified MKG were the lowest,
while the synergistic modification by the WER and SCA led to the highest reduction
in the autogenous shrinkage and drying shrinkage of the MKG. In particular, the
MKG modified by the SCA and SCA-WER showed slight micro-expansion, which
might be due to modified porosity caused by the SCA and newly formed products
that increased the volume of the composites.

MKG-WER-SCA had the most promising performance in reducing drying shrinkage,
chemical shrinkage, and autogenous shrinkage, which is mainly attributed to the
densified microstructure and the “restriction” effect of the organic modifiers. The
microstructure of MKG-WER-SCA was densified by the compact organic-inorganic
network formed by the bridging SCA between MKG and the WER. The denser
microstructure reduced the consumption of pore water during the dissolution of
the geopolymer and the evaporation of pore water into the external environment,
thereby reducing the drying shrinkage, chemical shrinkage, and autogenous shrink-
age. Furthermore, the coating film of WER-SCA restricted the chemical shrinkage and
autogenous shrinkage of the MKG.



Buildings 2024, 14, 586 18 of 20

3. The improved chloride permeability of concrete with the organically modified MKG
coating further confirmed the improved shrinkage resistance of MKG-WER, MKG-
SCA, and MKG-WER-SCA. The chloride ion diffusion coefficient of organically mod-
ified geopolymer-coated concrete was 2 x 1071? m?/s and 51.4~59.5% lower than
that without a coating compared with the control group. This indicates that MKG
composite coatings can effectively inhibit the diffusion of chloride ions and be applied
in concrete protective coatings for marine engineering.
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