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Abstract: This study presents a novel strategy to simultaneously mitigate the early-age shrinkage and
achieve hydrophobization of metakaolin-based geopolymer (MKG) pastes through the incorporation
of organic admixtures including polydimethylsiloxane (PDMS) and sodium methylsilicate (SMS).
The pore structure, wettability, moisture/water adsorption capacity, and internal moisture distribution
are investigated through different techniques including MIP and LF-NMR. Results indicate that the
autogenous shrinkage of MKG paste is reduced by 91.2% and 41.6% when adding 5% PDMS and
replacing with 20% SMS, and the water contact angle increases to approximately 130° and 140°,
respectively. The addition of organic admixtures significantly reduces the moisture adsorption and
surface tension of MKG matrix, and thus internal water tends to be transported into larger pores,
leading to less liquid-vapor meniscus and lower capillary stress. Moreover, an underlying mechanism
is proposed to explain the shrinkage mitigation of hydrophobized MKG paste, accounting for the
moisture transfer tendency and internal stress distribution.
Keywords: Geopolymer; Hydrophobic modification; Autogenous shrinkage; Pore size distribution;
Moisture distribution
1. Introduction

Geopolymers are a class of aluminosilicate-rich inorganic materials which have been regarded as
potential alternatives to Portland cement (PC) because of their superior mechanical properties and
thermal stability as well as low carbon footprint [1-5]. Geopolymers tend to undergo obvious volume
changes during early-age curing, which is an important factor affecting their durability. The common
types of early-age deformation (shrinkage or expansion) include chemical and autogenous
deformations. The chemical deformation refers to the volume change caused by the difference in

average density between reaction products (e.g., sodium aluminosilicate hydrate gels for metakaolin-
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based geopolymers (MKQG)) and fresh aluminosilicate paste during geopolymerization [6-7]. The
autogenous deformation is defined as the macroscopic volume change caused by the microstructure
change and capillary negative pressure under the premise of no material exchange and no external
force, which mainly includes chemical deformation and deformation induced by self-desiccation [8-
9]. The autogenous shrinkage of geopolymers is generally considered to be more severe than that of
OPC, which can lead to uneven stress and deformation, resulting in the development of harmful
cracks [10-11]. The ingress of aggressive ions through these cracks can not only impair the integrity
of geopolymer, but also cause corrosion of internal steel reinforcement, reducing the durability of
geopolymer concrete structures. Therefore, effective measures are required to mitigate the early-age
deformation of geopolymers.

The addition of organic admixtures with hydrophobic modification capacity that can modulate the
matrix wettability to alter pore pressure and water retention capacity may be a promising approach to
mitigate the early-age shrinkage of geopolymers. Most researchers believe that the main driving force
for autogenous shrinkage is pore pressure [11-13]. Sodium-based geopolymers have abundant
microporous structures, and the size of pores in them is mainly in the range of 10-50 nm [14]. The
continuous geopolymerization leads to a change of water content in pores from saturated to
unsaturated state, i.e., the so-called self-desiccation effect. The meniscus of water columns located in
the narrow pores generates greater pore pressure, which further promotes the early-age shrinkage
[10,15]. It was found that the addition of organic admixtures can reduce the water loss and improve
the hydrophobicity of pore walls, which effectively reduced the capillary pressure and increased the
internal relative humidity, thereby alleviating the autogenous shrinkage by about 70% for alkali-
activated materials [16]. Rath et al. [17] investigated the effect of organic rubber latex on the pore
structure and capillary suction of geopolymer concrete and found that the addition of organic rubber
latex can effectively decrease the early-age shrinkage of geopolymers. Huang et al. [18] reported that
the use of edible oil can reduce the surface tension of concrete and make its internal structure denser,
thereby effectively reducing the autogenous shrinkage of concrete by 68% without obvious strength
loss. In addition, different from other frequently-used measurements for mitigating the shrinkage by
adding internal curing admixtures [19-20] or shrinkage-reducing admixtures [11,21-22], modifying
the wettability through organic admixtures can also enable the geopolymer with water repellence and

corrosion resistance performance [23-26]. As hydrophobization can significantly reduce the capillary
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force in the porous medium, the moisture and water carrying corrosive ions cannot easily penetrate.
Thus, it is of great engineering and economic interests to mitigate the early-age shrinkage of
geopolymers by means of hydrophobic modification.

Available organic admixtures can be divided into two types, including macromolecular polymers
and micromolecular monomers. Macromolecular polymers tend to aggregate or attach to the pore
wall or graft on the gel skeleton through active end groups, which sharply reduces the adsorption
performance of the matrix to moisture. Silanes [25,27], siloxanes [26-27], organic emulsions and
copolymers [28-30] have been proven to be hybridized with cementitious materials to alter their
wettability, pore structure and deformation. Polydimethylsiloxane (PDMS) is a silicone polymer with
superior chemical stability, water repellence and high adhesion. Cementitious materials containing
PDMS have stable and durable hydrophobicity, strong corrosion resistance, as well as anti-icing and
de-icing performance [26,31-33]. The authors’ previous studies [23,34] indicated the modification of
MKG by PDMS to achieve low water absorption capability, strong hydrophobicity and uniform
microstructure. In contrast, micromolecular monomers can couple to inorganic matrix by
participating in hydration or polymerization reactions, thereby forming a homogeneous and
hydrophobic microstructure [35-36]. Sodium methylsilicate (SMS), as an organosilicate, can be
hydrolysed in alkaline solution and produce monomers or oligomers with alkylated silicate structures
and thus can participate in the geopolymerization to form modified geopolymers [37]. It can not only
provide alkylated silicon units, but also serve as a component of alkaline activators to promote the
dissolution of precursor and ensure the strength development of reaction products, because its
aqueous solution exhibits strong alkalinity [38]. Alkali-activated slag containing methylsilicate had a
dense microstructure, low water absorption and chloride permeability, because the hydrophobic group
(-CHs) from methylsilicate was grafted onto the gel chemical structure through condensation reaction
[24]. SMS can also be used to prepare hydrophobic de-icing salts for concrete and inhibit the capillary
adsorption properties of silt [39-40]. Although these organic admixtures with hydrophobic
modification capacity have the potential to mitigate the early-age shrinkage of geopolymers, there is
a lack of systematic study and analysis on their effects and mechanisms, which is of great significance
to prevent the early-age cracking and increase the engineering benefits.

In this study, for the first time, the feasibility of PDMS and SMS as hydrophobic modifier to

mitigate the early-age deformation of MKG paste was investigated. The autogenous shrinkage and
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chemical expansion of MKG paste with various PDMS and SMS dosages during the first 7 days after
casting were measured. Afterwards, a series of tests were conducted to characterise the pore structure,
wettability, moisture/water adsorption capacity, and internal moisture distribution and transfer
tendency of MKG paste using different techniques including mercury intrusion porosimetry (MIP)
and low field 'H nuclear magnetic resonance (LF-NMR) to estimate the effects of PDMS and SMS
on the hydrophobic modification of MKG paste, which plays a critical role in moisture transport and
early-age volume change. Based on the obtained experimental data, the underlying mechanisms of
organic admixtures on mitigating early-age shrinkage of MKG paste were analysed and discussed in
depth. This study lays the foundation for the engineering application of hydrophobized geopolymers
with low early-age shrinkage, which are more promising as repair materials or protective coatings for
infrastructures in high humidity or marine environments.
2. Experimental program
2.1 Raw materials

Metamax metakaolin (MK) obtained from BASF SE was used as precursor. Its chemical
composition characterised using X-ray fluorescence as well as particle size distribution characterised
using a Mastersizer 2000 laser particle size analyser and scanning electron microscope (SEM) image
are presented in Table 1 and Fig. 1, respectively. The volume-based average diameter of MK was
5.91 um. The alkaline activator (AA) was a mixed solution of sodium silicate solution (SS, pH=10.4,
Si0,=26.0 wt.%, Na,0=8.2 wt.%) and sodium hydroxide pellets (SH, purity: =96%).

Table 1 Chemical composition of metakaolin (MK) (wt.%).

Si0, ALO; TiO2 CaO FexO3 NaxO K20 MgO P20Os Other
54.25 42.45 1.87 0.07 0.48 0.29 0.15 0.14 0.09 0.21

The used organic admixtures (i.e., PDMS and SMS) were both colourless and transparent liquids.
PDMS was an oily siloxane with viscosity of 50 cst (Warwick Ruike Chemical Co., Ltd., China),
while SMS was an aqueous liquid with a solid content of 30% and an alkalinity pH of 13.3 (Shanghai
yuanye Bio-Technology Co., Ltd., China). Fig. 2 displays their Fourier transform infrared (FTIR)
spectra and chemical formula. Vibrations associated with methyl groups were detected, indicating the
feasibility of hydrophobic modification by organic admixtures. The intense absorption peaks at 2959
cm !, 2903 cm !, and 1459 cm ™! originated from asymmetric/symmetric stretching and deformation

vibrations of C—H bonds [41-42]. The symmetric bending of Si—~CH3 bonds appeared at wavelength
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of 1262 cm ! and 789 cm ™! [42].
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Fig. 1. Particle size distribution and morphology of MK.
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Fig. 2. FTIR spectra and chemical formula of polydimethylsiloxane (PDMS) and sodium
methylsilicate (SMS).

2.2 Mix proportions

Table 2 presents the mix proportions of MKG pastes studied here based on a previous study [34],
aiming to explore the effects of PDMS and SMS content. MKG paste without PDMS and SMS (i.e.,
GO0) was considered as the reference mixture. Hydrophobized MKG pastes containing PDMS at a
m(PDMS)/m(MK) ratio of 1% and 5% were denoted as GP1 and GPS5, and hydrophobized MKG
pastes containing SMS at a n(Na>O in SMS)/[n(Na2O in AA)+n(Na2O in SMS)] ratio of 10% and 20%
were denoted as GS10 and GS20, respectively. The SMS ratio here was referred to the molar ratio of

Naz0 in SMS to that in alkaline activator and SMS. The total Na,O content in MKG mixture was



0.0086 mol/(1g MK), and the molar ratio of the three main elements (Si, Al, and Na) was 1.85:0.95:1.
The total water content in MKG mixture was 45 wt.%.

Table 2 Mix proportions of MKG pastes.

m(PDMS)/ n(NazO in SMS)/[n(Na,O
Specimen MK SS SH PDMS SMS . ) Water
) ) m(MK) in AA)+n(Na,O in SMS)]
designation , )
(g (@ ( (8) (%) (8) (%) (8)
GO 100 160.0 17.3 \ \ \ \ 354
GP1 100 160.0 17.3 1 1 \ \ 36.0
GP5 100 160.0 17.3 5 5 \ \ 39.5
GS10 100 140.2 159 \ \ 33 10 26.8
GS20 100 120.5 14.6 \ \ 66 20 18.1

2.3 Specimen preparation

During the mixing, MK, alkaline activator, SMS (only for GS10 and GS20) and water were added
into a container and stirred for 610 min. For GP1 and GP5 specimens, PDMS was first added to the
alkaline solution, and the mixed liquid was stirred at a high speed of 1,200 r/min for 2 minutes to
ensure that PDMS is emulsified and well dispersed. The fresh paste was then poured into moulds and
sealed cured under ambient conditions (2542 °C) until the testing ages.
2.4 Testing methods
241  Chemical deformation test

Chemical deformation was measured as per ASTM C1608-12 [43], as illustrated in Fig. 3. After
mixing, 50 mL of the fresh MKG paste was poured into a rigid plastic jar, and sodium hydroxide
solution with pH of 12.5 was then slowly added to the jar to full. The alkalinity of the sodium
hydroxide solution was similar to that of the fresh paste (pH=12—13), which could prevent the paste
from being diluted. A rubber stopper inserted with a graduated capillary tube was adopted to cover
the jar, and some paraffin oil was dropped on the alkali solution surface in the capillary tube to prevent
water evaporation. To reduce the effect of temperature change, the jars containing pastes were placed
in a polystyrene box added with water at a temperature of 25+2 °C. The chemical deformation data
referring to the volume change of water in tube were obtained by taking pictures at regular intervals.
To eliminate the effect of the device, data were read 1 hour after paste mixing, and this moment was
defined as the origin of the test [44]. The chemical deformation denotes the volume change induced

by each gram of pasty specimens and was continuously recorded for 7 days.
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Fig. 3. Schematic illustration of chemical deformation measurement.

24.2  Autogenous deformation test

Autogenous deformation was measured according to ASTM C1698-09 standard [45] using a non-
contact corrugated tube device shown in Fig. 4. The corrugated tube was 42045 mm long and 29+0.5
mm outside diameter. It was made of flexible plastic to minimise the resistance to longitudinal
expansion and contraction. The fresh MKG paste was poured into the tube to fill the entire tube which
was then closed with a stopper. The eddy current displacement sensor was used to automatically
collect the autogenous deformation data of the first 7 days of geopolymerization to further improve
the test accuracy. During the entire testing period, paste specimens and instruments were kept in a
controlled environment room at temperature of 25+2 °C.
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Fig. 4. Test setup for measuring autogenous deformation.
2.4.3  Mercury intrusion porosimetry
The pore structure of all MK G pastes in terms of size distribution, threshold diameter and intrusion
porosity was characterised using MIP (AutoPore IV9500 automatic mercury intrusion meter) that
allows a range of pressures from 0 to 60,000 psia, corresponding to pore diameters of 3 nm—360 um.

Specimens cured for 7 days were processed into particles of about 2 mm in diameter and dried at 65 °C



for 48 hours before testing.
2.4.4  Water contact angle test

The water contact angle tests were carried out using a DropMeter A-100P contact angle measuring
instrument (Haishu Maishi Testing Technology Co., Ltd., China) to characterise the integral
wettability. The water contact angles of three types of the matrix surfaces were measured, i.e., rough
fracture surfaces cut by cutting machine, fracture surface polished by 400-, 800-, 1200-, and 2000-
mesh sandpapers, and surface scratched with a knife. MKG pastes cured for 7 days were wiped and
dried at 40 °C for 8 hours before the test.
245  Moisture adsorption test

The moisture (i.e., water vapor) adsorption capacity was tested on @55x5—7 mm disc specimens
weighing approximately 30 g. MK G pastes cured for 7 days were dried at 40 °C to reduce the moisture
content by about 25 wt.%. A drying temperature of 40 °C has been reported as appropriate for
minimising the microstructural alteration of cementitious materials [46-47]. The sides of the discs
were sealed with plastic tape to maintain one-dimensional moisture transport from the two bottom
surfaces. During the test, the paste specimen was erected in a box with relative humidity of 90+5%.
The water vapor would not condense into water droplets at such relative humidity, and thus the
moisture diffusion rate could be determined rapidly.
2.4.6  Water adsorption test

The water adsorption capacity was tested on cubic specimens with 50-mm sides after curing for
7 days in accordance with ASTM C642-13 [48]. Before the test, MKG pastes were wiped and then
dried at 40 °C to evaporate approximately 25 wt.% of water with no visible cracks. The specimens
were sealed with epoxy resin on all except the side in direct contact with water to ensure one-
dimensional water flow. Subsequently, they were immersed in water with a depth of about 3 mm, and
the mass gain was measured periodically.
247  Low field 'H nuclear magnetic resonance

Moisture distribution and transfer in MKG pastes were characterised using a LF-NMR imaging
system, MesoMR23-060H-I (Suzhou Niumai Analytical Instrument Co., Ltd., China). After mixing,
10 g of the prepared paste was transferred by a pipette into a threaded glass bottle, which was then
sealed to prevent water exchange. The glass bottle containing the paste was then cured at room

temperature of 25+2 °C. MKG pastes cured for 6 hours, 1 day, and 7 days were put into the test
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chamber for in-situ testing, and the transverse relaxation time (T>) distribution spectrum was further
obtained. LF-NMR can detect T2 based on 'H intrinsic relaxation behaviour of water in the specimens,
which reveal the exchange process of water protons due to diffusional interchange of water protons
between free water and bound water molecular [49]. The signal scanning adopted CPMG sequence,
and the main frequency and number of sampling points were set as 23 MHz and 540018, respectively.
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Fig. 5. T: intensity and distribution of MKG mixtures during geopolymerization at (a) 6 hours, (b) 1

day, and (c) 7 days of curing (single peaks with a fill colour denote the deconvolution results fitted

by Gaussian curves).

Fig. S displays the T> intensity and distribution of MKG pastes at 6 hours, 1 day, and 7 days.

Signals with close T> values tend to result in overlapping intensity peaks (Fig. Sb and c). As per Ref.

[50], the main peaks (T2<1 ms) of MKG cured for 1 day and 7 days were deconvolved into two

Gaussian curves using Origin software to obtain separated T» signals. The deconvolution process



follows two principles: (1) the T> value corresponding to the peak of a Gaussian curves is equal to
the T> value corresponding to the peak of the original main-peak curve; (2) the correlation coefficient
exceeds 0.98.
3. Experimental results
3.1 Chemical deformation

Fig. 6 illustrates the chemical deformation of MKG pastes with and without organic admixtures,
which represents the volume change due to the difference in average density between reaction
products and fresh aluminosilicate paste [6-7]. As seen in Fig. 6, the chemical deformation of MKG
pastes can be divided into three main stages. After a short shrinkage (0—4 hours), all MKG pastes
sequentially experience a rapid expansion in the second stage (4 hours—4 days) and a slow shrinkage
again in the final stage (after 4 days). This is consistent with the finding reported by Li et al. [51].

Compared to the reference MKG paste, the 7-day chemical expansion of hydrophobized MKG
pastes with the addition of PDMS and SMS is obviously reduced. This implies that these organic
admixtures can affect the geopolymerization progress and the structure of N-A-S-H gels. The
chemical shrinkage in the first 4 hours can be mainly ascribed to the dissolution of MK and the
formation of aluminosilicate oligomers [52]. The initial chemical shrinkage of hydrophobized MKG
pastes is faster and lasts longer, as PDMS disperses the solid precursor and SMS increases the
alkalinity of the system. The chemical expansion in the first 4 days can be mainly attributed to the
formation of aluminium-rich zeolite products which dominates this geopolymerization stage [51,53].
After 4 days of curing, the reorganization and polymerization of aluminium-rich products and silicate
oligomers dominate the reaction, forming amorphous silica-rich gels with higher density, so that all
MKG pastes experience chemical shrinkage [54]. The addition of SMS can effectively slow down the
chemical expansion rate of MKG paste, indicating that it may inhibit the formation of aluminium-
rich gels or promote the polymerization of silica-rich gels. The fluctuations of chemical deformation
at 1.5-4 days for GS10 and GS20 also support such inference. During this period, the organosilicon
molecules from SMS are involved in the reaction, and the aluminium-rich and silica-rich products

compete to dominate the reaction process.
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Fig. 6. Chemical deformation of MKG pastes during the first 7 days.
3.2 Autogenous deformation

Fig. 7 shows the autogenous deformation development of MKG pastes, which is one of the most
intuitive features to describe the early-age volume stability. The results indicate that the reference
MKG paste maintains the highest autogenous shrinkage consistently, and its 7-day autogenous
shrinkage reaches 3,550 pm/m, which is slightly higher than that of OPC (generally considered to be
less than 2,500 um/m within 24 hours) [55-57]. This can be ascribed to the self-desiccation resulting
from the evolution of the gel and pore structures [58]. The inconsistency in the development of
autogenous and chemical deformations also suggest the dominant effect of self-desiccation on the
early-age deformation. It can be noted that both PDMS and SMS can effectively inhibit the
autogenous shrinkage of MKG pastes, which is of great significance to suppress the early-age
cracking and improve the durability of MKG [59].

According to Fig. 7b, the autogenous shrinkage rate is the highest within the first day for all MKG
pastes, during which the fresh paste undergoes drastic self-desiccation and gradually hardens to form
a porous gel structure [60]. The autogenous shrinkage rate of GP0 reaches the maximum value at 15.4
hours, and the addition of PDMS and SMS delays this moment by 0.7—4.5 hours. Moreover, MKG
pastes containing PDMS exhibit slight and slow expansion in the first 12 hours and after 2 days of
curing, which was also reported in other studies on sodium-based geopolymers [61-62]. The
mitigation of autogenous shrinkage of the MKG paste by the organic admixtures can be explained by
the modification of matrix wettability and microstructure, which will be analysed in the following

sections.
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Fig. 7. Development of autogenous deformation of MKG pastes during the first 7 days: (a)
autogenous deformation, and (b) autogenous deformation rate (i.e., first derivative of autogenous
deformation curves).

3.3 Pore structure characteristics

Fig. 8 displays the pore structure characteristics of 7-day cured MKG pastes measured by MIP,
which can be used to quantify the microstructural evolution and evaluate the associated properties.
As seen in Fig. 8a, the pores are concentrated at 10—50 nm in diameter. These pores are denoted as
medium capillary pores, which are closely related to the capillary tension magnification established
at the meniscus. According to the study of Mehta et al. [63], other pores with diameters of <10 nm,
50-10,000 nm, and >10,000 nm are referred to as gel pores, large capillary pores, and air voids,
respectively. Fig. 8c and d show the total intrusion porosity and porosity for those in different
diameter ranges. The total porosity is similar in all MKG pastes, while the addition of the organic
admixtures can reduce the pore size (Fig. 8b) and promote the transformation of medium capillary
pores into smaller gel pores. The gel porosity of hydrophobized MKG pastes goes up compared to
that of GO, implying that the organic admixtures may lead to a more pronounced self-desiccation in

modified MKG pastes as the internal capillary force is highly correlated with small pores [19].
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Fig. 8. Pore structure characteristics of 7-day MKG pastes: (a) pore size distribution, (b) threshold
diameter, as well as total intrusion porosity and porosity for those in different diameter ranges of
specimens with (¢) PDMS and (d) SMS.

3.4 Wettability

Fig. 9 shows the water contact angle results for the dried MKG matrix, revealing the intrinsic
wettability change induced by the addition of organic admixtures. MK G paste can be hydrophobically
modified by PDMS and SMS with water contact angles of approximately 130° and 140°, respectively.
Their hydrophobicity is robust and long-lasting, which would not be impaired by cutting, crushing,
mechanical grinding, or scratching. The water contact angle reflects the tension balance between the
three-phase interface and is closely related to the free energy and morphology of the contact surface
[64]. The hydrophobic chemical groups introduced through the addition of PDMS or SMS can be
tightly attached to the gel in the form of adsorption, entanglement, or grafting. The reduction of the
surface energy caused by the chemical composition change leads to the hydrophobic modification

[23,37]. The wettability change not only affects the autogenous deformation induced by self-
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desiccation but also enables MKG pastes with promising water repellence.
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Fig. 9. Water contact angle results of the dried MKG matrix (rough fracture surface, polished
fracture surface, and scratched surface; scale bar:1 mm).

3.5 Moisture/water adsorption capacity

Moisture and water adsorption behaviour reveals the capacity of the MKG matrix to attract and
bind gaseous and liquid water and can also be used to evaluate the waterproof performance. Fig. 10a
displays the time-evolution of the moisture absorptivity. The slope of the fitted line represents the
moisture absorptivity rate, which decreases by 33.3%—62.5% with the addition of PDMS or SMS. In
addition, as seen in Fig. 10b, the water absorptivity rate and the final absorptivity of hydrophobized
MKG pastes also show a drastic drop. GP5 exhibits the multi-stage water adsorption behaviour with
a low-absorptivity stage during the first 12 hours, which is closely related to its low moisture
absorptivity during this period of time. The hydrophobic PDMS layer that physically adsorbs to the
capillary pores of MKG can inhibit water adsorption but cannot prevent water vapor diffusion. Thus,
GPS5 still presents water absorption capacity when the PDMS layer is covered by condensed water
[34]. In contrast, GS10 and GS20 keep extremely low one-dimensional adsorption rate throughout
the test period of over 100 days, and their final absorptivity sharply drops by over 80% and 95%,
respectively. This can be explained by the fact that SMS molecules grafted directly onto the gels
change the chemical composition of GS10 and GS20. The moisture and water adsorption capacity of
the hydrophobized MKG paste is significantly weakened due to the sharp reduction in surface tension
and capillary suction, and thus water is more difficult to adsorb and remains on their pore walls [65].

Furthermore, these modified MKG pastes exhibit excellent water repellence and resistance to
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permeation because of the hybridization of organic admixtures, which is significant for improving

the durability and corrosion resistance properties.
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Fig. 10. Time-evolution of (a) moisture and (b) water absorptivity during the tests (the inset of (a)
representing the moisture absorptivity rate that is the slope of the fitted line for moisture
absorptivity-square root of time; the inset of (b) is time-evolution of water absorptivity for GS10
and GS20 over 100 days).

3.6 Internal moisture distribution

As seen in Fig. 5, the internal moisture distribution can be investigated using T> signals obtained
through LF-NMR to analyse the capillary stress characteristics of MKG paste [66]. Moisture in
cementitious materials is considered to be bound in pores in the form of inter-gel water, capillary
water and free water [49,67]. According to the relevant studies [68-69], T> peaks represent the
moisture bound to the matrix in different binding states and the signal amplitude describes the pore
fluid content.

Fig. 11 displays T2 and its corresponding internal moisture distribution in MKG pastes. As seen
in Fig. 11a, T2 curves of the 6-hour cured MKG paste shows a main peak representing free water at
around 5 ms. Water as a medium for dissolving silicon-oxygen and aluminium-oxygen oligomers has
a high degree of freedom at this stage [53,70]. The T value and intensity of 1-day cured MK G pastes
are significantly reduced (Fig. 11b). This suggests that aluminosilicate precursors are converted into
a strong gel skeleton through geopolymerization, so that the freedom of water is limited and the water
is considered as capillary water. The results of Gaussian function deconvolution also reveal the

presence of inter-gel water, which is adsorbed tightly to gel pores (Fig. 5b). These gel pores and
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medium capillary pores are defined as mesopores (2.5—50 nm) by the International Union of Pure and
Applied Chemistry (IUPAC), and their transfer and loss have a significant effect on the early-age
deformation [6,71]. As seen in Fig. 11c, the main T> peak of 7-day cured MKG pastes shift slightly
negatively, indicating that the degree of freedom of water drops and the water-binding capacity of the
matrix goes up as the reaction proceeds [72]. Moreover, some small dispersion peaks representing
highly free water appear at T> of >100 ms due to the increased interconnected micron-scale voids or
defects resulting from skeleton development. The gain or loss of these free water has little effect on

the volume change [73-74].
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Fig. 11. T2 and the corresponding internal moisture distribution in MKG pastes cured for (a) 6

hours, (b) 1 day, and (c) 7 days.

Fig. 12 presents the proportion of moisture in different binding states obtained by integrating
Gaussian curves. The initial water cannot fill all newly generated gel pores and capillary pores during
geopolymerization, as the chemical deformation results indicate that the gel skeleton expands. Thus,
the self-desiccation behaviour leads to moisture redistribution and unsaturated MKG pastes. As
shown in Fig. 12a and b, during the first day of the reaction, the addition of PDMS reduces the growth
rate of free water (T2>100). It was reported that MKG paste exhibits significant dehydration during

curing and free water can condense on the surface of specimens [75]. Oily liquid PDMS is more
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readily adsorbed on the surface of MK than dispersed in alkaline solution and thus may inhibit the
dissolution and early reaction of the precursor. In contrast, MKG pastes with SMS contain more free
water because SMS with highly alkalinity promotes drainage while participating and enhancing the
reaction progress. As seen in Fig. 12c, the inter-gel water in the 7-day cured MKG pastes has stronger
binding capacity but lower proportion. The effect of organic admixtures on moisture distribution can
be attributed to the moisture transfer induced by wettability modification. It is also the main reason

for the reduced early-age shrinkage, which will be further discussed in Section 4.
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Fig. 12. Proportion of moisture in different binding states for MKG pastes cured for (a) 6 hours, (b)
1 day, and (c) 7 days.
4. Discussion
In order to discuss the general effect and underlying mechanism of organic admixture addition on
autogenous shrinkage of MKG paste, the internal capillary stress characteristics in MKG paste are
further analysed based on the experimental findings above. According to Young-Laplace law, under

ideal conditions (ignoring gravity, adhesion, and air pressure), the stress acting on water in
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unsaturated pores (o) relates to the surface tension of the pore water (y), the water/pore wall contact

angle (), and the pore radius (r) as follows [76]:

2ycos6
- (1)

o= r

Fig. 13 displays the schematic diagrams of moisture transfer trend and possible distribution states
in pores of different size in MKG pastes. As seen in Fig. 13a, the contact angle 6; of water and the
pore wall for the reference MKG paste is less than 90° due to its hydrophilic matrix, so that water
tends to spread in pores rather than agglomerate [77]. The stress on the meniscus in smaller pores
(such as gel pores and medium capillary pores) os.r is higher than that in the larger pores (such as
large capillary pores) o1.r. Therefore, as the pore structure is formed during geopolymerization, water
tends to be transferred and stored into smaller pores in a more stable manner. However, since the
water in pores in the real state is also affected by gravity, matrix adhesion, and air pressure, it can also
be adsorbed in larger pores before filling gel pores and small capillary pores to saturation. In summary,
a possible water distribution state as illustrated in Fig. 13¢ will be formed in the reference MGK paste
in the state of external force balance.

In contrast, the direction of the meniscus and stress of water in the hydrophobized MKG paste are
opposite to those in the reference MKG due to the wettability modification. As demonstrated in Fig.
13b, water tends to be transported and collected to relatively large capillary pores rather than narrow
gel pores. The hydrophobic layer of adsorbed or grafted methyl groups from PDMS or SMS reduces
the surface energy of the pore wall, making the water/pore wall contact angle 6, of the hydrophobized
MKG paste larger than 90°. Owing to the stress difference, water in smaller pores is squeezed into
larger capillary pores, leading to the possible water distribution state shown in Fig. 13d.

According to Newton's third law of motion, the MKG skeleton is also subjected to a stress om
induced by the surface tension of the liquid-gas meniscus, which is generally considered to be a key
cause of early-age shrinkage of cementitious materials [6]. The greater the mean stress of the liquid-
gas meniscus inside the matrix, the greater the shrinkage caused by self-desiccation. During the self-
desiccation process, the adsorbed water in both gel and capillary pores generates more scattered liquid
columns and liquid-vapor meniscus due to redistribution, which leads to a continuous increasing
stress on the matrix. These stresses with different directions and magnitudes tend to compress the

matrix further, and thus cause shrinkage. MK G pastes exhibit relatively fast self-desiccation and ear-
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age shrinking during the first two days of geopolymerization due to rapid expansion of the gel matrix
(Fig. 6) and dramatic changes in moisture distribution (Fig. 12). As for hydrophobized MKG pastes,
water is more likely to be stabilized in pores with larger size due to the hydrophobic matrix, resulting
in relatively lower internal stress om-.nh. In addition, the aggregation-preferred moisture transport
tendency leads to less dispersed water column and liquid-gas meniscus in the matrix, and thus the
hydrophobized MKG paste is less prone to deformation compared to the reference MKG paste.
Therefore, the organic admixtures have a significant mitigation effect on the early-age shrinkage of
MKG paste. The autogenous shrinkage of MKG mainly depends on the matrix wettability, internal
moisture distribution and stress characteristics but is not so associated with the water loss, which is

consistent with the findings by other studies [78-80].
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Fig. 13. Schematic diagrams of moisture transfer trend and possible distribution states in pores of
different size in MK G pastes: (a) water in pores of reference MKG pastes tending to transfer from
larger pores to smaller pores, (b) water in pores of hydrophobized MKG pastes tending to transfer
from smaller pores to larger pores, as well as possible equilibrium water distribution during early-
age geopolymerization in (c) reference and (d) hydrophobized MK Gs (black arrows represent the

stress om on the matrix induced by the surface tension of the meniscus).
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5. Conclusions

In this study, the feasibility of using organic admixtures (PDMS and SMS) as hydrophobic

modifiers to mitigate the early-age shrinkage of MKG paste as well as underlying mechanisms are

investigated by evaluating the porous structure, wettability, moisture/water adsorption capacity, and

internal moisture distribution of MKG paste with and without these organic admixtures. Based on the

experimental results and theoretical analysis, the following conclusions can be drawn:

Chemical expansion and autogenous shrinkage of MKG pastes are significantly reduced by the
addition of organic admixtures. When incorporating 5% PDMS (by MK mass) and 20% SMS
(molar ratio of Na>O in SMS to that in alkaline activator and SMS) into the mixture, the chemical
expansion of MKG paste is reduced by 27.0% and 73.4%, and its autogenous shrinkage is
decreased by 91.1% and 41.8%, respectively.

The addition of PDMS or SMS promotes the transformation of medium capillary pores (10-50
nm) into smaller gel pores (<10 nm), which may lead to a more pronounced self-desiccation.
MKG pastes are hydrophobically modified by PDMS and SMS that can be tightly attached to the
matrix with water contact angles of approximately 130° and 140°, respectively. Therefore, the
sharp reduction in surface tension and capillary suction leads to a decrease in the moisture and
water adsorption capacity of the hydrophobized MKG paste by 33.3%—62.5% and 9.0%—95.9%,
respectively. The enhanced water resistance also suggests that the adopted organic admixtures are
beneficial to the durability of MKG paste.

The internal moisture distribution and transfer tendency of unsaturated MKG pastes mainly
depend on the matrix wettability. In contrast to the hydrophilic reference MKG paste, water in
the hydrophobized MKG paste tends to be transported and stored into relatively larger capillary
pores rather than narrow gel pores, and thus their inter-gel water proportion is reduced, and the
capillary water proportion is increased.

Hydrophobic modification by adding organic admixtures is an effective approach to mitigating
the early-age autogenous shrinkage of MKG paste. The moisture/water in the hydrophobized
MKG is more likely to accumulate in the larger pores, which leads to less dispersed liquid-vapor
meniscus and lower internal stress induced by its surface tension, thereby contributing

substantially to the mitigation of early-age shrinkage.
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