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Abstract: The waterproof performance, mechanical properties, chemical composition, microstructure, and pore structure of
hydrophobically-modified geopolymer concrete are investigated before and after dry-wet cycles, to determine the long-term
feasibility of using hydrophobically-modified geopolymer concrete in wet environments. We use two types of organic modifying
agents: polydimethylsiloxane (PDMS) and sodium methyl siliconate (SMS). The experimental results show that incorporating
2%—6% PDMS or 5%—15% SMS can make the concrete hydrophobic, with water absorption and chloride transport rates
decreasing by up to 94.3%. We also analyze the bonding modes of organic molecules and geopolymer gels, as well as their
evolution mechanisms during dry-wet cycles. PDMS-modified geopolymer concrete is found to exhibit long-term waterproof
performance that is not weakened by dry-wet cycles. This is attributed to the robust combination of organic components and the
geopolymer gel skeleton formed through phase cross-linking. Meanwhile, PDMS-modified geopolymer concrete’s hydrophobicity,
strength, and microstructure are essentially unaffected. In contrast, SMS-modified geopolymer concrete shows higher water
sensitivity, although it does maintain efficient waterproof performance. Due to relatively low binding energy, the dry-wet cycles
may lead to the detachment of some SMS molecules from the gel network, which results in a decrease of 18.6% in compressive
strength and an increase of 37.6% in total porosity. This work confirms the utility of hydrophobically-modified geopolymer
concrete as a building material for long-term service in wet environments, for instance, areas with frequent precipitation, or
splash and tidal zones.

Key words: Geopolymer concrete; Hydrophobic modification; Waterproof performance; Mechanical property; Microstructure
analysis

1 Introduction

Geopolymers are innovative cementitious materi-
als with high mechanical strength and workability (Wu
et al., 2019). The aluminosilicate precursor materials
used for synthesizing geopolymers are usually indus-
trial by-products, or relatively inexpensive cementi-
tious materials such as fly ash, slag, and metakaolin
(MK). This results in significantly lower production
energy consumption and carbon emissions compared
to ordinary Portland cement production (Davidovits,
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1989; Fletcher et al., 2005; Duxson et al., 2007; Provis
and Bernal, 2014). Furthermore, appropriately mixed
geopolymers exhibit superior performance to traditional
cement in terms of early strength, thermal stability,
and microstructure, making them attractive as high-
performance building materials (Khale and Chaudhary,
2007; Provis and van Deventer, 2009; Zhong et al.,
2022a). Despite the numerous favorable properties of
geopolymers, their large-scale adoption in industry has
been limited thus far. On one hand, due to the relatively
short development history, there exists a dearth of com-
prehensive and long-term performance monitoring
data to verify the durability of geopolymer concrete
(Law et al., 2015; Amran et al., 2021). Investigation
into the mechanical properties and corrosion resistance
of geopolymers exposed to dry-wet cycles in wet and
marine environments are comparatively scant. On the
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other hand, the existence of a substantial quantity of
uncondensed hydroxyl groups in geopolymer matrix,
coupled with the rich capillary pore structure, imparts
conventional geopolymers with remarkable hydrophi-
licity and water absorption (Duxson et al., 2007; Chen
etal., 2022).

The water resistance of building materials, such
as geopolymers, in wet environments is important for
maintaining long-term structural stability (Amran et al.,
2021; Pradhan et al., 2022). Buildings located in envi-
ronments with heavy rainfall, or hydraulic engineer-
ing structures are at risk of water leakage without ade-
quate waterproofing measures, which can cause safety
issues and economic losses. For structures located in
marine environments with splash and tidal zones, such
as bridges and docks, water intrusion can also trans-
port soluble corrosion ions such as chloride and sul-
phate ions into concrete structures, leading to deterio-
ration (Bakharev, 2005; Kou and Poon, 2013; Zhang
P et al., 2018; Wang et al., 2019; Fu et al., 2021; Wasim
et al., 2021). Consequently, it is imperative to develop
geopolymer materials with low water adsorption and
transport properties, which can enhance the durability
of buildings in environments with alternating wet and
dry conditions.

Recently, we synthesized hydrophobically-modified
geopolymer pastes with low water absorption and ex-
cellent mechanical strength by incorporating two dis-
tinct organic liquids, polydimethylsiloxane (PDMS) and
sodium methyl siliconate (SMS), into fresh MK-based
geopolymer pastes (Ruan et al., 2021, 2023c). PDMS
is a stable oily liquid composed of chain siloxane with
numerous methyl groups (Zhong et al., 2022b). Due
to the presence of these hydrophobic groups (—CH,),
PDMS has a low surface energy. Additionally, studies
have shown that PDMS can directly modify the sur-
face chemistry of geopolymer gels (Ruan et al., 2021,
2022b). The multi-sized micro papillary formed by the
hybridization of PDMS can also increase the surface
roughness and improve the hydrophobicity of geopoly-
mers. Due to the hydrophobic layer attached to the
matrix, the upward suction force exerted by the capil-
lary walls on water is greatly reduced. Consequently,
PDMS-modified geopolymer materials show low water
absorption (Ruan et al., 2022a). Researchers also showed
that the addition of 4% PDMS in slag/clay-based geo-
polymers can lead to a water contact angle of approxi-
mately 120°, and that the 2-h water absorption decreases
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by up to 75% (Zhong et al., 2022b). PDMS-modified
alkali-activated slag exhibits excellent water repellence
and low surface energy (Tang et al., 2023). The incor-
poration of PDMS can enhance the hydrophobicity of
fly ash/slag-based geopolymers, raising the water con-
tact angle from 57.32° to 127.64°, and reducing water
absorption from 6.96% to 1.61% (Zhang et al., 2023).

In contrast, SMS is a micro-molecular organosili-
cone compound that can be hydrolyzed in alkaline
solutions to form silanol structures, which may partic-
ipate in the synthesis of geopolymers (Lv et al., 2022).
The hydrophobic modification of geopolymers by incor-
porating SMS is attributed to the chemical grafting of
organic methyl groups onto alkylated sodium alumi-
nosilicate hydrate gels (Ruan et al., 2023b). Lu et al.
(2023) reported that modified MK/fly ash-based geo-
polymer with 1.5% (mass fraction) SMS has a high
water contact angle of 134.5°, and that its density, hard-
ness, and wear resistance are all improved. Further
studies showed that other micro-molecular organosili-
cones that contain hydrophobic structures, such as
alkyl groups and carbon chains, have the capability of
making geopolymers hydrophobic and waterproof (Lv
et al.,, 2022; Zhang et al., 2022; She et al., 2023).

Our previous research found that the incorpora-
tion of PDMS and SMS can also reduce the early-
stage shrinkage of MK-based geopolymer, and reduce
the structural stress generated by unsaturated water
inside the material (Ruan et al., 2023a). Nevertheless,
research on geopolymers after hydrophobic modifica-
tion with PDMS or SMS has primarily focused on
synthesis methods or performance analysis within lab-
oratory settings. There is a lack of study on modified
geopolymers used in real building materials, and their
suitability for engineering applications. In particular,
it is important to investigate the mechanical properties,
durability, and microstructural changes of concrete with
modified geopolymers acting as binders in natural
environments. Current research has shown that hydro-
phobic modification treatment can reduce the rate and
severity of damage to concrete during freeze-thaw
cycles (Zhong et al., 2023). However, the long-term
waterproofing effect of PDMS- and SMS-modified
geopolymer concrete has not yet been studied. Notably,
moisture intrusion may interfere with or even strip
away the organic components attached to the geopoly-
mer matrix or aggregate, rendering the modified con-
crete non-functional.
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In this work, we investigate the water absorption
and chloride transport of PDMS- and SMS-modified
MK-based geopolymer concrete, and compare the evo-
lution of its waterproof performance, wettability, chem-
ical composition, microstructure, and pore structure
before and after dry-wet cycles. Specifically, our dry-wet
cycles involve 12 h of water absorption and 12 h of
gentle drying. These dry-wet cycles not only simulate
frequent periodic precipitation, but also simulate tidal
effects and wave attacks in coastal engineering appli-
cations (Banic et al., 2005; Artigas et al., 2015; Xie et al.,
2019). The potential bonding mechanisms of PDMS
and SMS molecules with geopolymer gels, and their
evolution during dry-wet cycles are further discussed.
We evaluate the feasibility of hydrophobically-modified
geopolymer concrete as a building material for long-
term service in engineering applications, laying a foun-
dation for subsequent research and application.

2 Materials and experimental methods
2.1 Materials

Geopolymer concrete samples were prepared by
mixing geopolymer binder, sand, and coarse aggregate
(CA). MK, sodium silicate (SS) solution, and sodium
hydroxide (SH) solid were used to synthesize the geo-
polymer binder. MK, which acts as the aluminosilicate
precursor, was obtained from BASF SE (Germany) with
the specific oxide composition presented in Table 1.
The alkali activator solution consisted of SS solution
(Hengli Chemical Ltd., China) and solid SH pellets
(Sinopharm Chemical Reagent Co., China). The chemi-
cal composition of the SS solution was 26.0% of SiO,,
8.2% of Na,0, and 65.8% of water (mass fraction). The
purity of SH pellets was =96%. The sand used in this
study was obtained from Xiamen Elio Standard Sand
Co. (China), and had a particle size of <2 mm. The grain

Table 1 Oxide composition of metakaolin

Composition Mass fraction Composition Mass fraction
) %)
Si0, 54.25 Na,0 029
ALO, 42.45 K,0 015
1o, 1.87 MgO 0.14
a0 0.07 P,0;, 0.09
Fe,0, 0.48 Other 0.21

composition of standard sand belongs to the second
region of grading. The CA used to produce concrete
samples was sourced from Nine-seven Building Mate-
rials Co. (China), and had a particle size ranging from
5 to 10 mm. The moisture contents of the standard
sand and CA were approximately 4%.

PDMS and SMS were used as organic agents to
modify the geopolymer concrete. PDMS, with a vis-
cosity of 50 mm?/s was a colorless and transparent oily
liquid (Shanghai Xianding Biotechnology Co., China).
SMS was a white solid powder and was slightly solu-
ble in water (Jinan Xingchi Chemical Co., China). The
solid content of SMS was =98%, and the silicone con-
tent was approximately 70%.

2.2 Sample preparation

Table 2 lists the mixture proportions employed for
three types of geopolymer concrete samples, informed
by previous studies (Ruan et al., 2022a, 2023a): ordi-
nary geopolymer concrete (OGC) without any addi-
tives, PDMS-modified geopolymer concrete (PGC),
and SMS-modified geopolymer concrete (SGC). The
OGC sample was synthesized by mixing MK, SS, SH,
water, sand, and CA. The PGC samples with designa-
tions of PGC2, PGC4, and PGC6 represented the geo-
polymer concrete including 2, 4, and 6 g of PDMS per
100 g of MK, respectively. Similarly, the sample des-
ignations of SGCS, SGC10, and SGC15 were assigned
to SGC samples incorporating 5%, 10%, and 15% of

Table 2 Mixture proportions of OGC, PGC, and SGC samples

Sample designation Mass (¢) n(Si0, in SMSY
MK SS SH SMS PDMS  Water Sand  CA  n(Si0,inSS) (%)
OGC 100 175.5 18.4 - 1.1 200 400
PGC2 100 175.5 18.4 2 2.3 200 400
PGC4 100 175.5 18.4 4 3.7 200 400
PGC6 100 175.5 18.4 6 4.9 200 400
SGC5 100 156.3 10.9 10.8 11.6 200 400 5
SGC10 100 137.0 8.2 21.7 25.2 200 400 10
SGC15 100 117.8 5.5 32.5 38.9 200 400 15




SMS as the SiO, substitution, respectively. In this work,
the substitution rate of SMS indicates the proportion
of SiO, in SMS that replaced SiO, in SS. To ensure
comparability across the samples, the total water con-
tent (13%, mass fraction), Si-Al-Na molar ratio (2:2:1),
and MK-sand-CA mass ratio (1:2:1) of all concrete
samples were held the same.

As shown in Fig. 1, the preparation processes of
the OGC, PGC, and SGC samples were slightly differ-
ent. For the OGC sample, SH pellets and SS solution
were first mixed thoroughly and cooled to room tem-
perature to prepare an alkali activator (AA) solution.
MK and AA were then poured into the JJ-5 cement
mixer (purchased from Wuxi Jianyi Experiment Instru-
ment Co., Ltd., China) and mixed at a slow speed of
140 r/min for 60 s, and then a high speed of 285 r/min
for 60 s, resulting in the formation of a fresh and
homogeneous geopolymer binder. For PGC samples,
PDMS was added to the AA solution before mixing with
solid materials. The oil-water suspension was highly
agitated by a hand-held electric stirrer at 900 r/min for
3 min to fully emulsify the PDMS in the AA solution.
For SGC samples, SMS powder was incorporated into
the AA solution and stirred at 60 r/min for 3 min with
a stirring rod until the solid powder was completely
dissolved. Once the fresh geopolymer binder was pre-
pared, it was poured into a concrete mixer along with
standard sand and CA. After 5 min of mixing, the con-
crete was then poured into molds with dimensions of
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50 mmx50 mmx50 mm, wrapped with plastic films,
and placed in a standard curing room under controlled
conditions (temperature: (20£2) °C, relative humidity
(RH): about 98%). After 1 d of curing, the concrete
samples were demolded and then cured further in the
standard curing room for another 27 d.

2.3 Methods
2.3.1 Water absorption test

In accordance with the standard SL/T 352-2020
(MWRC, 2020), the water absorption behaviors of 28-d
cured concrete samples were monitored by gravime-
try. Before the test, the concrete samples were sub-
jected to a drying period at a controlled temperature
of (40+5) °C for 108 h. To prevent moisture absorption,
five surfaces of each 50-mm cubic sample were coated
with paraffin wax. The single untreated surface of each
concrete sample was immersed into distilled water with
a depth of approximately 10 mm for the water absorp-
tion test. The mass gain of the samples was measured
every day to calculate water absorption. The solution
was replaced on a weekly basis.

2.3.2 Chloride transport depth measurement

The chloride transport depth measurement was
used to briefly characterize the chloride transport in
modified concrete samples (Fig. 2). The silver nitrate
(AgNO,) solution was used as a chromogenic reagent
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Fig. 1 Preparation processes of OGC, PGC, and SGC samples
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to visualize areas of chloride permeation (Baroghel-
Bouny et al., 2007). As informed by recent studies (Li
et al., 2021; Tomar et al., 2023), the concrete samples,
after curing for 28 d, were immersed in 3.5% NaCl
solution for durations of 1, 3, 7, 14, and 28 d. Upon
reaching the designated times, the samples were re-
moved and split along the radial direction. AgNO,
solution with a volume of (1.5+0.3) mL and a dosage
of 0.1 mol/L was then sprayed evenly onto the fracture
surface of the concrete samples. These samples were
left undisturbed for around 15 min to allow for color
development. Subsequently, two distinct areas of white
and brown appeared on the fracture surface, with a
clear boundary between them. The depth of the white
area was typically considered as the chloride penetra-
tion depth, while the brown area was considered the
region without chlorides. Referring to the standard
NT Build 492 (NCF, 1999), the average depth of the
white area on the fracture surface was calculated as
follows: (1) The transport depth was measured by as-
sessing the distance from the center to both sides at
5 mm intervals. A total of seven data points were
obtained and labelled as X, to X,. (2) The average
value, denoted as X, was determined from a set of seven
data points (from X, to X;), representing the depth of
chloride transport.

2.3.3 Dry-wet cycles

To assess the long-term waterproof performance
of modified concrete, dry-wet cycles representing the

environmental conditions encountered by buildings in
tidal zones were simulated. According to the standard
GB/T 11969-2020 (SAC, 2020), the change in water
content of samples during dry-wet cycles was mea-
sured, and the evolutions in their properties were com-
pared. After pre-drying at a temperature of (40+5) °C
for 108 h, the concrete samples underwent a series of
dry-wet cycles as follows: (1) The dried samples were
cooled naturally to (20+5) °C at room temperature (for
around 30 min) to minimize the effect of the tempera-
ture change on the water absorption process. (2) The
cooled samples were completely immersed in water for
about 12 h. (3) Subsequently, the samples were removed
from the water and allowed to dry naturally at room
temperature for a period of 30 min, which minimized
potential structural damage caused by surface water
loss during the rapid drying process. (4) The samples
were then placed in an oven with a temperature of
(40+5) °C and dried for around 12 h, thereby complet-
ing one dry-wet cycle. The weight of the samples was
recorded after each drying and wetting stage. In total,
32 dry-wet cycles were performed.

2.3.4 Water contact angle test

The water contact angle was measured using the
Dropmeter 100P (Haishumaishi Detection Technology
Co., Ltd., China) to evaluate the static wettability of
the geopolymer matrix before and after dry-wet cycles.
The water contact angle could be directly obtained
by measuring the angle between the tangents of the



solid-liquid and liquid-gas interfaces. To eliminate the
interference of large-size CA on the water contact angle
measurement, the geopolymer matrix was extracted
from concrete samples for wettability characteriza-
tion. The crushed concrete was sieved with 50-mesh
(0.282 mm) and 200-mesh (0.075 mm) sieves sequen-
tially. Considering that approximately 20% of standard
sand particles are smaller than 0.3 mm, the powder
obtained after sieving with a 50-mesh sieve was con-
sidered as the mortar mixture of geopolymer and sand
powder. Powders passing through the 200-mesh sieve
were considered as geopolymer matrix. These pow-
ders were dried at 40 °C for 8 h and subsequently
compacted onto glass slides. To ensure accuracy, over
six water contact angle tests were conducted for each
sample, and outliers were excluded before calculating
the average value.

2.3.5 Compressive strength measurement

Compressive strength is a common indicator of the
degree of geopolymerization, and an important evalua-
tor of the applicability of geopolymer concrete (Guo
et al., 2010). Referring to standard GB/T 50107-2010
(MOHURD, 2020), we tested the compressive strength
of 50-mm cubic concrete samples before and after
dry-wet cycles using an Instron 8802 machine, with a
loading speed of 2.0 kN/s.

2.3.6 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR)
spectroscopy was used to analyze the chemical com-
position of the geopolymer matrix in concrete sam-
ples before and after dry-wet cycles. The FTIR spectros-
copy instrument is a NICOLET iS50 FTIR spectrom-
eter manufactured by Thermo Scientific Instruments
(China), and has a resolution of 4 cm™. When infrared
light is transmitted through a sample, each functional
group resonates with its characteristic absorption fre-
quencies of the spectra (Witkowski and Koniorczyk,
2018). The tested samples underwent pre-drying and
then 32 d of drying. We normalized the recorded data
before analysis.

2.3.7 Scanning electron microscopy

Scanning electron microscopy (SEM) test was per-
formed to analyze the microstructure of concrete sam-
ples, using a desktop SEM device (Phenom-PROX,
Phenom World BV Company, the Netherlands). Sample
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fragments with a size of approximately 5 mm and a
flat surface were selected for the test. Platinum-coated
samples were fixed on the test bench with conductive
tape, and then the test chamber was vacuumed. The
spectrum for each measurement point was collected
over a 30 s period. The working distance was 10.5 mm,
and the spot was held at 3.5.

2.3.8 Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) was used
to characterize the pore structure of the geopolymer
matrix in concrete samples before and after dry-wet
cycles. It was conducted using an AutoPore IV9500
automatic mercury intrusion porosimeter (Micromerit-
ics Instruments Corp., USA). We selected and crushed
blocks at the core of concrete samples for testing. After
crushing, a 60-mesh sieve was utilized to eliminate
CA particles. Remaining particles with a size of 2-3 mm
were selected for the MIP test. Before the test, the
samples were dried in an oven at 45 °C for 12 h. The
measured pore sizes ranged from 5 nm to 355 pm.

3 Results
3.1 Waterproof performance
3.1.1 Water absorption behavior

Fig. 3 shows the variation of cumulative water
absorption over 20 d for OGC, PGC, and SGC samples.
The water absorption of each sample before water satu-
ration is essentially proportional to the square root of
time #**, which conforms to Hall’s model on the one-
dimensional moisture absorption kinetics of porous
solids (Hall, 1989). After 1 d of water absorption, the
OGC has effectively been water saturated, and its cumu-
lative water absorption is around 8.5%. In contrast, the
water absorption rate of PGC and SGC samples incor-
porating PDMS and SMS is much slower than that of
OGC. The water absorption coefficient S of PGC2,
PGC4, PGC6, SGCS5, SGC10, and SGC15 samples,
which is represented by the slope of the cumulative
water absorption function before water saturation, is
decreased by 80.5%, 85.1%, 93.1%, 77.6%, 89.1%, and
94.3%, respectively, compared to that of OGC (Fig. 3).
These results indicate that geopolymer concrete is effec-
tively modified by these two organic additives, and it
exhibits strong waterproof performance with a low
water absorption rate in wet environments.
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3.1.2 Chloride transport depth

Fig. 4 depicts the variation of chloride transport
depth in the OGC, PGC, and SGC samples during the
one-dimensional NaCl solution absorption test. The
goal of this test is to assess the preliminary corrosion
resistance of modified concrete. Similar to the results
of the water absorption test, the transport rate of chlo-
ride ions in SGC and PGC samples is much lower than
that in OGC. Although the chloride ion has diffused
to the top surface of OGC sample after 1 d (50 mm),
the 28-d chloride transport depths of PGC6, SGC10,
and SGCI15 are only 15, 18, and 8 mm, respectively.
This demonstrates that the waterproof modified con-
crete can also hinder the penetration and diffusion of
corrosive chloride. The transport behavior of chloride
ions is a complex process, which mainly depends on
the ion concentration, the proportion of transport chan-
nels (continuous waterway), and the interaction force
between pore walls and ions (Xue et al., 2018; Jin
et al., 2023). In the initial stage of absorption, when
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Fig. 4 Time-evolution of the chloride transport depth of
OGC and PGC samples (a) and OGC and SGC samples (b)

the interior water content of the sample is low, chlo-
ride migration is primarily driven by the moisture gra-
dient (Homan et al., 2016). As chloride transport con-
tinues, the concrete samples that are wettened by the
solution start to undergo secondary penetration (Liu
et al., 2020; Zhu et al., 2022). This study mainly focuses
on the evolution of waterproofing performance, and
chloride resistance is only briefly explored.

3.2 Water loss and absorption during dry-wet cycles

Fig. 5 illustrates the changes in the water content
of OGC, PGC, and SGC samples during the dry-wet
cycle test. The objective of this test is to explore the
waterproof performance of modified concrete in engi-
neering applications. Over the course of 32 cycles, the
PGC samples maintain efficient water repellence. The
average water content gains of OGC, PGC2, PGC4,
and PGC6 samples through absorption were 7.1%,
5.6%, 5.0%, and 3.0%, respectively. Although SGC
samples also show effective long-lasting waterproof
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performance, the single water absorption contents of
SGCS and SGC10 samples exhibit an obvious increas-
ing trend as the dry-wet cycle proceeds. As shown in
Fig. 5b, the water absorption content in SGCS5 increases
from 5.9% to 6.6% in the first three cycles, and in
SGCI10 it increases from 2.5% to 4.0% in the first 14
cycles. The final water absorption contents remain at
6.5% for SGCS and 4.1% for SGC10. These results
indicate that the water loss-absorption process may
interfere with cross-linking between organic SMS and
inorganic concrete, or that this hybrid system can
degrade during dry-wet cycles. However, the dry-wet
cycles seem to have little impact on SGCI15, as its
water absorption content stays around 2.1%. In addi-
tion, the concrete samples exhibit distinct water loss
behavior during dry-wet cycles. OGC cannot restore its
original moisture content after a 12-h drying process,
due to the high affinity between the moisture and the
hydrophilic geopolymer matrix/aggregate (Parbhoo and
Nagy, 1988). This phenomenon is particularly evident
in the first three cycles, with a residual moisture con-
tent of 2.7%—3.5% after drying. Due to the barrier of
the existing water film, the residual moisture content

during the subsequent dry-wet cycle essentially remains
constant at around 1.9%. In contrast, concrete samples
with a sufficient dosage of hydrophobic agents (PGC2,
PGC4, PGC6, SGC10, and SGC15) can be completely
dried within 12 h. The mechanisms of moisture content
and waterproof performance evolution during dry-wet
cycles will be discussed further in subsequent sections.

3.3 Wettability changes

Fig. 6 presents the morphology of water droplets
on the fracture surfaces of OGC, PGC6, and SGC15.
We can see that overall, the PGC and SGC display
strong hydrophobicity. Fig. 7 illustrates the morphology
of water droplets on the geopolymer matrix powder,

Fig. 6 Morphologies of water droplets on the fracture surfaces
of (a) OGC, (b) PGC6, and (c) SGC15
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as well as the mixture of sand and matrix powder (i.e.,
mortar powder) taken from original OGC, PGC, and
SGC samples. The geopolymer matrix from PGC or
SGC with an adequate quantity of PDMS or SMS
exhibits greater hydrophobicity compared to that of
OGC. It can be observed that the adsorption capacity
of mortar powder to water (Fig. 7b) is significantly
enhanced compared to that of matrix powder (Fig. 7a).
When a water droplet fell on the mortar powder from
PGC or SGC, it turned into a small oblate ball envel-
oped by sand and matrix powder. These results indicate
that the two organic additives tend to adsorb or bond
to the geopolymer matrix rather than become attached
to the surface of sand. This is the reason why PGC
and SGC samples maintain long-term waterproof per-
formance through dry-wet cycles.

Fig. 8 shows the water contact angle of the pressed
matrix powder from OGC, PGC, and SGC samples
before and after dry-wet cycles. Before the dry-wet
cycles, the water contact angles of the matrix powders
from OGC, PGC6, and SGC15 are 34.7°, 136.7°, and
139.0°, respectively. Incorporating PDMS at a dosage
of 2%, or substituting SMS at a rate of 5%, can prompt
the originally-hydrophilic geopolymer matrix to become
hydrophobic (when the water contact angle is greater
than 90°). The results indicate that these organic com-
ponents can reduce the surface energy of the geopoly-
mer matrix, and perform hydrophobic modification of
the inorganic material. PDMS and SMS molecules can
be connected to geopolymer gels through physical ad-
sorption or covalent bonds (Witkowski and Koniorczyk,
2018; Kang et al., 2022; Ruan et al., 2023c). After
dry-wet cycles, the water contact angle of the matrix

powder from all concrete samples decreases slightly by
0.4%-7.7%, which demonstrates that the dry-wet
cycles have little impact on the apparent hydrophobic-
ity of modified concrete. Therefore, PGC and SGC have
reliable and long-lasting waterproof performance, ensur-
ing effectiveness in engineering applications.

3.4 Compressive strength changes

Fig. 9 presents the values of compressive strength
for OGC, PGC, and SGC samples before and after
dry-wet cycles. Prior to dry-wet cycles, the original
OGC sample exhibits a high compressive strength of
57.4 MPa. The addition of PDMS slightly reduces the
compressive strength by values ranging from 1.5% to
5.7%. In contrast, the strengths of all PGC samples are
still over 54 MPa, which may be due to the introduc-
tion of air bubbles inside the concrete caused by the
PDMS (Wang et al., 2020). In the case of SGC sam-
ples, the addition of SMS leads to a significant decrease
in compressive strength. The compressive strengths of
28-d cured SGC10 and SGCI15 are 24.2% and 47.6%
lower than that of OGC, respectively, suggesting that
the small organosilicone-based SMS can weaken the
originally-robust gel structure of geopolymers through
chemical bonding (Lv et al., 2022; Ruan et al., 2023c).
After the dry-wet cycles, both OGC and PGC samples
show a slight decrease in compressive strength, being
less than 2.3 and 1.5 MPa, respectively. The addition
of PDMS slightly improves the stability and durability
of geopolymer concrete in wet environments. In con-
trast, SGC samples show greater compressive strength
changes during dry-wet cycles compared with PGC
samples. The compressive strengths of SGC5, SGC10,

OoGC PGC2 PGC4 PGC6 SGC5 SGC10 8GC15
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Fig. 7 Morphologies of water droplets on the surfaces of (a) the geopolymer matrix powder and (b) the mixture of sand
and matrix powder (i.e. mortar powder) taken from original OGC, PGC, and SGC samples
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before and after dry-wet cycles

and SGC15 samples after 32 dry-wet cycles fall by
1.5%, 10.8%, and 18.6%, respectively, compared to
OGC. The geopolymer matrix grafted with SMS appar-
ently has higher sensitivity to internal moisture trans-
port. This is likely related to the binding state of the
organic-inorganic components, and will be discussed
later.

3.5 Chemical composition evolution

Fig. 10 displays the FTIR spectra of the geopoly-
mer matrix from OGC, PGC4, and SGC10 samples in
the range of 5004000 cm™, before and after dry-wet
cycles. The change in the wavenumber of the main
band is an indicator of aluminosilicate dissolution and
gel formation. Before dry-wet cycles, the main absorp-
tion band of OGC and PGC appears at 1017 cm™, while
that of SGC appears at 1028 cm™, revealing that SMS
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Fig. 10 FTIR spectra of geopolymer matrix from OGC,
PGC4, and SGC10 samples before and after 32 dry-wet
cycles

directly affects the formation of aluminosilicate gels in
geopolymer concrete. All three FTIR curves of samples
before dry-wet cycles show intense absorption bands
at around 1000 and 450 cm™, which are attributed to
the asymmetric stretching and bending vibrations of
Si—O-T (T: Si or Al), respectively (Xue et al., 2018;
Lu et al., 2023). After 32 dry-wet cycles, the FTIR
pattern of each type of concrete at approximately
1000 cm™ is essentially the same as that of the original
concrete, indicating that the influence of dry-wet cycles
on the gel-level structure (<1 nm) in geopolymer con-
crete is negligible. The peaks at the wavenumbers of
approximately 2950 and 1280 ¢cm™', which correspond
to the vibrations of organic structures C—H and Si—CH,,
respectively, are still present without distinguishable
weakening. This is a key indicator of the ability of the
modified concrete to maintain waterproof performance
despite continued moisture intrusion (Chandler, 2002).
Moreover, due to moisture retention after incomplete
drying for the OGC sample, its absorption peaks at
1650 and 3500 cm™ are significantly enhanced due to
hydrogen bonding between Si—OH on inorganic gels
and adsorbed water, as well as elongation of the O—H
bonds in Si—OH (Zhang ZH et al., 2018). In contrast,
hydrophobic PGC and SGC samples just weakly bind
to water molecules, so the vibration amplitudes of peaks
representing —OH are basically the same as in the origi-
nal samples.

3.6 Microstructure evolution

As shown in Fig. 11, SEM images (scaled up by
4000) showcase the micron-scale morphology of OGC,
PGC4, and SGC10 samples before and after dry-wet
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Fig. 11 SEM images (x4000) of OGC, PGC4, and SGC10
samples (a—c) before and (d—f) after 32 dry-wet cycles

cycles. Prior to the dry-wet cycles, the structures of the
three samples are relatively dense. In these structures,
there are some small line-shaped and cross-shaped
cracks with lengths around 10—20 um in the matrix of
the OGC sample (Zhu et al., 2023). In the PGC sample,
spherical bubble pores with smooth pore walls are
clearly visible, which were introduced during the prep-
aration process (Ruan et al., 2021). Moreover, the SGC
sample has more micron-level capillaries, which are
irregularly shaped and filled with some small gel par-
ticles. After dry-wet cycles, all three samples show a
certain degree of deterioration in their matrix. The pres-
ence of pores and micro-cracks in the OGC sample
increases, possibly due to greater shrinkage during the
dry-wet cycles. There is no distinguishable increase in
the presence of cracks in the PGC sample, which is
attributed to the stable gel structure and waterproof capa-
bility. In contrast, the micron-scale defects and pores in
the SGC sample apparently become more numerous
and larger after dry-wet cycles, which is possibly due
to the degradation of matrix components in SGC.

3.7 Pore structure evolution

The pore structure was characterized using the
MIP technique, to further analyze the microstructural
evolution of the geopolymer concrete. Fig. 12 shows
the pore size distribution of geopolymer matrix from
OGC, PGC4, and SGC10 samples before and after
dry-wet cycles. The pore sizes of all samples are mainly
concentrated at 5-40 nm and 10—-200 pum, which cor-
respond to gel interstices, and large defects (e.g. cracks,
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Fig. 12 Pore size distribution of geopolymer matrix from
OGC, PGC4, and SGC10 samples before and after 32 dry-wet
cycles

bubbles, and interfacial defects), respectively (Chen
et al., 2022). As seen in Fig. 13, the total porosity (mea-
suring range: 5 nm—355 pum) and porosity of pores in
different sizes of OGC, PGC4, and SGC10 matrix are
calculated and compared. Before dry-wet cycles, the
total porosity of the OGC matrix is 43.2%, and the
addition of 4% PDMS and the replacement of 10%
SMS led to an increase of 22.0% and a decrease of
9.0%, respectively (Fig. 13a). The addition of PDMS
predominantly increases the cumulative volume of large-
sized bubble pores, and the porosity of pores larger
than 10 pm in PGC4 is 12.9% higher than that in OGC
(Fig. 13f). However, more small gel pores are created
in the SGC matrix (Fig. 13b), which again proves that
SMS molecules can participate in geopolymerization
reactions and alter the gel structure of geopolymers. It
is worth noting that a large number of the smallest
detectable pores are found in the SGC10 matrix, so one
can speculate that many pores smaller than 5 nm also
exist in this system (Fig. 12).

After 32 dry-wet cycles, the total porosities of the
OGC, PGC4, and SGC10 matrices increase by 11.8%,
12.9%, and 37.6%, respectively (Fig. 13a). Dry-wet
cycles can cause a certain degree of matrix structure
degradation in all samples, and its effect is the most
significant on SGC. As shown in Fig. 13f, the porosity
of macro-scale pores in SGC10 increases by over 54%
after dry-wet cycles, but that of PGC4 remains basi-
cally unchanged. This is also an important reason why
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the waterproof performance and strength of SGC are
gradually weakened during dry-wet cycles (Fig. 5). In
addition, the porosity for nano-scale pores (<100 nm)
in all samples after dry-wet cycles only changes slightly
(<2.6%, Fig. 13d). However, the variations in pore size
for different samples exhibit different trends (Figs. 13b
and 13c). For OGC, a proportion of the larger pores
(10—100 nm) evolve into smaller pores of size <10 nm.
This result may be attributed to the continuous genera-
tion of geopolymer gel, which fills these pores during
dry-wet cycles (Provis and van Deventer, 2009). In
contrast, the nano-scale pores in SGC10 matrix show
a significant size increase after dry-wet cycles, with
the porosity of pores of size 10-100 nm rising by
160.4%. Although meanwhile, the porosity of pores of
size <10 nm falls by 80.8%. The large-sized capillary
pores display stronger capillary pressures and suction for
water, so their increase can enhance the volume shrink-
age and water absorption of SGC samples (Neithalath
et al., 2010; Chen et al., 2022; Peng et al., 2022).

4 Discussion

Fig. 14 showcases the potential bonding modes
between the organic component and the gel skeleton in

geopolymers, and their evolution mechanisms during
dry-wet cycles. For OGC samples, the geopolymer
wraps sands and CA into a uniform system. The capil-
lary pores in the geopolymerization-synthesized matrix
and the interfacial voids between the paste and aggre-
gate are the main channels for moisture transport in
concrete (Babaee and Castel, 2018; Tian et al., 2023).
Capillary pores are usually considered to be pore struc-
tures with a size of 10 nm—10 um (Chen et al., 2022).
The water diffused in the capillary pores can slowly
fill nano-scale pores, with a size smaller than 10 nm,
through secondary flow (Villagran Zaccardi et al.,
2017). Since the water absorption time for the dry-wet
cycles in this study was short (12 h), most of the
absorbed water fills the capillary pores and larger gel
pores in the geopolymer concrete (Fig. 14a). During
the drying process at 40 °C, most of the liquid water in
the pores escapes the concrete via water vapor evapo-
ration. However, given the high binding energy between
the surface water film and the gel skeleton via hydro-
gen bonding, the elevated temperature-induced driving
force cannot displace all water molecules from the geo-
polymer matrix (Sun et al., 2021). Consequently, OGC
samples contain about 2% residual water after the drying
process in dry-wet cycles (Fig. 5). The evaporative loss
of water also intensifies the drying shrinkage of the
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Fig. 14 Schematic of potential bonding modes of PDMS and SMS molecules with geopolymer gels and their evolution

mechanisms during dry-wet cycles

geopolymer matrix, and causes micro-cracks to develop.
Therefore, the total porosity of the OGC sample in-
creases after a dry-wet cycle. The evaporative loss of
water also intensifies the drying shrinkage of the matrix
and promotes the development of micro-cracks (Mastali
et al., 2018). Thus, the total porosity of the OGC sample
increases after a dry-wet cycle (Fig. 13a).

The effective long-term waterproof performance
of the two geopolymer concretes modified by PDMS
and SMS can be attributed to the consistent presence of
hydrophobic functional groups within the matrix, rather
than in the pore structure. Nevertheless, differences in
molecular structure give rise to distinctions in the
bonding modes of PDMS and SMS with geopolymer

gels, as well as differences in their evolution during
dry-wet cycles. As seen in Fig. 14b, PDMS, as an
organic polymer, has a stable long-chain molecular
structure, which can form a uniform hybrid system
with the inorganic gel skeleton through phase cross-
linking. In contrast, it generally cannot form chemical
bonds with the gel (Tang et al., 2023). In PGC, PDMS
with hydrophobic methyl groups exposed on the sur-
face of capillary pores reduces the channels’ suction
of water, thereby decreasing the water absorption rate
of PGC (Ruan et al., 2022a; Zhong et al., 2022b). For
similar reasons, the PGC systems contain less residual
water and show less shrinkage after drying processes,
leading to a more stable pore structure (Fig. 13). It is



worth noting that the combination of PDMS and gel skel-
eton is hardly affected by dry-wet cycles. This is attrib-
uted to the stable and completely hydrophobic molecu-
lar structure of PDMS, which allows PGC to maintain
long-term and efficient waterproof performance.

In contrast, SMS micro-molecules feature hydro-
phobic methyl groups and reactive silanol structures,
which can be combined with geopolymer gel struc-
tures in multiple modes (Fig. 14c) (Lu et al., 2023).
During the geopolymerization process, a portion of SM'S
can form strong covalent bonds through dehydration
condensation with hydroxyl groups on the surface or
endpoints of gel particles (Lv et al., 2022). Negatively
charged SMS monomers can also bind within the
matrix through electrostatic attraction with sodium ions
in the gel network. In addition, SMS can be physically
adsorbed on inorganic gels because its silanol struc-
ture is hydrophilic. In a system with sufficient SMS,
the SMS molecules that are grafted or adsorbed onto
the gel can also form a dense hydrophobic network
through self-condensation to envelop the gel skeleton.
This leads to modified SGC having excellent hydro-
phobicity and water resistance (Yang et al., 2021; She
et al., 2023). However, the bonding energies of van der
Waals forces and electrostatic attraction are relatively
lower than those of covalent bonds (Israelachvili, 1974).

Throughout dry-wet cycles of SGC samples, a
proportion of the SMS molecules, initially adsorbed
onto geopolymer gels through weak binding, establish
more robust hydrogen bonds with water molecules,
thereby dissolving in the water and being transported
along with it (Zhang et al., 2022). The hydrophilic
matrix where the hydrophobic SMS molecules were
originally attached is re-exposed, facilitating the adsorp-
tion of residual water. This is also the reason why SGC5
and SGC10 samples show obvious increases in ab-
sorbed water content during the dry-wet cycles (Fig. 5b).
For the SGC15 sample, because a substantial amount
of SMS is chemically condensed and immobilized
onto the gel surface, the loss of a small quantity of
adsorbed SMS molecules cannot cause the exposure
of matrix sites. Consequently, the water absorption of
the SGC15 sample remains almost unchanged during
dry-wet cycles. Notably, the detachment of SMS mol-
ecules from the gel network can result in structural
damage to the matrix. This process causes the gel pores
of SGC to enlarge, and leads to a significant increase
in macro-scale defects, total porosity, and strength.
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5 Conclusions

We have investigated the evolution of the water-
proof performance, mechanical properties, chemical
composition, microstructure, and pore structure of
hydrophobically-modified geopolymer concrete incor-
porating PDMS (i.e. PGC) and SMS (i.e. SGC), before
and after dry-wet cycles. Furthermore, the bonding
modes of organic molecules and geopolymer gels, as
well as their evolution mechanisms during dry-wet
cycles are further analyzed. The experimental results
show that the addition of 2%—6% PDMS or the replace-
ment of 5%—15% SMS can modify metakaolin-based
geopolymer concrete to become hydrophobic, having
resultant water contact angles ranging from 84.7° to
139.0°. The water absorption and chloride transport
rates of modified concrete also significantly decrease
by up to 94.3% compared to unmodified concrete. Over
32 dry-wet cycles, PGC samples maintain efficient and
unimpaired water resistance. Both the hydrophobicity
and strength of PGC remain essentially unchanged, only
experiencing slight decreases in water contact angle
(of 4.2°-4.6°) and compressive strength (of 0.5%—
2.4%). Additionally, there is no discernible increase in
the presence of cracks in PGC samples. These results
are attributed to the robust combination of organic
hydrophobic PDMS and the geopolymer gel skeleton
established through phase cross-linking.

SGC samples also demonstrate enduring hydropho-
bicity and strength throughout 32 dry-wet cycles, with
their water contact angles and compressive strengths
only decreasing 1.1°—2.3° and 1.5%—18.6%, respec-
tively. However, compared to PGC, SGC displays less
stability in long-term low water absorption during
dry-wet cycles. The single water absorptions of SGC5
and SGC10 samples noticeably increase from 5.9% to
6.4% (SGCS) and from 2.5% to 4.2% (SGC10), before
and after 32 dry-wet cycles. SMS micro-molecules can
be combined with the gel structure in various modes,
such as chemical condensation, electrostatic attraction,
and physical absorption. A proportion of SMS mole-
cules, initially adsorbed onto gels through weak bind-
ing, establishes more robust hydrogen bonds with free
water molecules, thereby dissolving in the water and
being transported along with it thereafter. The hydro-
philic matrix where hydrophobic SMS molecules were
originally attached becomes re-exposed for water ad-
sorption. Moreover, the detachment of SMS molecules
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from the gel network can result in structural damage
to the matrix. As a consequence, the compressive
strength of SGC10 decreases by 18.6% and its total
porosity increases by 37.6% after dry-wet cycles.

Opverall, both PGC and SGC can be used as long-
lasting waterproof building materials. Considering the
observed degradation mechanisms during dry-wet
cycles, PGC presents better structural stability and
higher functional performance compared to SGC. This
study verifies the utility of hydrophobically-modified
geopolymer concrete for long-term service in alternat-
ing wet and dry environments (e.g., buildings in areas
with frequent precipitation, or structures in splash and
tidal zones for coastal engineering), laying a founda-
tion for subsequent research and applications.
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