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A B S T R A C T   

Silanes are widely used to enhance the corrosion resistance of cement-based materials by endowing the substrate 
with hydrophobicity. However, their applications in fly ash/slag based geopolymer (FSBG) are still rare. This 
study comprehensively investigates the hydrophobicity properties and reaction products of FSBG modified by 
isooctyltriethoxysilane admixture to reveal the mechanisms involved in the generation and evolution of 
hydrophobization effect. In spite of the verified compromise in compressive strength of modified FSBG for longer 
ages, the early strength at 1 day is amazingly found to slightly increase, ascribed to the heat release along with 
the hydrolysis of silane. The reduction of porosity is caused by the siloxane products of silane after condensation 
reactions and thus does not show consistencies to the decreasing compressive strength as well as the formation of 
hydration products. The amount of N-A-S-H gel is found to reduce more intensively compared to the C-A-S-H gel 
when silane is used. The evolution of contact angle on the surface of modified FSBG is dependent on the mutual 
effect of superficial density of silane and porosity, with the former controlled by the amount of coupling sites. 
The formula of contact angle evolution is proposed and can be potentially used to regulate and govern the 
hydrophobicity properties of FSBG, with the feasibility to be applied in other geopolymers and cement-based 
materials.   

1. Introduction 

Expected to lessen or even substitute the utilization of ordinary 
Portland cement (OPC), alkali-activated materials (AAMs) possess many 
unique advantages in reducing environmental impacts and promoted 
service performance [1,2]. The main raw materials in alkali-activated 
systems are alkaline activator and solid precursors. With the solid raw 
materials originating from various industrial by-products, mineral 
wastes and even construction and demolition wastes, alkali-activated 
materials make a great contribution to intractable waste treatment 
problem and establish a sustainable circular economy by transforming 
solid wastes to valuable building materials. Moreover, AAMs show 
excellent strength, durability and thermal stability [3], as well as 
reduced energy costs and carbon footprints [4]. According to the 
available calcium content of starting materials, alkali-activated mate
rials can be divided into two typical binding systems: one is the 
high-calcium system, generating C-A-S-H type gel with a one 

dimensional chain structure [5]; another is the low-calcium system, also 
named as geopolymer, generating N-A-S-H type gel with a 
three-dimensional network structure [6]. Fly ash is a typical precursor 
for producing geopolymer, and an extra heat curing condition is 
generally needed during the manufacturing process [3]. To eliminate 
the limitation caused by the above problem and gain fast growth of 
strength, fly ash is often partly substituted by ground granulated blast 
furnace slag to introduce calcium source [5,7], consequently leading to 
the formation of hybrid C-(N-)A-S-H and (N,C)-A-S-H type gels as the 
ultimate reaction products. This hybrid system is attracting more and 
more attention due to its improved mechanical properties and the su
perior property of resistance to corrosion and elevated temperatures [8, 
9]. 

During the geopolymerization process, the Al–O–Si bonds on the 
surface of starting materials hydrolyze to release Si and Al monomers, 
both attached with four hydroxyl groups [6]. Then the monomers 
polymerize to form multimers and eventually the gel products. 
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However, there exist uncondensed hydroxyl groups on the surface of the 
gels, which are intimate to water and actually form the hydrophilic basis 
of geopolymer [1]. Combining with the inherent porous characteristic, 
the geopolymer products are susceptible to water invasion, which is 
often along with various harmful agents, constituting a great threat to 
the durability and restricting its wide applications [10]. There are some 
primary transport mechanisms accounting for the invasion process of 
water, including permeation, diffusion, and capillary absorption. 
Considering the fact that practical structural concrete always meets the 
unsaturated condition, capillary absorption can thus be deemed as the 
decisive mechanism in most situations [11]. To simplify the physical 
background and experimental procedures, capillary absorptions of 
building materials are often investigated by a unidirectional capillary 
absorption case. It has been discovered that the unidirectional water 
capillary transport behavior can be well described by so-called 
square-root (time) law [11]. Namely, the volume of imbibed liquid per 
unit area increases linearly with the square root of time, and the slope of 
the linear relation is defined as sorptivity. The sorptivity can reflect 
ingress rates of water and detrimental agents into porous materials such 
as cement-based materials and geopolymers, always employed as one of 
the most crucial indices to appraise the durability of concrete [12]. 
Unfortunately, geopolymers, especially containing slag as one of the 
precursors, have been found to exhibit greater sorptivities compared to 
OPC with the same W/B ratio [10,13], which can be correlated with the 
higher degree of network interconnectivity of pore structure [10]. To 
solve this problem, many attempts have been conducted to decrease the 
sorptivity of geopolymer matrices, such as utilization of supplementary 
cementitious materials [14], addition of steel fibers [15] or nano ma
terials [16], improved curing conditions [14], and increasing fineness of 
precursors [17]. In spite of the beneficial effect achieved by the afore
mentioned methods, they are unable to change the hydrophilic nature of 
geopolymer matrices, which restricts the potential efficacies to a certain 
extent. 

For this reason, the hydrophobic modification treatments can be 
potentially effective with the utilization of waterproof materials, such as 
alkyl acids and the relevant salts [10,18], organic polymers [19], silanes 
and siloxanes [12,20], metabolite of bacillus subtilis [21], and hydro
phobic particles [22]. The modification treatments are usually classified 
as surface alteration and integral alteration, the latter of which has an 
advantage in durability but may damage the strength. Among these 
modification methods, the silanes are the most widely used compounds 
[23] due to the excellent hydrophobization effect related to their unique 
characteristics of functional groups [24]. The applications of silanes in 
the cement-based materials have been very successful in achieving lower 
water absorptions and sorptivities [12,25,26], however, the utilization 
of silanes to modify fly ash/slag based geopolymer (FSBG) is still very 
limited in the previous literatures. There is only one very recent study 
investigating the influences of polydimethylsiloxane (PDMS) on the 
hydrophobicity and microstructure of FSBG [27]. The addition of PDMS 
improved the hydrophobicity with a contact angle up to 127.64◦ at the 
concentration of 3%, and the water absorption of matrix was reduced to 
a great extent over 75% [27]. The other relevant researches focus on 
metakaolin or fly ash based geopolymer systems (MBG or FBG). Feng 
et al. [28] found that the uses of γ-amino propyl triethoxysilane (KH550) 
and γ-(2,3-epoxypropoxy) propyl trimethoxysilane (KH560) improve 
the hydrophobic property of MBG when a small dosage is adopted, but 
excessive amount of silane caused a opposite effect. The similar trends 
caused by silane are also observed in the hydration and porosity results. 
Ruan et al. [29] successfully developed waterproof MBG with a contact 
angle exceeding 130◦ by introducing PDMS, and the compressive 
strength was reported to firstly augment and then reduce after obtaining 
the maximum value. In another study [30], it was reported that the 
combined utilization of hydrophobic metakaolin powder and PDMS 
could gain better water repellence of MBG compared to single water 
repellent additive. The volume sorptivity and the overall amount of 
water imbibition are greatly decreased. Xue et al. [31] attempted to 

fabricate hydrophobic FBG to suppress the occurrence of efflorescence 
with the use of silane. The surface hydrophobicity is remarkably 
improved and the capillary absorption is accordingly decreased when 
the geopolymer samples were immersed in silane liquid transitorily. 
However, the mechanical properties are not influenced by the silane 
treatment. Obviously, the microstructure and composition of FSBG are 
more complicated than those of MBG and FBG [8], ascribed to the 
coexistence of C-A-S-H and N-A-S-H gels as the final products, which is 
unfortunately not fully discussed in literature [27]. It is also the case for 
the fresh state of FSBG considering the different raw materials between 
these systems. Therefore, the influence of silane can be quite different 
when applied in FSBG. Moreover, all these studies are not able to pro
vide a sound explanation for the observed change of contact angle with 
the addition of silane, which is however highly important for its rational 
application to design materials with different level of hydrophobicity 
according to requirements. More importantly, an in-depth understand
ing of the hydrophobic mechanism for incorporating silane in FSBG is 
not available yet. 

In this study, in order to figure out the impact of silane on the hy
drophobicity of FSBG, a series of microstructure investigations are car
ried out to provide comprehensive knowledge and understanding. The 
hydration process and products are characterized by isothermal calo
rimetry, X-ray diffraction (XRD), Fourier transform infrared spectros
copy (FTIR), thermogravimetry and scanning electron microscopy 
(SEM) and energy dispersive X-ray (EDX). The porosity and pore struc
ture is analyzed by gravimetry method and mercury intrusion poros
imetry (MIP), respectively. Further, X-ray photoelectron spectroscopy 
(XPS) is applied to verify the modification by silane and detect the 
resultant change in chemical structure. The main objectives are to 
investigate the underlying hydrophobic mechanism of silane modified 
FSBG and elucidate the evolution of hydrophobicity with the increased 
concentration of silane. 

2. Experiment 

2.1. Materials 

The solid precursors used in this study were commercial ground 
granulated blast furnace slag and Class F fly ash, conforming to GB/T 
18046-2017 and GB/T 1596-2017 respectively. Their particle size dis
tributions are exhibited in Fig. 1, with the d50 particle sizes to be 6.02 μm 
for slag and 17.44 μm for fly ash. The major chemical compositions 
analyzed by X-ray Fluorescence are shown in Table 1, with the loss on 
ignition (LOI) determined at 950 ± 25 ◦C and other material physical 
properties. The X-ray diffraction patterns of slag and fly ash are pre
sented in Fig. 2. The main crystalline phases detected in fly ash are 
mullite, quartz and corundum. The pattern of slag has peaks of low in
tensity correlated with calcite and merwinite and a broad vitreous hump 
situated from 25◦ to 35◦ is found. 

The alkaline activators were prepared by the use of sodium hy
droxide flakes (analytical level, purity ≥98%), sodium silicate solution 
(27.3 wt% SiO2, 8.54 wt% Na2O and 64.16 wt% H2O) and tap water to 
reach the desired moduli. The silane employed in this investigation was 
an aqueous emulsion of isooctyltriethoxysilane with 50 wt% available 
content. 

2.2. Mix proportions and preparation 

The employed activators had an equivalent sodium oxide (Na2O) 
content of 4% by mass of the solid precursors, and three moduli of 1.5, 
1.75 and 2 were adopted. In all the mixtures, the precursors were 
composed of 50% slag and 50% fly ash by mass, with the water to binder 
ratio (w/b) fixed at 0.32. Five dosages of silane varying from 0 to 2 wt% 
of the precursors were chosen in order to clarify its impacts on the 
prepared geopolymer. The detailed information of the mix design is 
presented in Table 2. The solid raw materials were first mixed to be 
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homogeneous by using a FEST B20E mixer at low speed. Then the 
activator solution blended with silane was gradually added while stir
ring. The batches were mixed for 1 min with a low speed and thereupon 
followed by a high speed mixing for 2 min. The fresh mixtures were 
poured in polystyrene prismatic molds (40 mm × 40 mm × 160 mm), 50 
mm three-gang molds and cylindrical molds (Φ100 mm × 50 mm) and 
then compacted manually before sealed by a plastic membrane. The 
specimens were demolded after 24 h and then cured in the climate room 
with a temperature stabilizing at about 20 ◦C and a relative humidity 
exceeding 95% until testing. 

2.3. Experimental methods 

2.3.1. Isothermal calorimetry 
The isothermal calorimetry measurement was performed in a cali

brated TAM-Air isothermal conduction calorimeter to investigate the 
hydration kinetics. The solid precursors were blended with the activa
tors and the mixture was vibrated for 60 s externally, and then the paste 
was quickly poured into the ampoule and placed in the sample position. 

2.3.2. X-ray diffraction 
X-ray diffraction was carried out using a MiniFlex600 X-ray powder 

diffractometer. The Cu tube operating conditions were set as 40 kV and 
15 mA, with scanning time of 0.5 s, an increment of 0.02◦, and 2θ 
ranging from 5◦ to 65◦. 

2.3.3. Fourier transform infrared spectroscopy 
The Fourier transform infrared spectroscopy measurement was 

executed by a Thermo Scientific Nicolet IS5 instrument with the wave
length range of 4000 to 400 cm− 1 at a resolution of 4 cm− 1. 

2.3.4. Thermogravimetry 
Thermogravimetry was obtained using a TA SDT 650 thermal 

analyzer. The ground powder samples were placed in alumina crucibles 
and heated from 30 to 1000 ◦C with a heating rate of 10 ◦C/min in the 
inert atmosphere achieved by nitrogen gas flow. 

2.3.5. SEM & EDX 
Scanning electron microscopy (SEM) with energy dispersive X-ray 

(EDX) analysis was conducted using a TESCAN MIRA3 instrument. 
Before test, the samples were treated by epoxy resin impregnation and 
then polished by a grinder. The accelerating voltage was set as 20 kV and 
the EDX data were gained during the observation in backscattered 
electron (BSE) mode. 

2.3.6. Mechanical strength 
The compressive strength test was performed conforming to GB/T 

17671 [32]. The loading rate was set as 2400 N/s and the strength was 
measured at 1, 7 and 28 days determined by the mean value of 3 du
plicates for reducing random errors. 

Fig. 1. The particle size distributions of precursors.  

Table 1 
Chemical compositions and physical properties of slag and fly ash.  

Oxide (wt%) Slag Fly ash 

SiO2 30.15 47.44 
Al2O3 14.88 34.70 
Fe2O3 0.38 4.77 
CaO 39.53 4.58 
TiO2 2.29 1.52 
SO3 2.48 1.28 
K2O 0.35 1.16 
MgO 8.87 0.50 
LOI 0.8 2.8 
Specific surface area (m2/g) 1.14 0.43 
Specific density (g/cm3) 2.90 2.55  

Fig. 2. XRD patterns of slag and fly ash.  

Table 2 
Mix design of geopolymer pastes with different concentrations of silane.  

Mixture Activator  Solid precursors silane w/b  

Na2O Modulus Slag Fly ash   
M*_S0 4% 1.5 50 50 0 0.32 
M*_S0.5     0.5%  
M*_S1  1.75   1%  
M*_S1.5     1.5%  
M*_S2  2   2%   

* represents the activator modulus, equal to 1.5, 1.75 or 2. 
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2.3.7. Water accessible porosity 
The water accessible porosity test was conducted in accordance with 

ASTM C 642 [33]. The used specimens had a dimension of 50 mm × 50 
mm × 50 mm. For every mix, the porosity was obtained by the average 
value of 4 duplicates. The saturation state of samples was achieved by 
the vacuum-saturated method. The single porosity result was calculated 
by the following equation, 

φ=
ms − md

ms − mb
× 100 (1)  

where φ is the water accessible porosity (%), ms is the mass of sample in 
saturated surface-dry condition weighed in air (g), md is the mass of 
dried sample (g) and mb is the buoyant mass of sample weighed in water 
(g). 

2.3.8. Mercury intrusion porosimetry 
The pore size distribution of samples was obtained using a Micro

Active AutoPore V 9600 equipment. The tested samples were chosen 
with a particle size of around 3 mm after being crushed. The contact 
angle of mercury was considered as 140◦ when calculating the diameter 
of pores. 

2.3.9. Water contact angle 
The water contact angles of the unmodified and modified pastes at 

28 days were measured in a Dataphysics OCA25 instrument. Before the 
test, the surfaces of specimens were polished with abrasive paper of 
2000-mesh and then cleaned with water. The volume of injected water 
droplet was set constant as 5 μl for every measurement. 

2.3.10. Water absorption test 
The water absorption test of geopolymer cylinders at 28 days was 

performed according to ASTM C1585 [34]. The specimens were first 
vacuum saturated and weighed, and then these specimens were 

oven-dried to reach a constant mass. The side surface of each specimen 
was sealed by duct tape to guarantee unidirectional water transmission. 
Then the specimen was immersed into water for about 2 mm and the 
mass was recorded at the assigned time. The water absorption results are 
obtained by the expression, 

I =
mt

a • d
(2)  

where I is the absorption value (mm3/mm2), mt is the measured mass 
difference between time t and 0 (g), a is the area of the specimen contact 
with water (mm2) and d is the density of water (g/mm3). 

2.3.11. X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy was accomplished using the 

ESCALAB 250Xi equipment with a monochromatic Al Kα X-ray source. 
The high resolution spectra were collected with a step size of 0.1 eV and 
a pass energy of 20 eV. The XPSPEAK software was utilized to analyze 
the spectra corrected by the adventitious hydrocarbon peak. 

3. Results and discussions 

3.1. Reaction process and products with and without silane 

3.1.1. Reaction kinetics 
The heat flow results of the mixtures with different activator moduli 

and silane dosages are illustrated in Fig. 3 (a) and (c). There are three 
typical exothermic peaks in all mixtures: The first peak can be mainly 
related to the immediate wetting and dissolution of the starting mate
rials when mixed with the activator solution [5]; the second peak is 
attributed to the initial hydration reaction of the dissolved silicate from 
water glass with calcium source dissolved from slag [35]; and the third 
peak is due to the formation of massive reaction products [5,36]. These 
results are in line with previous studies for silicate activated slag [35, 

Fig. 3. The normalized heat flow (a), (c) and cumulative hydration heat (b), (d) of geopolymer pastes.  
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37]. It can be noticed from Fig. 3(a) that with the increase of activator 
modulus, the two reaction peaks shift to the right with lower intensities. 
The prolonged induction period also corresponds to the decreased re
action intensity because of the increasing modulus. The peak variations 
are mainly correlated with the decreased alkalinity and increased silica 
content of the activator. When activators with lower moduli are used, 
the resulting higher pH accelerates the dissolution rate of precursors 
[38], and thus the subsequent formation of reaction products. Besides, 
more soluble silica in the activator can generate a higher degree of 
polymerization of the silicate monomers [39], which impedes an im
mediate reaction process between silicate monomers and calcium spe
cies dissolved from precursors, consequently resulting in an extended 
reaction time. 

Fig. 3(c) shows heat evolution curves with different silane dosages 
from 0 to 2%. It is obvious that with the addition of silane, the intensities 
of the last two heat output peak are slightly increased and the occur
rence times of the peaks are mildly reduced as well as the induction 
period, with the outline of curves keeping unchanged. These results 
reveal that the inclusion of silane accelerates the hydration process 
during the first 72 h without influencing the underlying hydration re
action mechanisms. The hydrolysis of silane catalyzed by hydroxyl ions 
in the activator may account for the accelerated hydration process, 
which is reported to occur with the release of heat [40]. Moreover, a 
certain amount of water can be consumed to substitute ethoxy groups on 
the Si atoms in the hydrolysis process, leading to an increase in the 
alkalinity to certain extent. Another reason is the formation of hydrogen 
bond between intermediate hydrolysis products of silane and precursor 
grains or reaction products [41], which is believed to be an exothermic 
process [42]. The above-mentioned explanations can be confirmed by a 
relevant research [43] in which the setting time was prolonged when the 
used silane endured a pre-hydrolysis process. However, excessive silane 
could cause a relatively lower hydration intensity, although it may be 
still higher than the reference sample. This could be explained as the 
sorption effect of silane molecules on the surface of precursor grains, 
which has been verified in the cement systems [44]. The adsorbed silane 
molecules form a hydrophobic film around starting materials, hindering 
the free contact with water and basic ions, and thus the hydration pro
cess is partly suppressed. This similar inhibiting effect can be found in 
previous study in which calcium stearate is used to modify 
alkali-activated slag [10]. It is concluded that the combined effect of the 
mentioned mechanisms ultimately dominates the hydration reaction at 
an early stage. 

Fig. 3(b) and (d) show the cumulative heat output of different geo
polymer pastes. It is indicated that a higher activator modulus leads to a 
stronger cumulative heat release. The similar trend can be found with 
the addition of silane. The overall heat output during the first 72 h is 
believed to be the indication of the reaction degree, and hence the 
evolution of mechanical strength. In fact, the presented results here 

could be well correlated with the mechanical strength data in subse
quent section, which will be further investigated. 

3.1.2. XRD analysis 
The XRD patterns of paste mixtures after 28 days curing are illus

trated in Fig. 4. In all the mixtures, mullite (Al6Si2O13), quartz (SiO2) 
and calcite (CaCO3) are found as residual crystalline phases present in 
the unreacted fly ash and slag powders. These crystals are considered as 
inert constituents without participation in the alkali activation process 
[45]. Although some variability in quartz peak intensity can be observed 
from the presented patterns, it should be ascribed to the variation of 
particle size of fly ash in the test samples, rather than implication of 
chemical reaction [46]. 

The broad hump in the paste mixes located from around 20 to 40◦

reflects the amorphous structure of aluminosilicate gel [5,9]. In the 
meantime, a peak superimposed on the amorphous hump can be 
observed near 29.5◦. This peak is ascribed to the poorly crystalline 
calcium silicate hydrate (C-S-H) type phase (1.5CaO⋅SiO2•xH2O) which 
is in line with previous literatures where C-S-H gel existed as main hy
dration product in slag-rich alkali activated systems [47]. Due to the 
incorporation of aluminum or sodium, the C–A–S–H or C–N–A–S–H type 
gels may be formed. The peak could partially correspond to calcite 
originating from remainder of slag or carbonation of reaction product as 
well, the presence of which is also detected by thermogravimetric 
analysis to be discussed in following section. The intensities of C-S-H 
phase peaks and broad amorphous hump are found to decrease with 
larger silane dosages, implying that hydration degree and microstruc
ture development are slightly inhibited by adding silane. This can be 
also reflected by compressive strength results, as presented in Section 
3.2. As a class of anionic clays, hydrotalcite is formed with sufficient 
quantities of magnesium and aluminum in highly alkaline system (pH >
9) [48], possessing a brucite-type layer structure and containing car
bonate ions as well as water molecules in the interlayer region [49]. It 
has been widely reported as one of the hydration products in alkali 
activated slag or slag/fly ash blends [9,45]. However, the hydrotalcite 
phase is undetected in all mixtures. This is mainly because hydrotalcite 
is finely intermixed with the C-S-H gel and thus could not be distin
guished by XRD [50]. The presence of hydrotalcite phase is to be 
revealed through the thermogravimetric analysis results presented 
below. It should be noted that any new crystalline phase is not induced 
by the addition of silane, indicating that main skeleton structure of 
geopolymer is actually unaffected, although some relevant chemical 
reactions may take place. 

3.1.3. FTIR analysis 
The infrared spectra of raw fly ash and slag are presented in Fig. 5(a). 

The tiny peaks centered at about 3450 cm− 1 and 1637 cm− 1 are corre
lated with the stretching and bending vibration from water respectively. 

Fig. 4. XRD patterns of geopolymer pastes. (Left) Modulus 1.5. (Right) Modulus 2. (C-S-H - calcium silicate hydrate, Q - quartz, M − mullite, C - calcite).  
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The absorption peak located from 1250 to 900 cm− 1 corresponds to 
asymmetric stretching of Si-O-T bonds, where T represents silicon or 
aluminium tetrahedron. It can be observed that the position of the peak 
of slag shifts to a smaller wavenumber compared to that of fly ash, which 
is expectable considering the presence of calcium network modifiers 
breaking down the Si-O-T bonds in the glassy structure. For fly ash, the 
aluminum tetrahedron and aluminum hexahedron vibrations appears at 
822 and 558 cm− 1 due to mullite [51]. The peak shoulder at 618 cm− 1 is 
ascribed to the presence of corundum (a crystalline form of aluminium 
oxide (Al2O3)) [52]. The absorption peak related to the vibration from 
quartz is detected at 464 cm− 1. As for slag, the bands at 1436 cm− 1, 873 
cm− 1, and 706 cm− 1 indicate the presence of calcite with different vi
bration modes, including asymmetric stretching vibrations for 1436 
cm− 1, out-of-plane deformation vibrations for 873 cm− 1, and in-plane 
deformation vibrations for 706 cm− 1 [53]. The absorption peak 
appearing at 512 cm− 1 corresponds to the vibration modes of merwinite 
[54]. These results are in line with what have been obtained by XRD 
(Fig. 2). 

The infrared spectra of geopolymer paste mixtures cured for 28 days 
are shown in Fig. 5(b). The broad band between 3200 and 3600 cm− 1 is 
related to the hydroxyl groups in the hydrated products, regarded as an 
indicator of the reaction degree [48]. According to the intensities of the 
corresponding peaks, it can be speculated that the extent of hydration of 
the pastes reduces with the modulus or silane dosage, which corresponds 
to the XRD data as elaborated above. In the mixtures with addition of 
silane, new absorption bands appearing at 2960 cm− 1, 2926 cm− 1 and 
2853 cm− 1 are attributed to the stretching vibration modes of methyl 
and methylene groups [31], which are believed to originate from the 
alkyl functional groups in the silane, revealing the implemented bonding 
between silane molecules and surface of hydration products. In the paste 
mixtures, the wide peak at 1250 to 900 cm− 1 assigned to the Si-O-T 
asymmetric stretching vibration is mainly determined by the hydra
tion products, with slight effect caused by the remnant unreacted raw 
materials. Actually, the traces of unreacted components of the fly ash 
can be still identified in M1.5_S0 and M1.75_S0, as a shoulder appears at 
about 1100 cm− 1. For mixtures without silane, the position of Si-O-T 
peaks slightly shift to higher frequencies as the modulus increases. 
The variation of band position is usually related to different Al/Si and/or 
Ca/Si ratio in the C-(N-)A-S-H gel [55], or the formation of hydration 
product with higher degree of polymerization and/or cross-linking of 
aluminosilicate chains [56]. With the increase of activator modulus, the 
quantity of available silica within the system augments, as well as the 
silicon proportion in the ultimate hydration products [56]. Therefore, it 
is the changes of Al/Si and/or Ca/Si that result in variation in wave
number of the major peak. In regard to the mixtures with a modulus of 
1.5, a reduction in wavenumber of the broad absorption peak is found 
with the addition of silane. Since there are no aluminum and calcium 
sources introduced by silane, the explanation should be different. In the 

previous section, it has been confirmed that the hydration process is 
slightly suppressed by introducing silane. According to the current re
sults, the formation of N-A-S-H gels is believed to endure more intense 
retardation effect than that of C-A-S-H gels, with the former having a 
higher wavenumber [56]. Another peak related to the hydration product 
is situated at 731 cm− 1, correlated with the symmetric stretching of 
Si-O-Si bonds [57]. The presence of hydrotalcite by-products are 
detected in all the paste mixtures, with deformation vibration of Mg-O 
and Al-O bonds at 617 cm− 1 [55]. This suggested again that the inclu
sion of silane does not influence the hydration products of the activation 
of slag/fly ash blends. Moreover, it is noteworthy that a new calcium 
carbonate polymorph aragonite appears in the spectra, with the peak at 
around 1480 cm− 1 corresponding to the asymmetric stretching of O-C-O 
bonds in carbonate groups [58]. This new phase is deemed to be one 
carbonated product of the geopolymeric gel, indicating that the samples 
have experienced a slight degree of carbonation. 

3.1.4. Thermogravimetric analysis 
Differential thermogravimetric (DTG) results of geopolymer pastes at 

28 days are shown in Fig. 6. The observed major endothermic peak of all 
the mixtures is centered at around 100 ◦C, which could be partly 
accounted for by evaporation of free or physically bound water. As for 
the main hydration products, the C-S-H type gel has a decomposition 
temperature ranging from 20 to 220 ◦C in cement and alkali-activated 
slag (AAS) systems [59], and the N-A-S-H type gel is reported to dehy
drate at approximately 100 ◦C [47]. The water loss of the two gel 
products could make a primary contribution to the major peak. The 
second peak located at about 350 ◦C is correlated with the decomposi
tion of hydrotalcite phase releasing structural water and carbon dioxide. 
This is consistent with the infrared spectra results previously presented, 
also in line with those reported for AAS or alkali-activated slag/fly ash 
(AASF) [56,59]. The mass loss located at around 480 ◦C is hardly seen in 
the mixes without silane but quite apparent when silane is added, 
especially for a higher amount. This peak corresponds to the decom
position of the organic groups of silane, as previous literatures demon
strated [60]. The calcium carbonate phase dissociation is first observed 
due to the mass loss from 630 ◦C to 680 ◦C in all the samples, and noticed 
again from the peak approaching 820 ◦C, which is associated with the 
decomposition of calcite. Compared to aragonite, calcite is deemed to 
decompose at a higher temperature, because calcite is the most ther
mally stable form among the calcium carbonate polymorphs [61]. The 
characteristic peaks of portlandite are undetected in paste mixtures, 
consistent with preceding XRD and FTIR results. Considering the 
abundance of silica and alumina in the blend system, it is understand
able because the C-A-S-H gel is more likely to form rather than por
tlandite in this situation [55]. 

According to the dissociation process of product gels over tempera
ture as aforementioned, the total amount of gels could be represented by 

Fig. 5. FTIR spectra of (a) solid precursors and (b) geopolymer mixtures.  

Y. She et al.                                                                                                                                                                                                                                      



Cement and Concrete Composites 142 (2023) 105206

7

Fig. 6. Differential thermogravimetry (DTG) curves of geopolymer pastes with (a) modulus 1.5, (b) modulus 1.75 and (c) modulus 2.  

Fig. 7. BSE images of pastes of modulus 1.5 with no silane (a), (b) and a 2% silane dosage (c), (d) at 28 days.  
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the mass loss of the peak between 40 and 240 ◦C centered at about 
100 ◦C. The activator modulus makes a great contribution to the for
mation of hydration gels, samples with higher modulus possessing less 
mass loss for the identical silane dosage. Taking the mixes without silane 
as an example, as the modulus increases from 1.5 to 2, the corresponding 
mass loss decreases from 4.69% to 3.32%. This is in agreement with the 
heat flow data as previously discussed. The addition of silane seems to 
hinder the formation of reaction products to a certain extent. For the 
samples with a modulus of 1.5, the mass loss is reduced from 4.69% to 
3.73% when silane is introduced at a content of 2%. This trend is the 
same as what has been reflected by preceding XRD and FTIR data. 

3.1.5. SEM & EDX analysis 
Back Scattered electron (BSE) images of paste mixtures at 28 days are 

illustrated in Fig. 7. The unreacted fly ash particles can be identified to 
be equally distributed in the matrices, with spherical shape rims and a 
light grey color. The angular shaped particles showing a brighter grey 
color than fly ash correspond to slag, which is related to the different 
chemical compositions, specifically the abundance of calcium in slag 
[9]. The gel phase is well-distributed in the whole area, showing a 
darker grey color compared to the fly ash. The black regions are ascribed 
to the hollow fly ash beads or the pores. For the paste of modulus 1.5 
with no silane addition, the gel phase is seen to closely surround the fly 
ash particle. However, when 2% silane is introduced, there is apparent 
interspace between the gel and the particle, forming visible microcrack. 
It can be observed more easily in the magnified images Fig. 7(b) and (d). 
This could be attributed to the formed hydrophobic film mentioned in 
Section 3.1.1. The added silane can be adsorbed onto the surface of a 
portion of precursor particles, impeding the free contact to the alkaline 
solution and slowing the hydration kinetics. Therefore, this surface 
might become the weak area in the matrix. Considering the inevitable 
shrinkage-induced microcracks, which originate from the 
self-desiccation along with the production of C-A-S-H and N-A-S-H gels 
or the shrinkage level discrepancy between the two products [62], the 
resultant crack propagation could happen more easily in the vicinity of 
the surface, as demonstrated in Fig. 7(c). 

EDX data of different paste mixtures are also gathered so that the 
constitution of the hydration products and the possible variation can be 
recognized. Those points chosen to be measured are carefully decided 
with adequate distance away from the remnant grains of starting ma
terials, in order to only provide the information of the binder region as 
much as possible. The CaO-Al2O3-SiO2 ternary diagrams obtained from 
normalization of the content of the three elements are presented in 
Fig. 8. It can be seen that the EDX results are attributed to the C-A-S-H 
type gel [9,56] or the (N, C)-A-S-H type gel [55,63]. The solid and dotted 
black elliptic lines are drawn to indicate the C-A-S-H gel and (N, 
C)-A-S-H gel respectively. The coexistence of the two gels is well in 
agreement with the previous studies for slag/fly ash blend system [55, 

64]. From Fig. 8(a), the compatibility state of the gels is not influenced 
by the change of modulus generally, which demonstrates that only the 
production of hydration products is suppressed when the modulus in
creases. The impact of silane over the constitution of gel products is 
presented in Fig. 8(b). It seems that the proportion of C-A-S-H gel within 
the whole gel products has an increasing trend as the dosage of silane 
increases. This could be a proof of the deduction proposed in the FTIR 
analysis that the formation of N-A-S-H type gel is inhibited more 
intensely compared to the C-A-S-H type gel. The reason might be that the 
silane has a better affinity to the surface of fly ash during the adsorption 
process than that of slag, which will be further discussed in Section 4.1. 

3.2. Mechanical strength 

The compressive strength of geopolymer pastes with different silane 
dosages and moduli are illustrated in Fig. 9. Regardless of the alkaline 
activators utilized, it seems that the influence of silane content on 
compressive strength is dependent upon the hydration age. More spe
cifically, as the concentration of silane increases, the compressive 
strength increases firstly and then decreases when passing the peak for 
the age of 1 day. Nonetheless, at 7 and 28 days, the mechanical property 
is monotonously reduced with the increased silane dosage. The similar 
results can be seen elsewhere [65]. This phenomenon can be closely 
related to the influence of silane over the hydration process. According 
to the isothermal calorimetry results, the addition of silane could speed 
up the reaction and therefore causes an increased formation of hydration 
products at early age, enhancing the compressive strength to a certain 
extent. However, excessive silane is not favorable for the development of 
mechanical strength, because the retardation effect begins to be pre
dominant compared to the acceleration effect. For ages of 7 or 28 days, 
the promotion provided by the silane is basically ignorable, so the 
generation of reaction products is mainly restrained and the compressive 
strength is consequently reduced. This is consistent with the thermog
ravimetric data previously presented. Furthermore, the influence caused 
by activator modulus on mechanical strength is noteworthy. When the 
modulus changes from 1.5 to 2, the compressive strength experiences a 
monotonic decrease. The activators used in current study are composed 
of sodium hydroxide and water glass, which are able to provide extra 
silica to the hydration reaction. Considering that the initial dissolution 
of Al from precursors is faster compared to that of Si [6], the additional 
silica can react with the dissolved aluminum to produce aluminosilicate 
gel. It is the reason why using activator composed of water glass and 
sodium hydroxide can achieve better strength mechanical property than 
using sodium hydroxide solely [6]. However, as the modulus exceeds an 
optimal value, the excessive amount of silica and the insufficient basicity 
can hinder the dissolution of precursors as well as the subsequent 
polymerization reaction [5], causing a decrease in mechanical property. 
This is exactly the trend shown in the present mechanical strength 

Fig. 8. Ternary diagrams of EDX results for geopolymer pastes. Data encircled by the solid black elliptic line are correlated with the C-A-S-H type gels and dotted 
black elliptic line indicates the (N, C)-A-S-H type gels. 
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results. 

3.3. Pore structure analysis 

3.3.1. Permeable porosity 
The water-accessible porosities of the geopolymer pastes at 28 days 

are shown in Table 3. Regardless of the concentration of silane, the 
porosity increases as the modulus increases, consistent with the FTIR, 
thermogravimetric, and mechanical strength results. Moreover, with the 
silane dosage increasing, the permeable porosity basically shows a 
downward trend. However, this is not in line with the results reported 
for slag/fly ash blend system [56], where the porosity is mainly influ
enced by the amount of hydration product, and less formation of hy
dration product means larger porosity of the matrices. This difference 
could be attributed to the addition of silane in our study, which may 
influence the porosity results due to the shrinkage reduction effect [66]. 
Since the geopolymer matrices are modified to be less hydrophilic by 
silane, the menisci formed in the pores show lower curvatures and the 
corresponding negative capillary pressures will be accordingly 
decreased, which are widely accepted as the main source of shrinkage 
[62,66]. Consequently, it can be reasonably speculated that the 
shrinkage of the geopolymer matrix is reduced to a certain degree. And 
the measured water-accessible porosity is here observed to decrease as 
the shrinkage induced microcracks are suppressed. Due to the fact that 
geopolymer is thought to be susceptible to shrinkage problem, this effect 
could actually make a considerable difference. 

3.3.2. MIP analysis 
The pore size distribution of geopolymer mixtures detected using 

MIP at 28 days is illustrated in Fig. 10. Fig. 10(a) and (b) present the 
influence of modulus on the cumulative and differential pore volume 
respectively. It is found that with a higher modulus, the total mercury- 
intruded volume is increased, which indicates a higher porosity. This 
is in accordance with the water permeable porosity data as previously 
discussed. Three moduli exhibit similar differential pore volume curves, 
which means that the characteristic pore network structure of the geo
polymer matrices is not affected generally. The critical pore diameters of 
the three mixtures are close as well, located at about 20–30 nm. If 
considering the pores less than 10 nm, the differential curve of modulus 
1.5 shows a higher value. Given that the characteristic size of gel pores is 
also in this range [67], it might indicate a larger amount of the pro
duction of reaction products, which is consistent with the thermogra
vimetric results. A similar phenomenon can be found in the literature 
[8]. The effect of silane over the pore size distribution of paste mixes can 
be different. Fig. 10(c) shows that the cumulative pore volume firstly 
increases and thereupon decreases basically with the increased silane 
dosage. Firstly, the formation of gel products could be suppressed when 
silane is added, thus leading to a higher porosity. However, the intro
duced silane can adsorb on and ultimately be bound to the surface of the 
matrix of geopolymer, thus occupying a certain amount of space and 
reducing the porosity in the macro scale. When the dosage of silane 
reaches a greater value, this effect becomes predominant and the total 
porosity decreases. Similar result has also been found in previous study 
in silica gels [68]. In Fig. 10(d), the relative proportion of pores less than 
10 nm and that between 10 and 100 nm is found to increase as the silane 
dosage increases. This could be mainly correlated with the porous 
structure formed by the condensation between the hydrolysis products 
of silane [28]. In the porous structure, different silane molecules are 
interconnected by Si-O-Si bonds, having a silica gel-like network. 
Further, the silica gels were reported to possess a refined pore structure, 
and the majority of pores are less than 10 nm [68]. Therefore, it is 
believed that the pore network structure of pastes is improved by the 
siloxane as the ultimate products of silane, rather than the optimization 
of the true gel skeleton. This might explain why the measured porosity 
results are not really in accordance with the mechanical strength data. 

3.4. Contact angle 

To figure out the hydrophobicity nature of geopolymer matrices with 
and without the addition of silane, the contact angle test was performed 

Fig. 9. Compressive strength of geopolymer samples at different ages.  

Table 3 
Permeable porosity of samples with different silane dosages and moduli. 
(Standard errors in brackets).  

Porosity (%) Silane dosages (%) 

0 0.5 1 1.5 2 

Modulus 1.5 25.9 
(0.63) 

23.7 
(0.48) 

23.4 
(0.56) 

23.1 
(0.75) 

22.2 
(1.05) 

Modulus 
1.75 

28.8 
(0.36) 

28.3 
(0.36) 

28.6 
(0.97) 

28.4 
(0.48) 

28.0 
(0.40) 

Modulus 2 29.3 
(0.71) 

28.7 
(0.47) 

28.9 
(0.42) 

28.6 
(0.71) 

28.4 
(0.63)  

Y. She et al.                                                                                                                                                                                                                                      



Cement and Concrete Composites 142 (2023) 105206

10

to all the paste samples at 28 days. It should be mentioned that the 
measured data are the so-called apparent contact angle instead of the 
intrinsic value, on account of the abundance of pore structure ranging 
from nanometer to micrometer level on the surface of paste. Neverthe
less, the acquired results are able to indicate the change of hydrophi
licity characteristic of the paste surface [12]. The contact angle results 
with different moduli and silane content are shown in Fig. 11. Regard
less of the activator used, the modified paste always possesses a higher 
contact angle compared to the mixture without silane. The maximal 
contact angle of 118.1◦ is observed with the modulus of 1.5 at a 1% 
silane dosage. These results demonstrate the significant hydro
phobization effect caused by the silane. The contact angle is noticed to 
increase as the modulus increases from 1.5 to 2 for the mixes without 
silane. This could be related to the porosity variation discussed above, 
which is believed to affect the contact angle to a certain extent [12,69]. 
The contact angles have a different variation trend in terms of the 

modulus. The angle is observed to firstly increase and then decrease as 
the silane content increases for the modulus of 1.5, but the values keep 
increasing with the other two higher moduli. Obviously, this difference 
will influence the application strategy of silane in the situation where 
waterproof requirement is to be satisfied. This phenomenon will be 
further discussed in Section 4.2. 

3.5. Water absorption process 

The water absorption results of all the mixtures are shown in Fig. 12. 
It is found that the water absorption of all mixtures experience a linear 
growth stage for the first 30 min, which corresponds to the previous 
studies [10,11]. However, the slope of curves has a declining trend with 
the elapse of time, indicating a discrepancy with the classical square root 
of time law. This could be related to the swelling of the gel products 
[11], causing less interspace in the matrix for the transmission of water 
and therefore lessening the rate of absorption. 

Compared to the mixes modified by silane, the samples without 
silane have a much higher water sorptivity, and their plateaus appear at 
a significantly earlier time. This notable difference verifies again the 
hydrophobic effect from the introduced silane. With the increasing 
silane content, the amount and rate of water absorption of the samples 
are both reduced, which could be first associated with the reduced 
porosity. In the meantime, it should be mentioned that the capillary 
absorption of water into the geopolymer matrices is determined by the 
porous network of the matrices and the characteristics of water con
sisting of surface energy, dynamic viscosity along with contact angle in 
the three phase interface [12]. Generally, surface energy and dynamic 
viscosity of water can be considered as constants, so their effects on the 
water absorption are ignorable. Therefore, the increasing contact angle 
should be the other reason for the slower water absorption. The case is 
different for the samples with a modulus 1.5. Here the lowest sorptivity 
is found at a dosage of 1%, and the sorptivity is found to increase as the 
dosage reach 1.5%, but deceases again with the dosage increasing to 2%. 
It is consistent with the contact angle results of modulus 1.5 for the 
dosage less than 1.5%. This is reasonable considering the fact that the 
contact angle only has a 1.8◦ reduction when the content increases from 
1.5 to 2%, with the porosity experiencing a considerable decline on the 

Fig. 10. Pore size distribution of geopolymer pastes at 28 days.  

Fig. 11. Contact angles of water droplets on the geopolymer pastes.  
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contrary. For the influence of the activator used, it is observed that the 
water sorptivity is increasing as the modulus enhances, which can be 
mainly ascribed to the porosity variation discussed in the pore structure 
analysis. 

3.6. XPS analysis 

The XPS survey spectra of geopolymer pastes at 28 days are shown in 
Fig. 13. The XPS survey scan of all the samples are seen to possess the 
same photoelectron peaks and Auger lines, which are attributed to the 
elements of O, Na, Ca, Mg, Si and C [70,71]. It is clear that the intensity 
of C 1s peak is increased with the silane content increasing from 0 to 2%, 
reflecting the incorporation of silane into the geopolymeric substrates. 
The C 1s spectra of samples with different silane content are illustrated 
in Fig. 14(a), (b) and (c). For the mixture without the addition of silane, 

the presence of three carbon environments seen in the spectrum is 
related to the C-C and C-H (284.72 eV) groups, C-O (285.87 eV) groups 
and the species of CaCO3 (289.33 eV), with the organo-functional groups 
originating from the adventitious carbon [72]. The peak of calcium 
carbonate can be associated with the remnant crystalline phase of pre
cursor grains or the carbonization product when exposed to the atmo
sphere, which is in good accordance with previous XRD, FTIR and 
thermogravimetric results. A different chemical state of carbon appears 
for the samples modified by silane, identified as the C-Si (283.6 eV) 
groups stemming from the silane molecules. Moreover, the content of 
C-Si bonds is found to increase when a larger amount of silane is used, as 
well as that of the C-C and C-H bonds, over the basis of the CaCO3 
content. This indicates that with the increase of the silane dosage, more 
silane molecules are combined on the surface of geopolymer matrices. 
The O 1s spectra of the paste samples for age of 28 days are presented in 
Fig. 14(d), (e) and (f). All the spectra exhibit three chemical states 
ascribed to the Si-OH and C-O (532.47 eV) groups, the Si-O-T groups and 
CaCO3 (531.52 eV) and the Si-O-Na (530.16 eV) groups. The existence of 
silanol bonds can be correlated with the uncondensed Si-OH groups on 
the surface of the gel products and that of the hydrolysis products of 
silane [73]. The Si-O-T groups correspond to the silicon-aluminum 
framework of the hydration products and the Si-O-Na bonds can be 
regarded as an indicator of the presence of non-bridging oxygen at the 
extremities of gel chains [74]. It is observed that with the increasing 
concentration of silane, the content of Si-O-T groups is reduced, and 
meanwhile the percentage of Si-OH and Si-O-Na bonds are found to 
increase. The increase of Si-OH bonds could be associated with the 
introduction of silane, the hydrolysis product of which has been 
demonstrated to reserve a portion of Si-OH groups after the condensa
tion process [73]. The changes of the content of Si-O-T and Si-O-Na 
groups together point to the size of geopolymer particles [74]. In fact, 
the average chain length of the gel products has been found to decrease 
when the hydration process is delayed [75,76]. This result is well in line 
with the thermogravimetric results previously presented, showing that 
silane has a retardation effect on the geopolymerization in the long term. 

Fig. 12. Water absorption curves of pastes with the moduli 1.5 (a), 1.75 (b) and 2 (c).  

Fig. 13. XPS survey spectra (wide range) of geopolymer mixtures.  
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4. Discussions 

4.1. Hydrophobic modification mechanism of silane admixture 

When silane is introduced into the geopolymer system as an additive, 
it is always accompanied with a series of chemical reactions and physical 
processes including the hydrolysis and condensation of silane and the 

subsequent adsorption action, etc. This could be notably different from 
the situation where the silane is utilized to fabricate external hydro
phobic coatings [23], due to the high maturity of gel products already 
having a stable skeleton structure [31]. For the sake of figuring out the 
comprehensive effect of silane admixture on the FSBG matrices, the 
states of silane after being mixed with the other raw material are care
fully studied considering their interactions. The diagrammatic 

Fig. 14. C 1s spectra (narrow range) of samples of modulus 1.5 with silane dosages at 0 (a), 1% (b) and 2% (c) and O 1s spectra (narrow range) of samples of modulus 
1.5 with silane dosages at 0 (d), 1% (e) and 2% (f). 

Fig. 15. The hydrophobic mechanism of silane modified geopolymer paste. (a) The hydrolysis of silane and the hydration reaction occurring in the first few hours; 
(b) and (c) the adsorption of the silane hydrolyzed products onto the surface of precursors and hydration products; (d) the bonding of silane to the silanol groups of 
the gel products. 
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representation of modification mechanism with the applied silane is 
illustrated in Fig. 15 to better understand the obtained results in this 
research. 

The original condition here considered is a uniformly distributed 
system after the mixing process, where the oil-like silane can behave as a 
lubricant to achieve better dispersion [29]. Within the first several 
hours, the silane begins to quickly hydrolyze due to the catalysis action 
under the highly alkaline environment, with the substitution of hydroxyl 
for alkoxyl. In the same time, the first stage of hydration is occurring 
attributed to the availability of Ca2+ releasing from the surface of slag 
and the Si(OH)4 existing in the activator solution. Due to the heat release 
along with the hydrolysis reaction, the formation of gel products is 
speeded up to a degree, thus showing an advanced peak in the heat flow 
results. When the hydrolyzation of silane is finished, the formed silanol 
monomers and multimers coming from polymerization tend to approach 
the precursor particles and be adsorbed onto the surface due to the 
coupling effect [44]. It is believed that the coupling sites are closely 
correlated with the hydroxyl groups attached to the silicon and 
aluminum superficially [77]. In view of the higher content of the two 
elements in fly ash than that in slag, it can be deduced that there are 
more coupling sites located at the surface of fly ash grains than slag 
grains for the same exposed surface area. As for the same particles with 
different size, larger particles are thought to possess more sites because 
of the larger superficial area. The coupled silanol monomers can prevent 
the free transport of water and various ions, thus retarding the hydration 
process in a way, as observed in the XRD, FTIR, thermogravimetry, 
compressive strength, pore structure and XPS results. On account of the 
quantitative difference of coupling sites between the two precursors, the 
hydration of fly ash experiences stronger inhibition effect, so the cor
responding gel product, namely N-A-S-H type gel has a lower proportion 
in the entirety, which has been confirmed by the FTIR and EDX data. 
Along with the massive formation of hydration products, the hydrolyzed 
silane is adsorbed on their surface by the action of hydrogen bond at first 
and ultimately the combination will be quite stable by forming the 
Si-O-T bonds. In fact, this process can be accelerated due to the inherent 
self-desiccation during the geopolymerization [78]. This reliable com
bination, as verified by the FTIR and XPS results, can hold for a long time 
of weathering and thus the modified geopolymer matrices have 
enduring and credible efficacies. 

4.2. Contact angle evolution mode 

Contact angle is the most important index when evaluating the hy
drophobic property of modified cement-based or geopolymer-based 
materials for the need to acquire better durability [10,12,20,29]. 
However, the presented contact angle results in the literatures show 
distinct discrepancy in terms of the mode of evolution [12,28,44], and a 
reasonable explanation is not available yet. In this study, different 
variation tendencies of contact angle as the modulus changes are also 
observed, as demonstrated in Fig. 11. Here, the evolution pattern of the 
measured contact angle results is discussed combining with the theories 
of surface physical chemistry to obtain a more essential understanding. 

The ordinary geopolymer matrices are hydrophilic with very low 
contact angles, resembling the cement-based materials [29]. It could be 
closely associated with the high surface free energy of the geopolymer 
surface [23]. According to the wettability theory presented by Young 
[79], the formed contact angle of water in the three-phase boundary is to 
behave as a low value for not violating the principle of minimum Gibbs 
free energy in the case of high-energy solid surface. As a certain content 
of silane is introduced into the geopolymer system, the hydrolyzed 
silane molecules will be adsorbed onto the surface of the reaction 
products by the coupling sites, which ultimately form firm chemical 
bonding. The alkyl groups of the silane molecules are deemed to 
constitute equal distribution over the surface of matrix, which convert 
the corresponding hydrophilic regions to hydrophobic regions by the 
coverage with silane of low surface energy. Under the circumstances, the 

surface is no longer single-phase and can be regarded as a composite 
consisting of gels and silane. For the composite surface, the measured 
contact angle is together determined by the properties of the two con
stituent materials, including the area ratios and surface free energies, 
referring to the Cassie–Baxter theory [69]. Consequently, the surface of 
the modified geopolymer as a whole becomes less hydrophilic, which 
can be confirmed by the increased contact angle. 

It is noteworthy that the above discussion is based on the hypotheses 
of ideal conditions, including the flat surface and the absence of defects 
like voids and pores. The surface roughness has a significant impact over 
the contact angle results as demonstrated by Wenzel [79], which de
pends on the original wettability property of concerned surface. This is 
also an effective and prevailing method to fabricate super-hydrophobic 
surfaces with contact angle exceeding 150◦ as well as slight degree of 
hysteresis [80]. Nevertheless, the influence of surface roughness may 
not be taken into account here, because the measured surface possesses 
originally certain smoothness and has experienced the polishing process, 
deemed and found to have a negligible surface roughness level [12,29]. 
The presence of pore structure is a universal characteristic of geo
polymer or cement based materials, which can influence the contact 
angle by changing the fractional contact of water/air interface based on 
the theory of Cassie–Baxter [69]. Generally, a higher porosity means 
more area of the water/air interface and higher contact angle. However, 
for low silane dosages, the change of porosity is relatively 
non-significant as shown in Section 3.3, compared to the direct decrease 
of surface free energy induced by adding silane, and thus the influence of 
the latter on contact angle is dominant at this stage. When a greater 
amount of silane is applied, the superficial density of the alkyl groups 
increases accordingly, and hence the lower-energy matrix surface is 
obtained, showing stronger hydrophobicity. However, the coupling sites 
on the hydration gels are finite and if they are occupied completely, a 
larger dosage is thought to only aggrandize the thickness of the silane 
molecular layer [81] and thus lessen the porosity of substrate, as evi
denced by the MIP results in Fig. 10. Under the circumstances, the dis
tribution density of alkyl groups is not really aggrandized, which makes 
no contribution to the increase of hydrophobization effect. Combining 
with the influences of solid surface energy and porosity, the reduction of 
contact angle after reaching a maximum is expected. This is exactly the 
evolution process of measured contact angle for modulus 1.5, as pre
sented in Fig. 11. For moduli 1.75 and 2, due to their greater porosities 
and accordingly more surface area, it takes more silane to cover the 
surface to achieve the maximum superficial density of alkyl groups than 
the case of modulus 1.5. It is believed that the needed dosages of silane 
to obtain the maximal contact angles for moduli 1.75 and 2 are beyond 
the dosage range adopted in this study, and thus the reduction of contact 
angle belonging to a part of the evolution process is not observed. 

Considering the above-mentioned discussion, a theoretical formula 
applied to describe the evolution of contact angle for the geopolymer 
matrix modified by silane is derived in this study. At first, the Cas
sie–Baxter model which is appropriate for substrate constituted by two 
components is here adopted [82], and the contact angle θ∗ on the sub
strate is expressed as, 

cos θ∗ = f1 cos θ1 + f2 cos θ2 (3)  

where f1 and f2 represent the water/solid contact region percentages of 
substrate constituents 1 and 2 respectively, θ1 and θ2 refer to contact 
angles of water over the intact surface of the two pure constituents, and 
f1 + f2 = 1. The surface of geopolymer matrices modified by silane can 
be seen as a two-constituents material with the region percentage of 
silane denoted by α hereafter, and the following equation is obtained as, 

cos θ∗ = 1 − α(1 − cos θs) (4)  

where θs is the contact angle of water over the pure silane and the 
contact angle corresponding to the constituent of solid matrices can be 
deemed as 0 due to the inherent hydrophilic characteristic [83]. 
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Next, the impact of pore structure is taken into account and the 
corresponding expression of the actually measured contact angle θ is 
written as follows, 

cos θ=(1 − ρ)cos θ∗ − ρ (5)  

where ρ is the porosity of the geopolymer substrate. Ultimately, the 
desired formula can be gained by combining with equations (4) and (5), 
expressed as, 

cosθ=(1− ρ)[2− α(1− cosθs)]− 1orθ=arccos{(1− ρ)[2− α(1− cosθs)]− 1}
(6) 

To better understand this equation, the representative curves are 
obtained by assigning appropriate values to the variables, as presented 
in Fig. 16. The θs was reported to be about 110◦ [84] and is set as 100 or 
110◦ here to find out its influence, with the angle identified from the 
number at the end of the legend. Different porosities are adopted to 
approach the characteristic of the measured samples, denoted as LowP, 
MediumP and HighP respectively. It can be found that the curves are 
well related to the variation tendency of contact angle results, demon
strating the rationality of the proposed formula. Moreover, the curves 
seem to give better description of the results at higher silane content 
than that of low silane dosage. This is because the geopolymer substrate 
is an absorbing medium, which means that continuous imbibition of 
water may happen during the contact angle measurement. Therefore the 
equilibrium contact angle is difficult to obtain and the measured angle 
could be greatly reduced [85]. This vast discrepancy caused by capillary 
absorption is to be quite negligible when the imbibition is suppressed, as 
observed in the high silane content range with better hydrophobicity. 
Furthermore, the θs value is seen to only change the quantity to certain 
degree without influencing the tendency of curves, which represents the 
effects of various waterproof agents. This equation can be an attempt to 
design the hydrophobic performance of the final geopolymer products 
on demand. Due to the great impact of contact angle over the water 
imbibition behavior as reflected in Fig. 12, it is expected to help to 
produce matrix having a low water absorption with an appropriate 
dosage of silane potentially. However, considering that the substrate 
interspace is controlled by the complex interaction between added 
silane and the hardened product, it is difficult to obtain a straightfor
ward expression of full description of the changed porosity. Moreover, 
the area percentage of silane is influenced not only by the its quantity 
but also the total superficial area of hydration products with the limi
tation imposed by the distribution of coupling sites. With all these fac
tors to be determined precisely, there are still more relevant efforts 
needed to be made before the suggested equation can be directly used in 

the industrial production. 

5. Conclusions 

This study comprehensively investigates the hydrophobicity prop
erties and reaction products of FSBG pastes modified by a silane 
admixture. The underlying hydrophobic mechanism and the contact 
angle evolution are discussed in detail on the basis of integrated 
microscopic characterizations of the gel products with the hydration 
kinetics. The main conclusions can be made as follows:  

• The coexistence of C-A-S-H and N-A-S-H gels is confirmed in the 
FSBG system according to the FTIR and EDX data. However, the 
formation of N-A-S-H gel is found to be restrained more intensely in 
the two gels with the use of silane, which is correlated with the 
higher amount of coupling sites located at the surface of fly ash 
particles and thus more silane adsorption.  

• The addition of silane can effectively improve the erosion resistance 
of FSBG matrix with enabled hydrophobicity and lowered water 
absorption. Nevertheless, the mechanical strength in the long term is 
compromised. The increase of activator modulus has a negative 
impact over the strength and capillary absorption due to the higher 
porosity for the moduli range adopted in current research.  

• The early compressive strength of FSBG at 1 day is found to slightly 
increase by introducing silane, which is consistent with the observed 
heat flow results. This can be mainly ascribed to the heat release 
along with the hydrolysis of silane, which completes within few 
hours after the mixing process and thus has a negligible effect for 
longer ages.  

• With the application of silane, the reduction in porosity can be 
observed despite that the formation of hydration products is sup
pressed meanwhile, revealed from the FTIR, XRD and thermog
ravimetry results at 28 days. It may originate from the silane 
molecular layer occupying certain pore space, which is considered 
not to be incorporated into the gel skeleton and thus has less influ
ence on the strength. This is why the porosity is actually not in 
accordance with the mechanical property.  

• The evolution of contact angle on the surface of FSBG modified by 
silane is found to be closely dependent on its amount or more spe
cifically its superficial density. However, the density has a maximum 
value caused by the restricted coupling sites, and thus excessive 
silane would not help but even worsen the hydrophobicity of the 
surface due to the reduced porosity. 

• The contact angle evolution mode is revealed by proposing a for
mula, which can help to regulate and control the hydrophobicity 
properties of FSBG potentially. Moreover, due to the universal pre
requisites adopted during the argumentation, they are also expected 
to be applicable for other geopolymer systems or cement-based 
materials with modification. 
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[36] Y. Zuo, M. Nedeljković, G. Ye, Coupled thermodynamic modelling and 
experimental study of sodium hydroxide activated slag, Construct. Build. Mater. 
188 (2018) 262–279, https://doi.org/10.1016/j.conbuildmat.2018.08.087. 
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