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Abstract: This article reports the effects of different dosages of silane coupling 12 

agent (KH-550) on the properties of geopolymer that have been cured for 360 days. 13 

Combined with mechanical properties, XRD, FT-IR and SEM, the mineral phase 14 

formation and microstructure changes of geopolymer were analyzed. The results show 15 

that adding an appropriate amount of silane coupling agent can improve the toughness 16 

of geopolymer, and the best performance is obtained when the silane coupling agent 17 

content is 0.1wt%. The highest compressive strength and flexural strength of 18 

geopolymer samples containing 0.1wt% silane coupling agent cured for 90 days 19 

reached 51.4 MPa and 12.93 MPa, respectively. However, a significant decrease in the 20 

performance of geopolymer was observed between 90 and 360 days. The gel phase in 21 
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the geopolymer is significantly enriched after adding silane coupling agent. 22 

Key words: metakaolin; silane coupling agent; geopolymer；long term performance 23 

 24 

1. Introduction 25 

Concrete is one of the most widely used building materials, traditionally 26 

produced by using ordinary portland cement (OPC) as major binder. However, the 27 

environmental problems caused by the emission of large amounts of carbon dioxide 28 

(CO2) during the production of cement have attracted more and more attention [1-5]. 29 

The production of 1 ton of cement is accompanied by the production of 0.6 to 1 ton of 30 

CO2, and it is accompanied by the production of other harmful gases [6, 7]. This 31 

promotes the use of geopolymer, a new type of green cementitious material, and 32 

readily available raw materials such as metakaolin (MK), fly ash (FA) and ground 33 

blast furnace slag powder (GGBS) can be used for preparation. In addition, 34 

geopolymer can also reduce CO2 emissions by 26-45% without losing economic 35 

benefits [8, 9]. The excellent properties of geopolymer gradually make it an 36 

alternative to OPC [10]. Recently, more researches have shown that the use of 37 

alkaline activators can activate cementitious materials, and can directly prepare 38 

geopolymer concrete without using OPC [11-13]. The zeolite-like gel (N-A-S-H) with 39 

a high degree of polymerization can be produced through the polymerization reaction 40 

of the silico-alumina material under alkaline conditions. The basic structure of 41 

geopolymer is a three-dimensional network structure with random distribution of 42 

[SiO4]
4- and [AlO4]

5- tetrahedron, and alkali metals distribute between network pores 43 
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to balance the electric charge [14].  44 

As a new type of green alkali-activated cementitious material, geopolymer has 45 

made remarkable progress in many aspects, such as basic theory preparation and 46 

application technology, but it has not been widely used in commercial applications. 47 

One of the reasons is the lack of long-term basic data support such as durability and 48 

product stability [15, 16]. In recent years, in order to prove that alkali-activated 49 

cementitious materials can withstand the test of time, many scholars have studied the 50 

change of properties, hydration products and microstructure evolution of long-term 51 

alkali-activated cementitious materials. Wardhono et al. [17] studied the engineering 52 

performance of alkali slag geopolymer (AAS) and low calcium fly ash geopolymer 53 

(FAGP) for up to 540 days, and found that the compressive strength, elastic modulus 54 

and impermeability of AAS were better than FAGP in the first 90 days. However, it 55 

can been seen that the performance of FAGP has been significantly improved and the 56 

performance of AAS concrete has declined on the contrary from the results of 57 

performance comparison between 90 days and 540 days. In addition, the microscopic 58 

morphology of FAGP gradually became dense, while microcracks appeared on the 59 

surface of AAS and gradually expanded after 90 days. Tian et al. [18] mixed bagasse 60 

fiber and steel fiber with high content fly ash (HVFA) to prepare a green cementitious 61 

material, and studied the physical and mechanical properties at the age of 28 days, 3 62 

months, 6 months and 10 months. The results show that the compressive strength, 63 

Young's modulus, fracture modulus and tensile strength of the composite decrease 64 

with the decrease of the content of fly ash and bagasse fiber, but the bending 65 
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toughness increases with the increase of the content of fly ash. The increased use of 66 

fly ash and bagasse fiber both reduced the bulk density of samples and increased the 67 

apparent porosity and water absorption. The effect will be more obvious as the curing 68 

time is extended. In summary, it is worth to study the long-term maintenance 69 

performance of geopolymer, which will affect whether geopolymer can be widely 70 

used in actual projects. At present, the toughening of geopolymer is mainly through 71 

the addition of fibers and other auxiliary materials, and there are relatively few reports 72 

on the use of organic polymers to toughen geopolymer.  73 

In this paper, silane coupling agent (KH-550) is selected as the modifier on the 74 

basis of related research to explore the long-term durability of silane coupling 75 

agent/metakaolin-based geopolymer [19, 20]. The geopolymer samples were cured for 76 

up to 28 days, 56 days, 90 days, 180 days and 360 days respectively. The long-term 77 

performance of geopolymer were analyzed by X-ray diffraction (XRD), scanning 78 

electron microscope (SEM) and other characterization methods to analyze the mineral 79 

phase composition and microstructure of modified geopolymer with different curing 80 

ages. It is of high research significance to study the influence of organic polymers on 81 

the durability of cementitious materials. 82 

2. Materials and methodology 83 

2.1 Materials 84 

Metakaolin (MK) was purchased from Gongyi Mine Co., Ltd (Henan, China), 85 

which is made from high-temperature calcination of kaolin. Quartz (main mineral), 86 

Kaolinite and Aluminum Hydroxide were identified in XRD pattern (Fig. 1) of MK. 87 
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The particle size distribution parameter (D50) of MK in Fig. 2 is 20.33 μm (measured 88 

by LS 13320 laser diffraction particle size analyzer). The chemical composition 89 

analyses of MK are listed in Table 1. Sodium silicate solution was purchased from the 90 

market and was produced by Nanchang Junbang Chemical Co., Ltd (Jiangxi, China). 91 

The alkaline activator is prepared by adding sodium hydroxide (purity≥96%) and 92 

distilled water to the sodium silicate solution (8.54% Na2O, 27.30% SiO2). Silane 93 

coupling agent (SCA) was purchased from Shandong Yousuo Chemical Technology 94 

Co., Ltd. and the characteristics of silane coupling agent are listed in Table 2. 95 

2.2 Preparation of geopolymer samples  96 

It should be noted that the silane coupling agent needs to be hydrolyzed in 97 

advance before use. An appropriate amount of silane coupling agent was added to 98 

distilled water and stirred at high speed for 20 minutes, and then glacial acetic acid 99 

was added to adjust the pH value. The alkali activator was prepared by mixing sodium 100 

silicate solution with sodium hydroxide to achieve a 1.5 modulus (molar ratio of SiO2 101 

to Na2O) and a concentration parameter of 37%. The prepared alkali activator is 102 

cooled to room temperature to equilibrate. The mixing composition and ratio of 103 

geopolymer paste are shown in Table 3. The Alkali activator was poured into the 104 

metakaolin and stirred slowly for 2 minutes, then rapidly stirred for 2 minutes to 105 

obtain geopolymer precursor. Different proportions of silane coupling agent after 106 

hydrolysis were added to geopolymer precursor and stirred at high speed for 2 107 

minutes to obtain geopolymer slurry. Geopolymer slurry was cast into resin molds of 108 

20 mm × 20 mm × 20 mm (for compressive strength test) and 20 mm × 20 mm × 80 109 
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mm (for flexural strength test). The prepared samples were placed in a curing 110 

chamber at room temperature (20°C) and relative humidity > 95% for 24 hours, then 111 

demold and cure the hardened sample for 28 days, 56 days, 90 days, 180 days and 360 112 

days. 113 

2.3 Mechanical performance test and characterization methods 114 

The compressive strength of specimens was tested by fully automatic 115 

compressive bending machine (model WHY-200) and the flexural strength was 116 

determined by electronic universal testing machine (model RGM-4010). The mineral 117 

composition of samples solidified at different ages was characterized by using X-ray 118 

diffraction (model DX-2700) at a scanning rate of 6°/min with CuKα radiation of 2θ = 119 

5°-80°. Nicolet Fourier Transform Infrared Spectrometer (STD11202624D) was used 120 

to record the spectrum in the 400-4000 cm-1 area. The spectra of hybrid geopolymer 121 

were recorded at different aging times (28 days, 56 days, 90 days, 180 days and 360 122 

days) to study the development of aluminosilicate framework during geological 123 

polymerization. The pore structure has a significant effect on the strength and 124 

durability of the material. The PoreMaster 60GT automatic mercury porosimeter is 125 

used to test the pore structure. Field emission scanning electron microscope (JEOL, 126 

model JSM-7001F) was used to observe the microscopic morphology of different 127 

specimens. 128 

3. Results and discussion 129 

3.1 Compressive strength analysis 130 

Fig. 3 shows the compressive strength of samples with different contents of 131 
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silane coupling agent at different curing ages. As the amount of silane coupling agent 132 

increases, the compressive strength of samples first increases and then decreases. It is 133 

interesting that when curing reaches 90 days, the compressive strength of specimens 134 

doped with silane coupling agent is significantly improved. The compressive strength 135 

of the sample doped with 0.1wt% silane coupling agent reached 51.4 MPa at 90 days, 136 

which was 14.99% higher than that at 28 days. The increase in compressive strength 137 

before 90 days indicates that the silane coupling agent is hydrolyzed to obtain organic 138 

functional groups, and the Si-OH bond and Al-OH bond formed in the early 139 

geopolymerization process realize the chemical bonding reaction. This also promotes 140 

the formation of more geopolymer gels and compacts the structure. With the 141 

extension of curing time, the strength of geopolymer specimens began to decline after 142 

90 days. The strength of specimens containing 0.1wt% silane coupling agent is 41.7 143 

MPa, which is 6.71% lower than that of the 28-day cured samples. The decrease in 144 

strength after 90 days may be due to the samples being exposed to the air and being 145 

carbonized and harmful ions Invasion. 146 

 3.2 Flexural strength analysis 147 

The flexural strength of samples under different curing ages is shown in Fig. 4. 148 

As the amount of silane coupling agent increases, the flexural strength of silane 149 

coupling agent/metakaolin-based geopolymer samples gradually decreases. This 150 

indicates that excessive addition of silane coupling agent has a negative effect on the 151 

bending strength of geopolymer. However, with the extension of curing time, the 152 

flexural strength of specimens increases first and then decreases. The strength of 153 
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samples cured for 90 days was significantly improved, and the sample containing 0.1 154 

wt% silane coupling agent was the best. The strength of samples mixed with 0.1wt% 155 

silane coupling agent reached 12.96 MPa, which was 11.34% higher than curing for 156 

28 days. This indicates that the silane coupling agent/metakaolin-based geopolymer is 157 

undergoing continuous geopolymerization in the first 90 days. After curing for 90 158 

days, the strength of specimens dropped sharply. This is because the polymerization 159 

reaction produced an excessive amount of sodium aluminosilicate gel (N-A-S-H), 160 

which increased the crack propagation and caused the performance of geopolymer to 161 

decrease [21]. 162 

3.3 XRD analysis 163 

According to the above analysis, MS-0.1 has the best performance, so the 164 

mineral composition of the samples under different curing cycles was analyzed in 165 

combination with XRD patterns (Fig.5). The diffraction peaks of geopolymers are 166 

concentrated at about 20-30°, which is attributed to the high content of quartz in 167 

geopolymers. The diffraction peak at 12° corresponds to unreacted kaolinite. The 168 

amorphous diffraction peaks between 25° and 30° are mainly quartz phase. Therefore, 169 

long-term curing and the addition of silane coupling agents have no effect on the 170 

crystalline phase of the metakaolin-based geopolymer mineral phase, and the 171 

geopolymer mineral phase is still amorphous [22]. The mineral composition of the 172 

MS-0.1 sample in the first 90 days is no different, this is because the gel phase 173 

generated after polymerization is amorphous. It is strange that the diffraction peak 174 

intensity of samples cured for 180 days and 360 days at about 27°~29° decreases with 175 
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the extension of the curing time. This is due to part of the SiO2 involved in the 176 

polymerization reaction and the diffraction peak intensity at about 25° is the residual 177 

quartz phase during the polycondensation process [23, 24]. 178 

3.4 FT-IR analysis 179 

To determine the effect of silane coupling agent in metakaolin based geopolymer 180 

and the changes of geopolymer samples under long-term conservation, geopolymer 181 

samples of different curing ages were collected and analyzed by FT-IR spectroscopy. , 182 

It can be observed from Fig. 6 that the main vibration modes in the FT-IR spectrum of 183 

metakaolin (MK) are SiAOASi asymmetric stretching at 1076 cm-1, SiAOAAl at 810 184 

cm-1 and SiAO bending at 458 cm-1, this corresponds to the metakaolin formed after 185 

calcining kaolin [25]. In the infrared spectrum of metakaolin, the unique SiAOAAl 186 

band at 810 cm-1 disappeared in geopolymer, indicating that the geopolymerization 187 

reaction was complete. The absorption peak at 561 cm-1 in the figure corresponds to 188 

the bending vibration of AlAOASi, and the absorption peak at 701cm-1 is caused by 189 

the symmetrical vibration of the four-coordinate atomic group TO4 [26, 27]. The 190 

bands near 3446 cm-1 and 1641 cm-1 are caused by OAH stretching and bending 191 

vibrations of absorbed water molecules [21]. At the same time, the peak intensity of 192 

specimens mixed with 0.1wt% silane coupling agent in this band is significantly 193 

higher than that of metakaolin, which further shows that under the action of silane 194 

coupling agent and alkali activator, the polymerization reaction occurs and produces 195 

more OH groups. However, with the extension of the curing period, the peak intensity 196 

weakened, because the sample will react with CO2 for a long time when it is exposed 197 
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to the air [28]. The strongest vibration wide band can be observed at 900-1100 cm-1, 198 

which is mainly attributed to the tensile vibration of TAOASi band (T=Si or Al). This 199 

is consistent with previous studies [29, 30], and it is possible that C-(A)-S-H and 200 

N-A-S-H gels centered on 980 and 1000 cm-1 wavenumbers. Interestingly, with the 201 

extension of the curing period, the SiAO band shifted to a lower wavenumber, which 202 

indicates that SiO4 is replaced by AlO4 in the gel of geopolymers and causes the local 203 

chemical environment of the Si-O bond to change [31]. 204 

3.5 Pore structure analusis 205 

For the purpose of discussing the effect of silane coupling agent on geopolymer 206 

samples under long-term curing and the changes in the internal pore structure of 207 

geopolymer samples, mercury intrusion tests were carried out on MS-0.1 samples 208 

cured for 28d, 90d and 360d. The pore size distribution of the geopolymer sample is 209 

shown in Fig. 7. It can be seen that with the extension of curing time, the volume of 210 

gel pores (≤10nm) in the pore structure increases, and the total volume of pores 211 

(10-100 nm) decreases, but the volume of harmful pores (≥50nm) is almost no change 212 

[32]. The total porosity under the three curing ages are 27.15%, 26.64% and 26.76% 213 

respectively. The total porosity at 90 days is the smallest and contains more gel pores, 214 

which also corresponds to the optimal performance of geopolymer curred for 90 days. 215 

Another interesting finding is that the closest pore size of the sample is reduced from 216 

13.16nm to 8.11nm. This indicates that the silane coupling agent participates in the 217 

polymerization reaction to generate an enriched N-A-S-H gel, which refines the pore 218 

structure of the silane coupling agent/metakaolin based geopolymer [32]. However, 219 
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the most probable pore size increased to 10.83 nm at 360 days and the total porosity 220 

also increased, which was caused by crack propagation [17]. 221 

3.6 SEM analysis 222 

The geopolymer specimens cured for 28 days, 90 days and 360 days were 223 

analyzed by SEM to observe the internal structure changes of MS-0.1 under long-term 224 

curing. In Fig. 8(a), unreacted metakaolin particles and aluminosilicate gel matrix 225 

(N-A-S-H) are observed. Unreacted or partially reacted metakaolin particles appear in 226 

the form of composite materials, which have a significant impact on the overall 227 

strength of the geopolymer material [33]. In addition, it can be found that needle-like 228 

material (KH550) is attached to the geopolymer with fewer cracks and pores. This 229 

shows that the addition of silane coupling agent can promote the dense structure of 230 

geopolymer. The interesting finding is that the needle-like substance disappeared after 231 

90 days of curing, and the gel content in samples increased significantly. The 232 

enrichment of gel and the continuous cladding make the structure of the geopolymer 233 

compact [32]. This is strong evidence explaining the high-strength geopolymer 234 

samples cured for 90 days. However, increased crack propagation and crack depth 235 

appear in Fig. 8(c), which is the microscopic morphology of the sample after 360 days 236 

of curing. On the one hand, it is due to the combined effect of pressure separation and 237 

self-drying, on the other hand, it is caused by excess gel [17]. 238 

4. Conclusions 239 

Silane coupling agent was added to metakaolin based geopolymer, and the 240 

mechanical properties and microstructure changes of specimens cured for 360 days 241 
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were observed and discussed. The compressive strength and flexural strength of the 242 

long-term cured samples have increased during the first 90 days, while the strength 243 

gradually decreased during 90-360 days. The compressive strength and bending 244 

strength of the geopolymer sample with a silane coupling agent content of 0.1wt% at 245 

90 days were 51.4 MPa and 12.93 MPa, respectively. Compared with the samples 246 

cured for 28 days, they were increased by 14.99% and 11.24% respectively. The 247 

addition of silane coupling agent does not change the mineral phase composition of 248 

the geopolymer, but the addition of silane coupling agent enriches the gel phase in 249 

geopolymer. 250 
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Table 1. Chemical compositions of metakaolin (MK). 

 SiO2 Al2O3 CaO MgO Fe2O3 K2O TiO2 Na2O LOI 

MK 48.34 41.05 2.43 - 4.44 0.31 3.44 - 0.62 

 

Table 2. Characteristics of silane coupling agent (SCA). 

SCA Chemical formula 

Molecular 

weight, 

(g/mol) 

Water 

miscibility 

Stability in 

pore 

solution 

KH-550 NH2(CH2)3Si(OC2H5)3 221.37 
Totally 

soluble 

Stable for 24 

h 

 

Table 3. The composition percentage of the alkali activator (% by weight). 

 Sodium hydroxide 
Sodium silicate 

solution 

Distilled water 

(additional) 

Alkaline activator 12.108 87.892 6.6 

 

Table 4. Mixtures proportions of geopolymer pastes. 

Samples 
MK contents 

(g) 

Alkaline activator 

(g) 

Silane coupling agent (KH-550) 

(g) 

MS-0 330 231 0 

MS-0.1 330 231 0.33 

MS-0.2 330 231 0.66 

MS-0.5 330 231 1.65 

MS-1 330 231 3.3 
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Fig.1. XRD pattern of metakaolin (MK).  

Phases identified: Kaolinite, Al2Si2O5(OH)4, PDF No. 14-0164; Quartz, SiO2, PDF No. 
46-1045 
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Fig.2. Particle size distribution of metakaolin (MK). 
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Fig.3. Compressive strength of specimens doped with silane coupling agent at 
different curing ages. 
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Fig.4. Flexural strength of specimens with different contents of silane coupling 

agent at different curing ages. 
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Fig.5. XRD patterns of geopolymer samples cured for different ages. 

 

Jo
urn

al 
Pre-

pro
of



4000 3500 3000 2500 2000 1500 1000 500

701 561

810

458

1641

3446

MK

MS0.1-360d

MS0.1-180d

MS0.1-90d

MS0.1-28d
1076

1027

1027

1027

1033

 

T
ra

n
sm

is
si

o
n

Wavenumbers(cm-1)
 

Fig.6. FT-IR images of MK and specimens with 0.1 wt% silane coupling agent cured for up to 360 

days. 
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Fig.7. Pore size distribution of MG and MS-0.1 cured for 28 days, 90 days and 360 
days. 
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Fig. 8. SEM images of geopolymer samples under different curing ages：(a)MG-28d, 

(b)MS-0.1-28d, (c) MS-0.1-90d and (d) MS-0.1-360d. 
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Fig. 9. 29Si NMR analysis of geopolymer samples under different curing ages：(a)MG, (b)MS-0.1. 
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� Silane coupling agent/metakaolin based geopolymer composites were prepared and 

conserved for up to 360 days. 

� The specimens that cured for 90 days, with the silane coupling agent content of 0.1 wt% 

showed the best performance. 

� Expanded cracks will appear due to the excessive gels and self-desiccation effect in the long 

term curing. 
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