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Abstract: This article reports the effects of different dasmgf silane coupling
agent (KH-550) on the properties of geopolymer tieate been cured for 360 days.
Combined with mechanical properties, XRD, FT-IR a&HBM, the mineral phase
formation and microstructure changes of geopolywene analyzed. The results show
that adding an appropriate amount of silane cogmigent can improve the toughness
of geopolymer, and the best performance is obtameeh the silane coupling agent
content is 0.1wt%. The highest compressive strergytd flexural strength of
geopolymer samples containing 0.1wt% silane cogpkgent cured for 90 days
reached 51.4 MPa and 12.93 MPa, respectively. Hekvavsignificant decrease in the

performance of geopolymer was observed betweem@@&0 days. The gel phase in
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the geopolymer is significantly enriched after addsilane coupling agent.

K ey wor ds: metakaolin; silane coupling agent; geopolymieng term performance

1. Introduction

Concrete is one of the most widely used buildingtemals, traditionally
produced by using ordinary portland cement (OPCjnagor binder. However, the
environmental problems caused by the emissionrgelamounts of carbon dioxide
(COy) during the production of cement have attractedenamd more attention [1-5].
The production of 1 ton of cement is accompaniethkyproduction of 0.6 to 1 ton of
CO,, and it is accompanied by the production of otharmful gases [6, 7]. This
promotes the use of geopolymer, a new type of gmmmentitious material, and
readily available raw materials such as metakafMK), fly ash (FA) and ground
blast furnace slag powder (GGBS) can be used fepagyation. In addition,
geopolymer can also reduce £@missions by 26-45% without losing economic
benefits [8, 9]. The excellent properties of gegpwr gradually make it an
alternative to OPC [10]. Recently, more researchage shown that the use of
alkaline activators can activate cementitious niaier and can directly prepare
geopolymer concrete without using OPC [11-13]. Z&elite-like gel (N-A-S-H) with
a high degree of polymerization can be producealiin the polymerization reaction
of the silico-alumina material under alkaline cdimfis. The basic structure of
geopolymer is a three-dimensional network structwigh random distribution of

[SiO4]* and [AlIQ)]* tetrahedron, and alkali metals distribute betweemwvork pores



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

to balance the electric charge [14].

As a new type of green alkali-activated cementgiooaterial, geopolymer has
made remarkable progress in many aspects, suclasas theory preparation and
application technology, but it has not been widedgd in commercial applications.
One of the reasons is the lack of long-term baata dupport such as durability and
product stability [15, 16]. In recent years, in erdo prove that alkali-activated
cementitious materials can withstand the testroétimany scholars have studied the
change of properties, hydration products and miarosire evolution of long-term
alkali-activated cementitious materials. Wardhohale[17] studied the engineering
performance of alkali slag geopolymer (AAS) and loalcium fly ash geopolymer
(FAGP) for up to 540 days, and found that the casgive strength, elastic modulus
and impermeability of AAS were better than FAGRhe first 90 days. However, it
can been seen that the performance of FAGP hasdigficantly improved and the
performance of AAS concrete has declined on thetrapn from the results of
performance comparison between 90 days and 540 bagddition, the microscopic
morphology of FAGP gradually became dense, whilerotcracks appeared on the
surface of AAS and gradually expanded after 90 daig et al. [18] mixed bagasse
fiber and steel fiber with high content fly ash (FA) to prepare a green cementitious
material, and studied the physical and mechanicggsties at the age of 28 days, 3
months, 6 months and 10 months. The results shatvttie compressive strength,
Young's modulus, fracture modulus and tensile gtremf the composite decrease

with the decrease of the content of fly ash andabsg fiber, but the bending
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toughness increases with the increase of the coatdly ash. The increased use of
fly ash and bagasse fiber both reduced the bulkieaf samples and increased the
apparent porosity and water absorption. The efféttboe more obvious as the curing
time is extended. In summary, it is worth to stuihe long-term maintenance
performance of geopolymer, which will affect whetlgeeopolymer can be widely
used in actual projects. At present, the tougheoningeopolymer is mainly through
the addition of fibers and other auxiliary mategjand there are relatively few reports
on the use of organic polymers to toughen geopalyme

In this paper, silane coupling agent (KH-550) ikesied as the modifier on the
basis of related research to explore the long-teurability of silane coupling
agent/metakaolin-based geopolymer [19, 20]. Th@glgmer samples were cured for
up to 28 days, 56 days, 90 days, 180 days and 8¢® r@spectively. The long-term
performance of geopolymer were analyzed by X-rdfratdition (XRD), scanning
electron microscope (SEM) and other characterinatiethods to analyze the mineral
phase composition and microstructure of modifiedpgédymer with different curing
ages. It is of high research significance to stilyinfluence of organic polymers on
the durability of cementitious materials.
2. Materials and methodology

2.1 Materials

Metakaolin (MK) was purchased from Gongyi Mine Cotd (Henan, China),

which is made from high-temperature calcinatiorkablin. Quartz (main mineral),

Kaolinite and Aluminum Hydroxide were identified XRD pattern (Fig. 1) of MK.
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The particle size distribution parametesdDof MK in Fig. 2 is 20.33im (measured
by LS 13320 laser diffraction particle size anatyz&he chemical composition
analyses of MK are listed in Table 1. Sodium sikcsolution was purchased from the
market and was produced by Nanchang Junbang Che@ocaltd (Jiangxi, China).
The alkaline activator is prepared by adding sodiwydroxide (purit$96%) and
distilled water to the sodium silicate solution5@% NaO, 27.30% Si@). Silane
coupling agent (SCA) was purchased from Shandongstf@ Chemical Technology
Co., Ltd. and the characteristics of silane cougpégent are listed in Table 2.
2.2 Preparation of geopolymer samples

It should be noted that the silane coupling agesdds to be hydrolyzed in
advance before use. An appropriate amount of sitaugpling agent was added to
distilled water and stirred at high speed for 20utes, and then glacial acetic acid
was added to adjust the pH value. The alkali atinaas prepared by mixing sodium
silicate solution with sodium hydroxide to achiev&.5 modulus (molar ratio of SiO
to NaO) and a concentration parameter of 37%. The peelpaftkali activator is
cooled to room temperature to equilibrate. The ngxtcomposition and ratio of
geopolymer paste are shown in Table 3. The Alkefivator was poured into the
metakaolin and stirred slowly for 2 minutes, thapidly stirred for 2 minutes to
obtain geopolymer precursor. Different proportiasfssilane coupling agent after
hydrolysis were added to geopolymer precursor dirded at high speed for 2
minutes to obtain geopolymer slurry. Geopolymerrglwas cast into resin molds of

20 mm x 20 mm x 20 mm (for compressive strengtt) sesd 20 mm x 20 mm x 80
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mm (for flexural strength test). The prepared sasplvere placed in a curing
chamber at room temperature (20°C) and relativeidityr> 95% for 24 hours, then
demold and cure the hardened sample for 28 daydayf 90 days, 180 days and 360
days.
2.3 Mechanical performance test and characterization methods
The compressive strength of specimens was testedfuly automatic

compressive bending machine (model WHY-200) and ftegural strength was
determined by electronic universal testing maclimedel RGM-4010). The mineral
composition of samples solidified at different agess characterized by using X-ray
diffraction (model DX-2700) at a scanning rate &hin with CuKa radiation of ® =
5°-80°. Nicolet Fourier Transform Infrared Spectader (STD11202624D) was used
to record the spectrum in the 400-4000carea. The spectra of hybrid geopolymer
were recorded at different aging times (28 daysd&gs, 90 days, 180 days and 360
days) to study the development of aluminosilicatemiework during geological
polymerization. The pore structure has a significaffect on the strength and
durability of the material. The PoreMaster 60GToausitic mercury porosimeter is
used to test the pore structure. Field emissionrsog electron microscope (JEOL,
model JSM-7001F) was used to observe the microscmwirphology of different
specimens.
3. Results and discussion

3.1 Compressive strength analysis

Fig. 3 shows the compressive strength of sampléls diiferent contents of
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silane coupling agent at different curing agesthsamount of silane coupling agent
increases, the compressive strength of samplésrioeases and then decreases. It is
interesting that when curing reaches 90 days, dmepcessive strength of specimens
doped with silane coupling agent is significanttyproved. The compressive strength
of the sample doped with 0.1wt% silane couplingnageached 51.4 MPa at 90 days,
which was 14.99% higher than that at 28 days. Theease in compressive strength
before 90 days indicates that the silane couplgentis hydrolyzed to obtain organic
functional groups, and the Si-OH bond and AI-OH ddiormed in the early
geopolymerization process realize the chemical imgnceaction. This also promotes
the formation of more geopolymer gels and compdhts structure. With the
extension of curing time, the strength of geopolyspecimens began to decline after
90 days. The strength of specimens containing Oalgitane coupling agent is 41.7
MPa, which is 6.71% lower than that of the 28-dayed samples. The decrease in
strength after 90 days may be due to the sampieg legposed to the air and being
carbonized and harmful ions Invasion.
3.2 Flexural strength analysis

The flexural strength of samples under differenirauages is shown in Fig. 4.
As the amount of silane coupling agent increades, fiexural strength of silane
coupling agent/metakaolin-based geopolymer sampleslually decreases. This
indicates that excessive addition of silane cogpégent has a negative effect on the
bending strength of geopolymer. However, with tixéeesion of curing time, the

flexural strength of specimens increases first Hmeh decreases. The strength of
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samples cured for 90 days was significantly impdowand the sample containing 0.1
wt% silane coupling agent was the best. The stheafjsamples mixed with 0.1wt%
silane coupling agent reached 12.96 MPa, which 1#a84% higher than curing for
28 days. This indicates that the silane couplirenighetakaolin-based geopolymer is
undergoing continuous geopolymerization in thet f8@ days. After curing for 90
days, the strength of specimens dropped sharpig. i§tbecause the polymerization
reaction produced an excessive amount of sodiumrminasilicate gel (N-A-S-H),
which increased the crack propagation and causegdhiormance of geopolymer to
decrease [21].
3.3 XRD analysis

According to the above analysis, MS-0.1 has the Ipesformance, so the
mineral composition of the samples under differemting cycles was analyzed in
combination with XRD patterns (Fig.5). The diffriact peaks of geopolymers are
concentrated at about 20-30°, which is attributedhie high content of quartz in
geopolymers. The diffraction peak at 12° corresgota unreacted kaolinite. The
amorphous diffraction peaks between 25° and 30fraialy quartz phase. Therefore,
long-term curing and the addition of silane cougligents have no effect on the
crystalline phase of the metakaolin-based geopalyméeral phase, and the
geopolymer mineral phase is still amorphous [22]e Tnineral composition of the
MS-0.1 sample in the first 90 days is no differethis is because the gel phase
generated after polymerization is amorphous. ktrange that the diffraction peak

intensity of samples cured for 180 days and 368 @ybout 27°~29° decreases with
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the extension of the curing time. This is due tot md the SiQ involved in the
polymerization reaction and the diffraction peatensity at about 25° is the residual
guartz phase during the polycondensation proces<2f.
3.4 FT-IRanalysis

To determine the effect of silane coupling agennhetakaolin based geopolymer
and the changes of geopolymer samples under long-tenservation, geopolymer
samples of different curing ages were collectedamalyzed by FT-IR spectroscopy. ,
It can be observed from Fig. 6 that the main vibramodes in the FT-IR spectrum of
metakaolin (MK) are SIAOASi asymmetric stretchirigl@76 cnit, SIAOAAI at 810
cm* and SiAO bending at 458 ¢hnthis corresponds to the metakaolin formed after
calcining kaolin [25]. In the infrared spectrum mktakaolin, the unique SIAOAAI
band at 810 cih disappeared in geopolymer, indicating that thepgianerization
reaction was complete. The absorption peak at 561 in the figure corresponds to
the bending vibration of AIAOASI, and the absorptipeak at 701cthis caused by
the symmetrical vibration of the four-coordinat@raic group TO4 [26, 27]. The
bands near 3446 c¢mand 1641 cil are caused by OAH stretching and bending
vibrations of absorbed water molecules [21]. At slane time, the peak intensity of
specimens mixed with 0.1wt% silane coupling agenthis band is significantly
higher than that of metakaolin, which further shawat under the action of silane
coupling agent and alkali activator, the polymeiaa reaction occurs and produces
more OH groups. However, with the extension ofdheng period, the peak intensity

weakened, because the sample will react with f0©a long time when it is exposed
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to the air [28]. The strongest vibration wide barzah be observed at 900-1100tm
which is mainly attributed to the tensile vibratiohTAOASI band (T=Si or Al). This
is consistent with previous studies [29, 30], anhdipossible that C-(A)-S-H and
N-A-S-H gels centered on 980 and 1000 cwavenumbers. Interestingly, with the
extension of the curing period, the SIAO band slifto a lower wavenumber, which
indicates that SiQis replaced by AlQin the gel of geopolymers and causes the local
chemical environment of the Si-O bond to changg.[31
3.5 Pore structure analusis

For the purpose of discussing the effect of silemepling agent on geopolymer
samples under long-term curing and the change$eniriternal pore structure of
geopolymer samples, mercury intrusion tests weregechout on MS-0.1 samples
cured for 28d, 90d and 360d. The pore size dididhwf the geopolymer sample is
shown in Fig. 7. It can be seen that with the esitemof curing time, the volume of
gel pores £10nm) in the pore structure increases, and thd tatiame of pores
(10-100 nm) decreases, but the volume of harmftegp&50nm) is almost no change
[32]. The total porosity under the three curingsagee 27.15%, 26.64% and 26.76%
respectively. The total porosity at 90 days isghmllest and contains more gel pores,
which also corresponds to the optimal performariaggopolymer curred for 90 days.
Another interesting finding is that the closestesize of the sample is reduced from
13.16nm to 8.11nm. This indicates that the silamegptng agent participates in the
polymerization reaction to generate an enriched-8-A gel, which refines the pore

structure of the silane coupling agent/metakaolsedn geopolymer [32]. However,
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the most probable pore size increased to 10.83tr86Gdays and the total porosity
also increased, which was caused by crack propemgitv].

3.6 SEM analysis

The geopolymer specimens cured for 28 days, 90 dags 360 days were
analyzed by SEM to observe the internal structhe:nges of MS-0.1 under long-term
curing. In Fig. 8(a), unreacted metakaolin particnd aluminosilicate gel matrix
(N-A-S-H) are observed. Unreacted or partially tedanetakaolin particles appear in
the form of composite materials, which have a s$igamt impact on the overall
strength of the geopolymer material [33]. In aduhfiit can be found that needle-like
material (KH550) is attached to the geopolymer weétver cracks and pores. This
shows that the addition of silane coupling agemt peomote the dense structure of
geopolymer. The interesting finding is that thediedike substance disappeared after
90 days of curing, and the gel content in sampleseased significantly. The
enrichment of gel and the continuous cladding nthkestructure of the geopolymer
compact [32]. This is strong evidence explaining thigh-strength geopolymer
samples cured for 90 days. However, increased goaggagation and crack depth
appear in Fig. 8(c), which is the microscopic maiphy of the sample after 360 days
of curing. On the one hand, it is due to the comthiaffect of pressure separation and

self-drying, on the other hand, it is caused byesgael [17].

4. Conclusions

Silane coupling agent was added to metakaolin bagegpolymer, and the

mechanical properties and microstructure changespe€imens cured for 360 days



242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

were observed and discussed. The compressive strand flexural strength of the
long-term cured samples have increased duringitbe90 days, while the strength
gradually decreased during 90-360 days. The comipeesstrength and bending
strength of the geopolymer sample with a silangting agent content of 0.1wt% at
90 days were 51.4 MPa and 12.93 MPa, respecti@dypared with the samples
cured for 28 days, they were increased by 14.99% Hn24% respectively. The
addition of silane coupling agent does not chaigentineral phase composition of
the geopolymer, but the addition of silane couplaggnt enriches the gel phase in

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

Si O, Al 203 CaOo M gO FeOs K>,O Ti O, NaO LOI

MK 4834 41.05 243 - 444 031 344 - 0.62

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

Molecular Stability in
Water
SCA Chemical formula weight, pore
miscibility
(o/mal) solution

Totaly Stable for 24

KH-550  NH3(CH,)3Si(OC;Hs)s 221.37
soluble h

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

Sodium silicate Distilled water
Sodium hydroxide
solution (additional)
Alkaline activator 12.108 87.892 6.6

Table 4. Mixtures proportions of geopolymer pastes.

MK contents Alkaline activator Silane coupling agent (KH-550)

Samples
(9) (9) (9)
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, Al,Sio,Os(OH),4, PDF No. 14-0164; Quartz, SIO,, 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. Flexura strength of specimens with different contents of silane coupling
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Fig.5. XRD patterns of geopolymer samples cured for different ages.
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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.



Fig. 8. SEM images of geopolymer samples under different curing ages: (2)MG-28d,

(b)MS-0.1-28d, () MS-0.1-90d and (d) M S-0.1-360d.
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Fig. 9. ®Si NMR analysis of geopolymer samples under different curing ages: (a)MG, (b)MS-0.1.



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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