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Abstract: In this study, the workability and reaction mechanism of metakaolin (MK) based geopolymer blended with rice husk ash (RHA) and silica fume (SF) was investigated. The prepared samples were subjected to tests including compressive strength and fluidity tests. X-ray diffraction (XRD) and Scanning electron microscope (SEM) were employed to explore the phase composition and microstructure of geopolymers. The molecular bonding information of geopolymer was provided by Fourier transform infrared spectroscopy (FTIR). Meanwhile, the porosity of geopolymer was obtained by Mercury intrusion porosimeter (MIP) analysis. The high-activity RHA obtained after calcination at 600°C was used as a supplementary cementitious material to prepare geopolymer. The properties of preventing morphology cracking and compressive strength are improved. The addition of RHA and SF changes the working performance of MK based geopolymer and provided a theoretical basis for future practical applications. Meanwhile, the high chemical activity of SF and RHA contributes to the healing of microcracks.
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1  Introduction

Every 1 ton of Portland cement produced will emit about 0.8 tons of CO2 emissions [1,2]. The annual CO2 emissions from cement production are about 1.5 billion tons, which is about 6% of the total global greenhouse gas emissions [3]. The calcined production of traditional cement has brought severe environmental pressure to the world. Compared with traditional cement-based gels, geopolymers are a kind of low-carbon gels co-prepared by using multi-source aluminosilicate solid wastes, and have become a hot issue topic at home and abroad. Geopolymer is not only an important way to recycle bulk industrial solid waste to develop green building materials, but also can meet the urgent needs of sustainable development in the building materials industry. Solid waste recycling has a profound impact on the construction of ecological civilization and the supply of resources [4]. Researchers working on green building materials have proposed the use of industrial solid waste materials to chemically stimulate the preparation of geopolymers as an effective alternative material.

Rice husks are the main by-product of rice. The surface of the rice husk is hard, high SiO2 content, which is not easy to be decomposed by bacteria. In recent years, many grain processing enterprises and power companies have started to use rice husk as biomass fuel for chemical production or power generation and heating. RHA accounts for about 20% of the weight of rice husks. RHA has the characteristics of large volume and small specific gravity. If RHA is not recycled in time, it will cause re-pollution to the environment. Therefore, the large-scale and high-value utilization of RHA is worthy of further study. The main components of RHA are carbon and SiO2. With the change of combustion conditions, the silicon and remaining carbon content in RHA also change.

The SiO2 in RHA remains amorphous after low-temperature combustion and has a nanostructure [5]. Many studies [6–8] have shown that the specific surface of RHA is very large, so RHA is considered to be a porous pozzolanic material.

It is of great significance to realize the exploitation and utilization of rice husks as solid waste materials in the industry. Buyondo et al. [9] used RHA, MK and alkaline activators to prepare geopolymers and optimized production parameters using response surface methodology. Zhang et al. [10] used RHA to replace FA in high strength cement-based composites. The consequences show that the replacement of FA with RHA accelerates the pozzolanic reaction and improves the pore distribution in the ECC matrix. Zhu et al. [11] used isothermal calorimetry to explore the kinetic mechanism of RHA to MK based geopolymers. The effect of RHA content on the pore development and thermal stability of MK based geopolymer was further investigated. Billong et al. [8] explored the impact of NaOH solution as the activator and RHA content on microstructure of MK based geopolymer paste. The addition of RHA can improve the workability of the geopolymer. Shturm et al. [12] prepared RHA geopolymers using sodium aluminate solution as an activator. The effects of sodium aluminate on the microstructure of RHA geopolymer were researched. Kaur et al. [13] pointed out that RHA can be used as a gel, and then try to use different ratios of alkaline activator to find out the trend of its influence on properties of the geopolymer. Sharma et al. [14] show that RHA is effective in improving the hydration process of cement-based materials.

As a high-silicon active material, SF is often used in concrete modification. Chen et al. [15] found that filling cement void with MK and SF makes the structure of the gel denser. And in-depth consideration of the influence of the ratio of raw materials on the fluidity and hardening properties of the geopolymer paste. Kuzielová et al. [16] tried to use slag, SF, and MK instead of cement to prepare quaternary geopolymer. And compare the change of the internal voids in each group of samples. Meddah et al. [17] used MK and SF as partial substitutes for cement to prepare concrete. The results show that MK/SF mixed cement material has excellent resistance to chloride-ion erosion and freeze-thaw resistance. Alharbi et al. [18] tried to use SF to enhance reactive powder concrete, but the results obtained by mercury intrusion porosity test and compressive strength test methods showed that nanomaterials could not significantly enhance the mechanical characteristics of RPC .

Geopolymer has the advantages of early hardening and corrosion resistance, but defects such as high brittleness inhibit the application of geopolymer materials. The modification effect of geopolymer materials can be realized by adding specific modified fillers to the raw materials of geopolymer [19,20]. Nano-material activation and fiber-reinforced geopolymers are currently the main modification methods of geopolymer. Aygörmez et al. [21] prepared geopolymer by mixing SF, SL, Colemanite waste and MK, and explored the resistance of geopolymer to acid solution erosion through micro-CT and other tests. Sahin’s [22] study showed that PVA fiber could improve the mechanical properties of recycled aggregate geopolymer mortar, and explored its stability under high temperature and freeze-thaw cycles. Chu et al. [23] investigated the effect of carbon fiber on the processing properties of geopolymers from the perspective of fiber factors.

In order to accelerate the recycling process of RHA solid waste, rice husk calcined RHA and SF, two kinds of high silicon materials, were used to modify MK based geopolymer. The effects of RHA and SF on MK based geopolymers were studied, respectively, and the comprehensive effects of the two high silicon materials were further discussed. In order to explain the modification mechanism of MK based geopolymer by RHA and SF, we used SEM, XRD, FT-IR and other testing techniques to test different formulations of geopolymer samples. The action mechanism of RHA and SF in MK based geopolymer was further explored from two aspects of phenomenon and mechanism.

2  Materials and Methods

2.1 Materials

The MK used in the work was provided by Yunnan Tianhong Gaoling Mining Co., Ltd., China. The SF used in this work was obtained from Baotou, Inner Mongolia. The rice husks used in this work were provided by Jingzhou Agriculture Department in Hubei Province and were clean. The pericarp is shell-like and contains a lot of cellulose and lignin. In our previous study, it was found that high activity RHA could be obtained by calcination at 600°C. The alkali activator used in this work is water glass with an original modulus of 3.2 (Na2O 9.27 wt. %, SiO2 28.73 wt. %). NaOH (analysis reagent purity) was added into the alkali activator, and an alkaline silicate activator with a modulus of 1.5 (SiO2/Na2O molar ratio) was prepared. Then the activator was left standing at room temperature for 24 h. In order to better understand the physical properties of the raw materials on the formation of the polymerization system, materials used in this work were comprehensively characterized. The chemical composition of the solids was determined by X-ray fluorescence (XRF) and the results listed in Table 1.
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The particle size distribution parameter (D50) of MK, SF and RHA are 5.441, 18.31 and 25.73 µm. The results are shown in Fig. 1.
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Figure 1: Size distribution of MK, SF and RHA

The crystal phases of MK,RHA and SF are shown in Fig. 2 MK is an anhydrous silicate aluminate clay obtained by calcination and dehydration of kaolin at 800°C. The lamellar structure of calcined kaolin is destroyed due to dehydration, so the crystallinity of MK is poor. As can be seen from Fig. 2, most of MK is amorphous silica-alumina material. In addition, impurities such as quartz, Muscovite and incompletely calcined kaolinite also exist in MK. Fig. 3a shows the SEM image of MK, and it can be found that the MK particles are irregular granular and lamellar structures with uneven size. XRD patterns of RHA and SF are shown in Fig. 2. As can be seen from the patterns, in the range of 2θ = 18~26°, there is a wide amorphous peak in the memory, which is the characteristic peak of amorphous SiO2, indicating the existence of amorphous silicon. Combined with the SiO2 content of XRF and XRF, both RHA and SF have high content of amorphous silica, so the RHA and SF used in this study have high activity. The microscopic morphology of SF is shown in Fig. 3b. It can be seen that SF is spherical, the diameter of spherical particles is less than 1 μm, most of which are about 200 nm.
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Figure 2: XRD patterns of MK, RHA and SF
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Figure 3: SEM image of MK (a) and SF (b)

As can be seen from Fig. 4a, the original plant skeleton can be clearly seen in the high-temperature calcined rice husk at the magnification of 100 μm, with relatively uniform and continuous bumps on the surface. At a magnification of 50 μm, the flank of the RHA can clearly be seen as a sandwich structure consisting of intersecting and transversely superposed halves (Fig. 4b). The whole is loose, and there are many holes, a loose honeycomb shape. These holes are about 10 μm in size, so they are easy to be detected by scanning electron microscopy. Further enlarging the RHA sample to 1 μm, the lamina and lamina inside the RHA are composed of many fine SiO2 particles (Fig. 4c). Because the particle size is within the scale range of nanomaterials (0.1~100 nm), it is called nanogel particles (about 50 nm).
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Figure 4: SEM image of RHA

2.2 Characterization

According to the fluidity test method of the national standard (GB/T 8077-2012), the fluidity of the mixed geopolymer paste was measured. According to the method in the national standard (GB/T 1346-2011), the setting time of the mixed geopolymer slurry was tested. The mechanical properties of geopolymer were evaluated by using the CMT4202 electronic universal testing machine running at a rate of 5 kN/min.

The particle size distribution parameter (D50) of raw material was provided by a laser diffraction particle size analyzer (Masterizer 3000). The composition of the geopolymer was analyzed by X-ray diffractometer (X’Pert PRO MPD). The test conditions were as follows: Cu target Kα ray, the scanning step was 0.02°, and the scanning speed was 0.01 s/step. FTIR spectra of geopolymer were obtained with the Nicolet IS10 Fourier transform infrared spectrometer. Field emission scanning electron microscope (Hitachi SU8010) was used to analyze the microscopic morphology and composition of the sample.

The porosity and pore size percentage of the geopolymer were obtained by MIP. MICROMERITICS Auto-Pore 9200 V2.03 was used for the test, where the mercury contact Angle θ was 117°.

2.3 Preparation of Geopolymer Paste

The composition of geopolymer paste is shown in Table 1, and sample preparation is shown in Fig. 5. First, pour MK, RHA and SF into the blender in turn according to the proportion in Table 2, and mix well. Then add the alkaline activator to the mixture in proportion and stir well. Under the condition that the mass ratio of activator to powder 0.8, geopolymer paste was prepared by alkali activation with different RHA, SF and MK. The prepared geopolymer slurry was poured into a 40 × 40 × 40 mm cubic mold. All samples were cured at room temperature for 24 h. All samples were removed from the mold and put into the standard constant temperature and humidity curing box for 3, 7 and 28 days under the standard curing conditions (humidity = 95% ± 2%, temperature: 25°C ± 3°C).
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Figure 5: Flowchart of preparation of geopolymer
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3  Results and Discussion

3.1 Fluidity of Geopolymer Paste

The solidification of geopolymer is due to a certain amount of three-dimensional network structure generated by condensation polymerization inside the geopolymer matrix, which is reflected as the strength change macroscopically. The reaction rate and strength of geopolymers are essential prerequisites for their practical application [24]. The fluidity of composite geopolymer paste with different mix ratios is shown in Fig. 6. It can be observed that compared with Group No. 1, the fluidity of geopolymer pastes in Group No. 2 to No. 5 reduces. The experimental consequences show that the fluidity of composite geopolymer paste decreases with the increasing RHA content. After RHA partially replaces the content of MK, the volume added to RHA will be greater than that of MK [25]. In addition, RHA is a honeycomb structure composed of nanogel particles, and there are a lot of gaps between nanogel particles. A large number of pores in RHA absorb water in the composite gel system, resulting in the decreasing fluidity.
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Figure 6: Fluidity of geopolymers

As can be seen from the figure, compared with Group No. 1, the fluidity of geopolymer paste in Group No. 6 to No. 9 gradually increases. The experimental results show that the fluidity of composite geopolymer paste increases with the increasing SF content. Since SF is a small spherical particle, it has a ball effect. Moreover, due to the size effect, the spherical silica particles are closely distributed in the MK void, which increases the fluidity of the geopolymer paste [26].

The results show that the fluidity of geopolymer paste in Group No. 10 is better than that of Group No. 12. The fluidity of geopolymer paste in Group No. 11 is better than that of Group No. 13. This phenomenon further proves the negative influence of RHA on the fluidity of composite geopolymer paste. Moreover, the fluidity of geopolymer pastes in Group No. 10 to No. 13 are not much different from that of the blank sample, which is the result of the interaction between the honeycomb structure of RHA and the structure of SF microspheres.

3.2 Determine the Setting Time of Geopolymer Paste

Fig. 7 shows the influence trend of RHA content on the setting time of MK based geopolymer. It can be seen from the test results that compared with Group No. 1, the initial and final setting time of Group No. 2 to No. 5 binary geopolymers are gradually shortened. Two main factors lead to the shortening of the condensation time. On the one hand, the porous structure of RHA can absorb water quickly, thus promoting the progress of geopolymerization. On the other hand, RHA with high activity reacts faster with alkaline activator, thus reducing the setting time.
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Figure 7: Setting time of geopolymers

Compared with Group No. 1, the initial and final condensation time of geopolymer in Group No. 5 (RHA instead of 20% MK) are shortened by 90 and 65 min, respectively. This is similar to the findings of Mejia et al. [27]. Compared with Group No. 1, the initial and final condensation time of Group No. 6 to No. 9 binary geopolymers are reduced. The results show that with the increasing SF content, the setting time of MK based geopolymer decrease. SF with high reactivity accelerates the geopolymerization reaction, which leads to the shortening of the setting time [28]. Compared with Group No. 1, the initial and final condensation time of geopolymer in Group No. 9 (SF instead of 20% MK) are shortened by 70 and 40 min, respectively. This indicates that SF has a rapid coagulation effect.

It can be seen from the test results that compared with Group No. 1, the initial and final condensation time of Group No. 10 to No. 13 ternary geopolymers are gradually shortened. This is the result of the interaction between RHA and SF. The initial and final condensation time of geopolymer in Group No. 13 (RHA instead of 10% MK, SF instead of 10% MK) are reduced by 85 and 80 min, respectively.

3.3 Compressive Strength Analysis of Geopolymer

Fig. 8 shows the compressive strengths of geopolymer with different contents of RHA or SF at 3, 7 and 28 days of curing. As the curing age increases, the compressive strength of all samples increases significantly, which is attributed to the densification of structure and the deepening of geopolymerization degree. The Fig. 8 shows that with a certain range, the compressive strength of RHA-MK binary geopolymer gradually increases as the increasing of RHA content. RHA improves the compressive strength, which is due to the fact that part of the RHA participates in the geopolymerization as a silicon source and the unreacted RHA fills the voids of the geopolymer. The porous structure of RHA leads to water storage in the geopolymer in the early stage of reaction. When the water in the system is insufficient for geopolymerization, the water in the RHA migrates outward. Thus the internal curing environment is formed to allow the geopolymerization to continue [29]. The effect of RHA on the refinement of the pore structure and internal curing improves the compressive strength, which is similar to the consequences obtained by Yang et al. [30]. When the RHA content is 15% (Group No. 4), the compressive strength of RHA-MK binary geopolymer reached the peak values at 3, 7 and 28 days.

[image: images]

Figure 8: Compression strength of RHA-SF composite geopolymers

The compressive strength of the geopolymer increased from 15.89 to 26.91 MPa at three days of curing (RHA replaced 15% of MK), and increased from 27.13 to 43.07 MPa at seven days (RHA replaced 15% of MK). After curing for twenty-eight days, the binary geopolymer increased from 45.68 to 57.30 MPa (RHA replaced 15% of MK). However, When the RHA content exceeds 15%, the compressive strength of RHA-MK binary geopolymer decreases, which is caused by the creation of interlocking pores in the geopolymer gel system due to excessive RHA [5]. Compared with Group No. 1, the compressive strength of SF-MK binary geopolymer gradually increases as the increasing SF content. Because SF replaces part of the MK content, high-activity SiO2 with larger specific surface area can be obtained to participate in geopolymerization [31]. At the same time, the SF particles are evenly distributed in the geopolymer matrix, and the denser three-dimensional structure is obtained through alkali-activated, which is also proved by Sheikhhosseini et al. [32].

When the SF content is 20% (Group No. 9), the compressive strength of the SF-MK binary geopolymer reaches the peak value after curing for 3, 7 and 28 days. Compared with Group No. 1, the compressive strength of the geopolymer increased from 15.89 to 24.47 MPa at three days of curing (SF replaced 20% of MK), and increased from 27.13 to 38.31 MPa at seven days (SF replaced 20% of MK). After curing for twenty-eight days, the binary geopolymer increased from 45.68 to 52.41 MPa (SF replaced 20% of MK).

Both RHA and SF can improve properties of composite geopolymer. The porous structure of RHA and the spherical structure of SF act different role in geopolymer matrix. Fig. 8 shows the compressive strength data of Group No. 10 to No. 13 ternary geopolymers. The results show that, compared with Group No. 1, the compressive strengths of Group No. 10 to No. 13 geopolymers at 3, 7 and 28 days are all significantly improved. This can be attributed to the void filling effect of SF particles and the internal curing effect of RHA. Further analysis shows that SF particles are smaller than RHA and fill the void of RHA fibers. However, amorphous SiO2 particles are enriched on the surface of RHA after calcination. Geopolymerization process occured under the action of alkaline activator. Compared with Group No. 1, the compressive strength of Group No. 13 geopolymer (SF and RHA replaced 10% MK respectively) increased by 11.59, 16.81 and 14.10 MPa, respectively, after curing for 3, 7 and 28 days. Compared with the compressive strength consequences of Group No. 4, Group No. 9 and Group No. 13 geopolymers, it demonstrate that the strength of MK based geopolymer with compounding RHA and SF is better than that of single compounding.

3.4 X-Ray Diffraction Analysis of Geopolymer

XRD tests were performed on four groups of samples to explore the phase composition of geopolymers further. After 28 days of curing under standard curing conditions, the XRD patterns of geopolymers in Group No. 1, Group No. 4, Group No. 9 and Group No. 13 are shown in Fig. 9. The interior of the geopolymer gel is a three-dimensional network structure ranging from amorphous to semi-crystalline. The broad peak at 2θ = 18–36° is its characteristic amorphous peak. The material corresponding to the characteristic peak Q in Fig. 9 belongs to the crystal phase, which is the unreacted component from the raw material [33]. The XRD analysis consequences show that the addition of RHA and SF has little effect on the crystal phase composition and structure of geopolymer. No new crystal phase is formed in the geopolymerization. At the same time, this also shows that RHA and SF form a relatively stable matrix in the MK based geopolymer.
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Figure 9: XRD patterns of geopolymers under standard curing for 28 days (No. 1: blank sample, No. 4: 15% RHA, No. 9: 20% SF and No. 13: 10% RHA and 10% SF)

3.5 FT-IR Analysis of Geopolymer

The FTIR spectra of the four geopolymer samples in Group No. 1, Group No. 4, Group No. 9 and Group No. 13 are shown in Fig. 10. It can be found that the absorption peak at about 457 cm−1 is related to the in-plane bending vibration of the Si-O-Si bond in the [SiO4] tetrahedron. The peak at band 557 cm−1 is attributed to the symmetrical tensile vibration of the kaolinite Si-O-Al bond [34–36]. Due to the reorganization of [TO4] (T stands for Al and Si) units in the formation of geopolymers, the asymmetric tensile vibration of T-O-Si bond is formed in the region of 900–1,200 cm−1. The wide vibration bands at 1,050, 1,085, 1,083 and 1,048 cm−1 are the asymmetric stretching vibrations of the Si-O-T bond [37–40]. The vibrations around 1,600 and 3,440 cm−1 are attributed to the vibrations of the hydroxyl in the water [41] contained in the sample (a-O-H in tension and H-O-H in bending). Under the same drying conditions, the vibrations of samples in Group No. 4 and Group No. 13 at the wave bands of about 1600 and 3440 cm−1 were more prominent, indicating that the samples had better water absorption performance. This also indirectly proves that RHA has a better effect of adsorbing water and has an internal curing effect.
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Figure 10: FT-IR spectrum of geopolymers under standard curing for 28 days (No. 1: blank sample, No. 4: 15% RHA, No. 9: 20% SF and No. 13: 10% RHA and 10% SF)

3.6 Microscopic Morphology of Geopolymer

SEM analysis is carried out on the four groups of geopolymer samples in Group No. 1, Group No. 4, Group No. 9 and Group No. 13. After 28 days of standard curing, the microstructures of the fractures of the four groups of geopolymer samples are shown in Fig. 11. Under the same microscope magnification, it can be found that there are more cracks on the surface of samples in Group No. 1 and relatively few cracks on the surface of geopolymer in Group No. 9. After adding RHA, the cracks of geopolymers in Group No. 4 and Group No. 13 are more minor. The consequences show that the addition of RHA and SF can reduce the generation of microcracks, and the effect of RHA is better than that of SF. The inherent porous structure of RHA can store a certain amount of water and play an internal maintenance role to compensate for the adverse effects of the cracking of geopolymer [8]. By comparing Group No. 1 and Group No. 9, it can be found that the microstructure of geopolymer after adding SF is denser, which is the result of the space-filling influence of SF spherical particles. According to the characteristics of RHA and SF, the prepared terpolymer (in Group No. 13) has the least microcracks, dense structure and the best mechanical properties.

[image: images]

Figure 11: SEM image of broken surface of geopolymers under standard curing for 28 days (No. 1: blank sample, No. 4: 15% RHA, No. 9: 20% SF and No. 13: 10% RHA and 10% SF)

3.7 Porosity Analysis of Geopolymer

Changes in pore size percentage of geopolymers are provided by MIP. The outcomes are given in Figs. 12a and 12b. Fig. 12 shows the pore size percentage and porosity of the four geopolymer samples in Group No. 1, Group No. 4, Group No. 9 and Group No. 13 after 28 days of curing under standard curing conditions. It can be clearly shown from Fig. 12a that with the addition of RHA and SF, the cumulative pore volume of the corresponding sample gradually decreases. This indicates that the synergistic effect of RHA and SF can significantly refine the pore structure of the geopolymer. In addition, the spatial packing effect of SF spherical particles can make the structure of geopolymer denser. The incorporation of RHA and SF makes the microstructure of the geopolymer more compact, resulting in Group No. 13 showing a lower porosity. From the pore size percentage consequences shown in Fig. 12b, with the addition of RHA and SF, the change in total porosity is mainly attributed to the increase in the volume of the pores smaller than 10 nm and the decrease in the volume of the pores larger than 104 nm. The change of pore volume between 10 and 104 nm is relatively small. The volume of pores larger than 104 nm in Group No. 1 is obviously more than that in Group No. 4 and Group No. 9. Macroscopically, the compressive strength of Group No. 4 and Group No. 9 is obviously greater than that of Group No. 1 sample. Compared with the other three groups, Group No. 13 has the least volume of pores larger than 104 nm, and the largest volume of pores less than 10 nm. Therefore, it can be proved that the optimal compressive strength of MK geopolymer can be obtained when prepared by SF and RHA composite incorporation is the best. By comparing MIP and compressive strength test results, it can be concluded that the smaller the cumulative pore volume is, and the less the compressive strength loss of geopolymer is [42,43].
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Figure 12: Porosity (a) and Pore size percentage (b) of geopolymers under standard curing for 28 days (No. 1: blank sample, No. 4: 15% RHA, No. 9: 20% SF and No. 13: 10% RHA and 10% SF)

4  Conclusions

Based on analysis and result, the main conclusions are as follows:

1. With the increasing RHA content, the fluidity of RHA-MK binary geopolymer paste decreases, the initial and final setting time are shortened, and the compressive strength shows a trend of first increasing and then decreasing. With the increasing SF content, the fluidity of SF-MK binary geopolymer paste increased, and the initial and final setting time decreased. and the compressive strength of the geopolymer increases.

2. When RHA content is 15%, the compressive strength of geopolymer is the highest after curing for 28 days, which can reach 57.3 MPa. When the content of SF is 20%, the compressive strength of geopolymer is the highest after curing for 28 days, which can reach 52.41 MPa. When the content of RHA and SF are both 10%, the compressive strength of RHA-SF-MK ternary geopolymer reaches the maximum at 28 days, which can reach 60 MPa. The results show that the supplementary cementitious materials with RHA and SF have the best mechanical properties. Owing to the internal curing effect of RHA, the compressive strength of geopolymer can be improved by adding RHA.

3. The introduction of RHA and SF did not change the crystal phase of MK based geopolymer. The addition of RHA and SF makes the microstructure of the geopolymer more denser. The microcracks of the geopolymer containing RHA are significantly reduced.

4. Both RHA and SF can promote the progress of geopolymerization, improve the mechanical properties of geopolymer, and the enhancement effect of RHA is better. Because RHA has a honeycomb structure formed by highly active SiO2 particles,the porous structure and internal curing effect improve the microscopic pore structure of the gel.
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Table 1: Chemical compositions of RHA, MK and SF provided by XRF analysis (wt. %)

S10, Al,O5 Fe,Os MgO K,0 Na,O CaO P,0s5 LOI
RHA 93.01 0.21 0.22 0.43 2.12 0.24 1.43 1.32 0.83
MK 53.33 43.35 1.69 0.22 0.39 0.17 0.02 0.05 0.86
SF 93.08 0.23 0.06 0.36 1.11 0.36 0.31 0.12 4.33






OEBPS/Images/JRM_18771-fig-8.png
el
29 x = P
b= A
E- = &
i PO i
- A
[ ]
:: e ——
|
| E—
!
T
; S
=
i e
T T T 1 T 1
=3 Q 2 2 2 =3 = =3
= x =
Am&\é ﬁm:otm uZ%o&E

13

12

10

Samples





OEBPS/Images/JRM_18771-fig-12.png
0.16

) :|10-10‘nm
E 0.124 80+ C_J<10nm
< 0.10-
~§ S 601
£ 0081 z
2 0.064 S 401
E a
2 0.04-
E 20
O 0.02-
0
0.00 ~—r—rrrrm—r—rrreey e - " 5 =
10 100 1000 10000 100000 1000000 1E7

Pore Diameter(A)

() (b)





OEBPS/Images/JRM_18771-fig-7.png
Initial
Final

=

400

350

300

T
i=3
&
(urwr) swy Sumes

250 1
150 +

100

50

13

12

10

Samples





OEBPS/Images/JRM_18771-fig-1.png
Volume (%)

Particle size (um)

100

- 80

- 60

- 40

20

Cumulation (%)
Volume (%)

D10=2.487um
D50=18.31pm
D90=78.63um

|
; .‘.“’!.l.HMWMIHIHHHN

Particle size (um)

Volume (%)

Particle size (um)

100 1000

=)
=3

T T T
&= (=] ®
=] (=3 (=3

Cumulation (%)

T
o
=3

T
S

s 2 =
Cumulation (%)

T
[
=3

T
<





OEBPS/Images/logo.png





OEBPS/Images/JRM_18771-fig-5.png
Alkaline activator
Si0y/Nay0O=1.5

Samples

Curing





OEBPS/Images/JRM_18771-fig-10.png
v L 10507

I g T - ) T b T 1 T — T - L T L4 T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers(cm™)





OEBPS/Images/table-2.png
Table 2: Mix proportions of RHA-SF composite geopolymer

Samples MK (kg/m’)  RHA (kg/m’)  SF (kg/m’)  Activator (kg/m’)
No. 1 1173.6 0 0 939
No. 2 1058.1 55.7 0 891
No. 3 959.6 106.6 0 853
No. 4 883.6 155.9 0 831.6
No. 5 818 204.5 0 818
No. 6 1107.2 0 58.3 932.4
No. 7 1044.1 0 116 928.1
No. 8 981.5 0 173.2 923.8
No. 9 011.2 0 227.8 911.2
No. 10 1013.5 56.3 56.3 900.9
No. 11 932 54.8 109.7 877.2
No. 12 910 107.1 53.5 856.5
No. 13 845.7 105.7 105.7 845.7
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