Effects of activator dosage and silica fume on the properties of Na2SO4-activated high-volume fly ash
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Abstract: The Na2SO4-activated high-volume fly ash (Ns-activated HVFA) is a promising alternative to ordinary portland cement (OPC) due to its ecological and technical benefits. In this work, the effects of alkali dosage and silica fume incorporation on the flowability, setting time, compressive strength, porosity, composition and phase assemblage, and sulfate and acid resistance of Ns-activated HVFA are studied. The results show that an intermediate alkali dose at 2.5% by binder mass largely accelerates and enhances the strength development of HVFA. The synergic effect of Ns and silica fume further improves the strength of HVFA by about 20%. Exposure to the sodium sulfate solution can potentially promote the later activation of HVFA; while being exposed to the sulfuric acid solution, HVFA exhibits better resistance and less strength loss than the OPC-counterparts. The incorporation of silica fume negatively affects the acid resistance of Ns-activated HVFA. 
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1. Introduction 
The high-volume fly ash (HVFA) concrete with the fly ash replacement ratio greater than 50% is a sustainable alternative to ordinary portland cement (OPC) concrete [1]. The production of cement clinker is accompanied by the burning of fossil fuels and decomposition of carbonaceous minerals, contributing to the greenhouse gas emissions [2,3]. To improve the eco-efficiency of concrete, one approach is to partially substitute OPC with other low-carbon materials such as industrial byproducts (e.g., coal fly ash) and widely available natural resources (e.g., limestone, calcined clays) [4–6]. In comparison to OPC concrete, the HVFA concrete greatly reduces the clinker factor down to ~20% [7], whilst possessing several superior technical advantages, including good ultimate strength and low shrinkage [8,9], excellent resistance to sulfate attack, alkali-silica reaction, and thermal cracking [7,10]. 

However, conventional water-activated HVFA shows relatively long setting time and slow strength development at ambient temperature, particularly as the fly ash replacement ratio is greater than ~70%. The reaction kinetics and degree of reactivity of fly ash in the binary OPC-fly ash binder system are highly dependent on the alkalinity of the pore solution [11]. As such, the addition of alkali salts to HVFA can boost the reactivity and further improve the early-age properties. According to the previous studies [12–15], sodium sulfate (Na2SO4, denoted as Ns) is an effective alkali salt to activate HVFA systems, in comparison to sodium hydroxide (NaOH) and sodium carbonate (Na2CO3). The Ns-activation can produce HVFA with remarkable early-age strength at room temperature while using the environmental- and user-friendly activator. To further enhance the performance of HVFA, adding silica fume jointly with Ns is a promising option [16–19]. Some earlier studies suggested that silica fume (or nanosilica) and Ns show a synergistic effect in HVFA systems, with their co-addition greatly improves the mechanical properties [13,16,20]. 

The reaction mechanism of Ns-activated HVFA has been extensively investigated [21–23]. The improvement of early-age performance of HVFA by Ns is attributed to the hydration acceleration of alite in OPC and the early crystalline precipitation of ettringite [24]. Also, the addition of Ns increases the pH of the pore solution of HVFA [14,25] and induces more heat release, which in turn accelerates the dissolution of fly ash particles [15,26]. It should be noted that the reaction mechanism of Ns-activated HVFA is different from that of alkali-activated pure fly ash geopolymers [20]. Nevertheless, there are few studies on identifying the optimum dosage of Ns in HVFA systems with or without silica fume incorporation. The effects of silica fume on the composition and properties of Ns-activated HVFA are not sufficiently studied yet. Moreover, although limited studies on the durability of Ns-activated HVFA do exist [27], it remains unclear regarding the roles of silica fume in the chemical resistance of HVFA systems. 

This work aims to systematically study the composition and phase assemblage, fresh and hardened properties, and chemical resistance against sulfuric acid and sulfate attacks of Ns-activated HVFA systems with and without silica fume. This study contributes to the mixture design and optimization of sustainable alkali-activated HVFA concrete. 

2. Materials and Methodology
2.1 Materials and Mixture
The Na2SO4-activated HVFA pastes were prepared by mixing low-calcium fly ash (FA), OPC, and silica fume (SF) with the Ns solution. The compositional and mineralogical analysis of raw powders is shown in Table 1 and Figure 1. Table 2 lists the eight Ns-activated HVFA mixtures prepared at a constant water-to-binder (OPC+FA+SF) ratio of 0.26. The beneficial role of fly ash microspheres allows the production of HVFA pastes with a relative low water-to-binder without the addition of superplasticizers. Half mixtures are blended of 20% OPC and 80% FA, while another half is 20% OPC, 70% FA, and 10% SF. Four intervals of Na2SO4 dose per binder mass are evaluated, including 0% (i.e., deionized water), 1.0 %, 2.5%, and 5.0%. The binder powders were dry-mixed together for about 5 minutes to form a homogenous blend. The Na2SO4 salts were first dissolved in deionized water and then mixed with the binder. It should be noted that due to the low water-to-binder ratio, the Na2SO4 dosage greater than 5% results in incomplete dissolution and salt precipitation. Besides, a pure OPC mixture of the same water-to-binder ratio was prepared for comparison.

2.2 Flowability
The flow diameters of pastes were measured as per the flow table test [28]. The fresh HVFA paste was cast into a flow mold of 60 mm in height, 70 mm in inside diameter at the top, and 100 mm in inside diameter at the bottom. The spread diameter of the new shape of the paste on a drop table was measured at four locations. The flow is reported as the percentage of spread diameter of the new shape with respect to the original diameter at the bottom. 

2.3 Setting times
The initial and final setting times of HVFA pastes were determined using the automatic Vicat needle apparatus [29]. Each paste mixture was first molded into a conical ring with a height of 40 mm, an inside diameter at the bottom of 90 mm, and an inside diameter at the top of 80 mm. Periodic penetration tests at a 5-minute interval were performed by allowing a 1.24-mm Vicat needle to settle into the fresh paste.

2.4 Compressive strength
The compressive strength of 40 mm cubic HVFA pastes specimens was measured at 1, 3, 7, 35, and 56 days on three replicates. After casting, the specimens were sealed and cured at ambient temperature for 24 hours before demolding, and then continued curing in sealed bags. The compressive strength of three replicates for each mixture was measured following the testing procedures in ASTM C109 [30], under a loading rate of 2.4  0.2 kN/s. 

[bookmark: _Hlk40288665]2.5 Permeable porosity
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]The volume of water-permeable pore and void spaces in the hardened pastes was measured as per ASTM C642 [31]. After 7 days of sealed curing, the samples were saturated in water for 28 days, after which the samples were surface dried and mass was recorded. Then, the samples were suspended by a wire in a water bath with their buoyant mass measured. Finally, the oven-dry mass of the samples was measured by heating in an oven at 105 °C. 

2.6 Reacted phase analysis
The phase assemblage and molecular structure of HVFA paste samples after 35-day sealed curing were studied by powder X-ray diffraction (XRD), thermogravimetric analysis (TGA), and Fourier transform infrared spectroscopy equipped with attenuated total reflectance (ATR-FTIR). The XRD spectra were obtained by an X-ray diffractometer in a Bragg-Brentano θ-2θ geometry with CuKα X-ray (λ=1.5418 Å), scanned from 5-70 at a step size of 0.03. The thermogravimetry and derivative thermogravimetry (TG/DTG) curves of ~50 mg pulverized samples were obtained in a thermogravimetric analyzer. The samples were heated from 30 ℃ to 900 ℃ in ceramic crucibles with a heating rate of 20 ℃/minute and dry N2 purged at 20 ml/minute. The ATR-FTIR spectra were measured using a FTIR spectrometer from 4000 to 600 cm-1 with a resolution of 2 cm-1 on 50 accumulations.

2.7 Sulfate and acid resistance tests
To study the resistance of HVFA against external Na2SO4 and H2SO4 attacks, the evolution of mass and compressive strength of cubic specimens during immersion was monitored. In particular, the 32-day seal-cured cubes were first saturated in water for 3 days (i.e., in total 35 days old) and then immersed in three types of solution, including deionized (DI) water (as control), 5% Na2SO4 solution, and 5% H2SO4 solution, at a solution-to-specimen volumetric ratio of ~2L/384 cm³. The solution was periodically refreshed biweekly during the tests. After immersion for a certain duration, the mass and compressive strength of specimens were measured, before which, the surfaces of specimens were wiped with towels to remove excess water. 

The strength loss ratio of the specimen, , is calculated as: 
                                               (1)
In which, the  is the compressive strength in immersed solutions at the age t;  is the compressive strength in DI water at the age t. Comparing the specimen strengths at the same age but in various solutions eliminates the potential difference caused by aging.  

The mass change ratio of the specimen, , is calculated as: 
                                              (2)
In which, m(t) is the mass of HVFA cubes in DI water or solutions at age t;  is the initial mass of HVFA cubes before immersion. 

[bookmark: OLE_LINK3]To further study the phase alteration of exposure surfaces of immersed cubes, the degraded surface layers at ~1-2 mm were sampled after solution immersion for 14 days. The obtained samples were first vacuum-dried at 45 ℃ and then pulverized passing 150 m sieve. The powder samples were studied using XRD, TGA, and ATR-FTIR. 

3. Results and Discussion 
3.1 Fresh properties
Figures 2 and 3 show the time-dependent Vicat needle penetration depth and flowability of HVFA paste, respectively. It can be seen that the increase of Ns dosage tends to shorten the setting and hardening time of HVFA, although its effect becomes less significant when the Ns dosage is beyond 2.5%. It indicates that an intermediate level of Ns incorporation accelerates the OPC hydration and early-age precipitation of reaction products [24]. The SF incorporation in Ns-activated HVFA considerably shortens the setting time, probably due to the participation of reactive silica in the pozzolanic and/or activation reaction. On the other hand, the flowability of Ns-activated HVFA is marginally improved with the increase of Ns dosage but slightly decreased with the SF incorporation, as its large specific surface area necessitates a higher water demand [32,33]. Nevertheless, given the precision of the flow table test, the flowability of Ns-activated HVFA is considered barely affected by the Ns dosage and SF incorporation. 

3.2 Compressive strength and permeable porosity
Figure 4 shows the time-dependent development of the compressive strength of HVFA pastes. It can be seen that the increase in Ns dosage noticeably accelerates and promotes strength development, although the extent of improvement is limited when the Ns dosage is increased from 2.5% to 5%. Figure 5 lists the volume percentage of permeable pores and voids in the HVFA pastes, which is ~30% larger than that of the OPC-counterpart with the same water-to-binder ratio. However, the permeable porosity of Ns-HVFA is barely influenced by the Ns dosage and SF incorporation; as such, a clear correlation between the permeable porosity and compressive strength can not be established. 

The incorporation of SF in HVFA tends to improve strength achievement, only when the Ns dosage is up to 2.5%. For water-activated and low-dose (i.e., 0% and 1%) Ns-activated HVFA, the addition of SF even reduces the long-term strength.  This finding is in agreement with the previous result, suggesting the synergic effect of SF and Ns co-addition in the enhancement of mechanical properties of HVFA systems [16]. The potential reaction of SF with alkalis in forming alkalis silicates to further react with the products in HVFA is also probable [20,34]. Another possible reason is that the high alkalinity of the activator allows a high extent of dissolution and dissociation of SF to participate in the reaction process of HVFA. 

3.3 Phase analysis
Figures 6(a) and 6(b) show the XRD and TG/DTG analysis of HVFA pastes. For water-activated HVFA, the main reacted products are ettringite, AFm phases (monosulfate), and portlandite [35–37]. The increase of Ns dosage increases the reflection intensity of ettringite, suggesting the reaction of dissolved Al (e.g., simplified as Al(OH)3 species) from fly ash with the Ca (e.g., simplified as Ca(OH)2 species) from OPC hydration in the sulfate-enriched media [20]: 

[bookmark: _Hlk39759523]3Na2SO4+6Ca(OH)2+ 2Al(OH)3 + 26H2O → (CaO)6(Al2O3)(SO3)3·32H2O (Ettringite) + 6NaOH 
 (3)
It can be seen that early-age formation of ettringite in Ns-activated HVFA can potentially lift up the pH of pore solution, which benefits the dissolution of fly ash. 

Figure 7 shows the quantified portlandite content in the HVFA pastes based on the TGA analysis using the tangent method [38]. In comparison to water-activated HVFA, the addition of Ns increases the amount of portlandite in HVFA due to enhanced reaction. However, at a high Ns dosage, the amount of portlandite in Ns-activated HVFA is reduced, likely due to its consumption in the ettringite formation (see Eq. (3)). Also, the SF incorporation reduces the amount of portlandite due to the pozzolanic reaction and synergic effect of the co-addition of SF and alkalis.

Figure 6(c) shows the ATR-FTIR spectra of HVFA pastes. The major band around 970 cm-1 is assigned to the Si-O in-plane stretching vibration of the Q2 tetrahedra in gel products [39,40], the position of which slightly varies depending on the Ca/Si ratio. It can be seen that the SF incorporation in HVFA pastes renders a slight shift of wavenumber of Q2 tetrahedra to a higher number, suggesting an increase in the level of silica polymerization [20,40]. The characteristic bond at 1100~1200 cm-1 as assigned to the stretching vibration of SO42- [41,42] is attributed to the ettringite formation. 

[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Figure 8 shows the correlation between compressive strength and the mass loss of HVFA samples between 30-250 ℃ in the TG/DTG curves that approximately represents the amount of bound water in gel products. It can be seen that the higher compressive strength in HVFA is likely attributed to the higher amount of gel products and ettringite formed. 

3.4 Mass and strength change ratios
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Figures 9-10 show the mass and strength change ratios of Ns-activated HVFA during sulfate and acid immersion. In the DI water, most specimens show a mass increase due to water absorption, except for the high-dose Ns-activated HVFA with SF in which mass loss may originate from alkali leaching. While in the 5% Na2SO4 solution, the intrusion of sulfate ions and/or inhibited alkali leaching (due to less concentration gradient) results in a mass increase of all specimens. It shows that the water-activated HVFA exhibits the largest mass gain when exposed to the Na2SO4 solution, which suggests its greatest uptake of alkalis and sulfates and potential later activation by intruded Ns. However, in the 5% H2SO4 solution, significant mass loss is observed for the OPC-counterparts, but a mass gain for Ns-activated HVFA. The OPC loses mass due to the peeling off of surface degraded products (e.g., gypsum) [43]; while Ns-activated HVFA pastes do not show significant mass loss despite dramatic surface alteration (as discussed later). Instead, the uptake of sulfate from the external solution increases the overall mass of Ns-activated HVFA. 

Upon immersion in the 5% Na2SO4 solution, the compressive strength of water-activated HVFA tends to increase, in comparison to its counterparts immersed in the DI water, which is probably due to the later activation of HVFA by externally-supplemented Ns. However, for Ns-activated HVFA pastes, considerable fluctuation of strength change ratio is observed. While immersion in the 5% H2SO4 solution, dramatic strength loss is observed in all specimens. However, in comparison to OPC-counterparts, the strength loss ratio of Ns-activated HVFA is generally lower, suggesting its better resistance against acid attack.  Also, it shows that the incorporation of SF negatively affects the acid resistance of HVFA with increased strength loss ratios. The reduced acid resistance of HVFA due to SF incorporation may be attributed to the reduced pH (i.e., lowered OH- concentration) in the pore solution. 

3.5 Phase alteration at surface layers 
Figures 11-13 show the XRD, TGA, and ATR-FTIR analysis results of the surface layers of HVFA pastes immersed in the Na2SO4 and H2SO4 solutions. Upon immersion in the Na2SO4 solution, the phase assemblage of HVFA is marginally altered. The major phase change is the disappearance of portlandite due to reaction with infiltrated sulfate ions, forming additional ettringite. However, exposed to the H2SO4 solution, HVFA shows significant phase alteration, in which ettringite is fully decomposed into gypsum, causing swelling and surface cracking of the specimens [44].
[bookmark: _Hlk37872563][bookmark: _Hlk39759744]
Figure 14 shows the mass loss of the TG/DTG curve between 30 ℃ - 250 ℃ for the surface alteration layers of HVFA exposed to Na2SO4 and H2SO4 solutions, which approximately represents the amount of bound water in gypsum and altered gel products. It can be seen that the difference in mass loss among various HVFA mixtures after the acid attack is noticeably reduced. This indicates that the amount of gypsum and gel products formed after the acid attack is similar, regardless of the proportion of phases in the intact samples. It suggests that the calcium required for gypsum precipitation not only comes from the degradation of ettringite but also that from the gel products [45].

The ATR-FTIR analysis results of HVFA exposed to Na2SO4 are consistent with that of XRD and TG/DTG. The main phases of the surface layer of HVFA are not much different from those before exposure. The wavenumber of the Q2 tetrahedra increases slightly after exposure, which supports that the infiltrated Ns solution could trigger the later activation and improve the polymerization level of gel products. Meanwhile, the intensity of the characteristic peaks of ettringite shows a significant increase after exposure, which indicates that the invading Ns solution could promote the formation of ettringite, which is more pronounced in water-activated and low-dose Ns-activated HVFA. However, the HVFA exposed to H2SO4 shows a strong hump corresponding to the S-O tensile vibration at around 1120 cm-1, which is assigned to the gypsum [46]. 

Conclusions
In this work, the effects of alkali dosage and silica fume incorporation on the composition and properties of Ns-activated HVFA are studied. The following conclusions can be drawn: 

(1) The incorporation of high-dose Ns in HVFA results in faster setting and improved flowability; while the incorporation of silica fume tends to shorten setting and reduce flowability. However, the effects are marginal as the dosage of Ns in HVFA is increased from 2.5% to 5% by binder mass. 

(2) The compressive strength of Ns-activated HVFA is linearly correlated to the amount of gel products, but not to the percentage of permeable pores and voids. The Co-addition of Ns and silica fume considerably improves the strength of HVFA particularly as the dosage of Ns is greater than 2.5%. 

(3) With the increase of Ns dosage in HVFA, the amount of ettringite and gel products increase, but portlandite decreases. It suggests that the dissolved aluminum from fly ash reacts with the calcium from hydrating OPC in the sulfate-enriched media to produce early-age ettringite. 

(4) The molecular structure of the HVFA does not change significantly with the increase of Ns dosage, but the addition of silica fume will lead to an increase in the level of silicon polymerization in the gel products. 

(5) Exposure to the 5% sodium sulfate solution does not cause significant strength loss of HVFA; instead, the sodium sulfate infiltrated outside promotes the later activation of water-activated and low-dose Ns-activated HVFA. While exposed to the 5% sulfuric acid solution, HVFA exhibits better acid resistance than OPC, as evidenced by the less strength loss. 

(6) While silica fume incorporation improves the mechanical properties of Ns-activated HVFA, it undermines its sulfuric acid resistance, likely due to pH reduction in the pore solution.
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 Table 1 Oxide composition of OPC, FA, and SF determined by X-ray fluorescence spectrometer. 
	Oxide(wt.%)
	OPC
	FA
	SF

	CaO
	66.48
	19.1
	0.85

	SiO2
	20.17
	33.42
	93.62

	Al2O3
	4.01
	13.8
	-

	MgO
	0.85
	3.5
	0.91

	SO3
	5.13
	1.51
	-

	Fe2O3
	2.77
	21.09
	3.25

	Na2O
	-
	2.57
	-

	K2O
	0.58
	1.54
	1.04

	MnO
	-
	0.243
	0.32

	TiO2
	-
	1.14
	-

	P2O5
	-
	1.07
	-

	BaO
	-
	0.433
	-

	SrO
	-
	0.303
	-





Table 2 Mixture proportion of Na2SO4-activated HVFA with and without silica fume. 
	Mix ID
	OPC-to-FA-to-SF mass ratio
	Water-to-binder ratio
	Na2SO4 weight % by binder mass

	DI-80FA
	20:80:0 
	0.26 
	-

	1.0Ns-80FA
	20:80:0
	0.26
	1.0%

	2.5Ns-80FA
	20:80:0
	0.26
	2.5%

	5.0Ns -80FA
	20:80:0
	0.26
	5.0%

	DI-70FA10SF
	20:70:10
	0.26
	-

	1.0Ns-70FA10SF
	20:70:10
	0.26
	1.0%

	2.5Ns-70FA10SF
	20:70:10
	0.26
	2.5%

	5.0Ns -70FA10SF
	20:70:10
	0.26
	5.0%







Figure 1 X-ray diffraction spectra of raw OPC and FA. 



Figure 2 Time-dependent Vicat needle penetration depth of Ns-activated HVFA pastes with and without silica fume for setting time determination. 



Figure 3 Flow of Ns-activated HVFA pastes with and without silica fume determined based on the flow table test.



Figure 4 Time-dependent compressive strength development of Ns-activated HVFA pastes with and without silica fume. 




Figure 5 The volume percentage of permeable pores and voids in the HVFA pastes with and without silica fume. (The reference OPC has the same water-to-binder ratio as the HVFA mixtures). 




(a)


(b)


(c)
Figure 6 The phase and molecular analysis of the HVFA with and without silica fume at 35 days (a) XRD spectra; (b) TG/DTG analysis; (c) ATR-FTIR spectra. 



Figure 7 The quantified contents of portlandite and calcite in the HVFA pastes without silica fume based on the TG/DTG analysis. The total amount of portlandite is estimated by conversing the calcite into portlandite. The formed calcite in the samples is likely due to atmospheric carbonation. 



[bookmark: OLE_LINK6]Figure 8 The correlation between the 35-day compressive strength and the mass loss between 30-250℃ in the TG/DTG curves of HVFA pastes with and without silica fume. 


(a)


(b)



(c)
Figure 9 The time-dependent mass changes of Ns-activated HVFA pastes with and without silica fume upon immersion in (a) DI water; (b) a 5% Na2SO4 solution; (c) a 5% H2SO4 solution. 



(a)


(b)
Figure 10 The compressive strength changes of Ns-activated HVFA pastes upon immersion in (a) a 5% Na2SO4 solution; (b) a 5% H2SO4 solution for 14 days and 28 days. 



(a)
[bookmark: _Hlk37872590][image: ]
(b)
Figure 11 XRD spectra of the surface alteration layer of Ns-activated HVFA pastes upon immersion in (a) a 5% Na2SO4 solution; (b) a 5% H2SO4 solution for 14 days.


(a)


(b)
Figure 12 TG/DTG analysis of the surface alteration layer of Ns-activated HVFA pastes upon immersion in (a) a 5% Na2SO4 solution; (b) a 5% H2SO4 solution for 14 days.


(a)


(b)
Figure 13 ATR-FTIR spectra of the surface alteration layer of Ns-activated HVFA pastes upon immersion in (a) a 5% Na2SO4 solution; (b) a 5% H2SO4 solution for 14 days.



Figure 14 Comparison of mass loss between 30-250℃ in the TG/DTG curves for the surface alteration layer of HVFA with and without silica fume after exposure to the 5% H2SO4 and 5% Na2SO4 solutions for 14 days. (The control is the intact specimens before sulfate and acid attacks). 
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