Alkali cation effects on chloride binding of alkali-activated fly ash and metakaolin geopolymers
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Abstract: In this work, the chloride binding capacity and chloride penetration resistance of alkali-activated fly ash and metakaolin geopolymers synthesized with various alkali cation types (i.e., sodium or potassium) and aluminosilicate composition (i.e., combination of metakaolin and low-calcium pulverized fly ash) are studied. The chloride binding isotherms are measured using a modified equilibrium method and the effect of chloride exposure on the mineralogical alteration of geopolymers is studied by means of X-ray diffraction. The results show that the type of alkali cation considerably affects the chloride binding behaviors of metakaolin-fly ash geopolymers, regardless of aluminosilicate composition. In comparison to the potassium-based activator, sodium activator results in higher strength development, stronger chloride binding capacity, and better resistance to chloride penetration. The metakaolin-fly ash geopolymers immobilize chloride ions through both chemisorptions via the formation of chloride-bearing zeolites (e.g., Cl-chabazite) as well as physical adsorption. The dominant role of physical adsorption in binding mechanism suggests that a high proportion of hydroxyl group in the structure of sodium (or potassium)-aluminosilicate-hydrate (i.e., (N, K)-A-S-H) is exchangeable with chloride ions. 
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1. Introduction 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Geopolymer cement has been proposed as an alternative cementitious binder to conventional ordinary Portland cement (OPC) in producing sustainable and low-carbon concrete materials [1–3]. Geopolymer cement can be manufactured through alkali-activation of low-calcium solid aluminosilicates with an alkaline solution (e.g., aqueous sodium hydroxide and silicate) [4]. The commonly used aluminosilicate precursors include metakaolin produced from calcination of kaolinite clays and pulverized fly ash from coal combustion byproducts. The high pH in alkaline solution triggers the dissolution of aluminosilicate solids into alumnio-silicate species (e.g., (H3SiO4)-, (H3AlO4)2-) in the pore solution [5–9]. As the ionic concentration increases, the alumnio-silicate species, together with alkali cation, polymerize, condensate, and precipitate out in the form of sodium (or potassium)-aluminosilicate-hydrate, i.e., (N, K)-A-S-H [10]. The (N, K)-A-S-H, so-called geopolymeric gel, is a three-dimensional zeolite-analogous semi-amorphous phase in which [SiO4]4- and [AlO4]5- tetrahedrons are linked by bridging oxygen with charge imbalance compensated by alkalis (Na+, K+) [6,11–13]. 

The chloride binding behaviors in alkali-activated metakaolin and fly ash geopolymers remained unclear, with controversial results reported in the existing literature. Some studies showed that fly ash-based geopolymers have a comparable and even higher chloride binding capacity than OPC-counterparts [14,15], while others concluded that the chloride binding capacity of geopolymers is highly limited due to the absence of AFm-type phases as in hardened OPC pastes [16–18]. It is known that a significant contribution of chloride binding capacity in OPC pastes is via the formation of Friedel’s salt and Kuzel’s salt due to the conversion of calcium aluminate phases [19,20]. Also, chloride ions can be physically bound onto the surface of porous calcium-silicate-hydrate (C-S-H) solids due to the large surface area [21,22]. The chloride binding capacity of C-S-H in hardened OPC pastes ranges from 20 to 172 mg/g at high concentration [21,23]. The mechanism of physical adsorption of chloride ions onto C-S-H is explained as the ionic exchange between chloride and hydroxyl ions from the C-S-H layers [21,24,25]. However, in typical alkali-activated fly ash-metakaolin geopolymers, the main reacted phases are (N, K)-A-S-H and various crystalline zeolites (e.g., Na-chabazite and Linde zeolite), despite secondary phases such as Mg-Al layered double hydroxides (LDHs) may form depending on availability and reactivity of magnesium in the aluminosilicate solid [1,26–29]. Due to the substantial difference in the reacted phase assemblage and chemical environment between hardened OPC and geopolymer systems, their chloride binding behaviors are different. 

The chloride binding behaviors of the (N, K)-A-S-H phase and other crystalline zeolites formed in geopolymers have not been exclusively studied. It remains unknown if the chloride ions can physically and/or chemically adsorb to the (N, K)-A-S-H and zeolites in a considerable amount. Also, it remains unclear how the type of aluminosilicate precursor (e.g., metakaolin-based vs. low-calcium fly ash-based) and activator composition affect the chloride binding behaviors of geopolymers. A recent study reported that low-calcium fly ash-based geopolymer shows poor chloride resistance than OPC-counterparts due to its little chloride binding capacity [16]. The bound chloride content was determined by comparing the difference between acid-soluble and water-soluble chloride contents, in which no chemical reaction between geopolymers and chloride was observed [16]. However, some studies reported the formation of chloride-bearing zeolites in geopolymers [27,30]. On the contrary, some researchers suggested that the chloride binding capacity of N-A-S-H gels is high due to its strong physical chloride adsorption capacity [14,15,31]. 

The resistance of cementitious binders against chloride penetration is affected both by the chloride binding capacity and pore structure of the solid skeleton. The pore structure parameters, including porosity, tortuosity, and connectivity of fly ash and metakaolin-based geopolymers are different from those of hardened OPC pastes of similar strength [32–34]. Due to the high alkali concentration in the pore solution of geopolymers that results in high electrical conductivity, the conventional electrical methods (e.g., rapid chloride permeability test) do not directly provide reasonable estimation of the chloride diffusion coefficient [35,36]. Detailed studies on the chloride penetration in fly ash and metakaolin geopolymers under natural immersion and cyclic wet-dry conditions would provide invaluable knowledge regarding its performance against chloride-induced steel corrosion issues [37]. 

To fill the above-mentioned knowledge gaps, this study aims to investigate the chloride binding and resistance behaviors of metakaolin-fly ash geopolymers prepared with various alkali cation types and metakaolin-to-fly ash ratios. The impact of chloride on the mineralization (zeolitization) of geopolymers is studied, towards a better understanding of the chloride binding mechanism in geopolymers. The outcomes of this study would contribute to the raw materials selection and formulation optimization of geopolymer cement and concrete for potential application in chloride-laden environments. 
 
2. Materials and Methods
2.1 Geopolymer synthesis
In order to exclusively reveal the influence of geopolymer composition on the properties and chloride binding behaviors of alkali-activated fly ash and metakaolin systems, paste specimens were studied. Commercial metakaolin (MK) and low-calcium fly ash (FA) with the oxide composition listed in Table 1 (determined by X-ray fluorescence spectrometry) are the solid aluminosilicate precursors utilized for geopolymer synthesis. The X-ray diffraction (XRD) analysis (see Figure 1) suggests that the MK is mainly comprised of amorphous structures (see the humps in 2θ = 15° to 30°) with trace amounts of potassium mica and anatase, while vitreous FA contains mainly quartz and mullite. The particle size distribution analysis shown in Figure 2 (determined by X-ray laser diffraction) suggests that the median particle diameters of MK and FA are around 1.8 µm and 19.3 µm, respectively. Five different combinations of MK and FA, with an MK-to-FA mass ratio of 100: 0, 80: 20, 50: 50, 20: 80, and 0: 100, were used as the binary solid aluminosilicates. The change in the MK-to-FA ratio results in change in the Al/Si ratio of the solid precursors. The combinational use of various aluminosilicate sources allows the investigation of the effect of materials compositional variability and may benefit certain properties of geopolymers [38]. On the other hand, two types of alkaline activators, i.e., 6.0 M sodium hydroxide (NaOH) solution and 6.0 M potassium hydroxide (KOH) solutions, were used, prepared by dissolving reagent-grade NaOH or KOH pellets in deionized water. The alkaline solutions were prepared in advance and stored at room temperature within sealed flasks to minimize carbonation. Each individual MK-FA combination was mixed with each type of activator, resulting in a total of ten different geopolymer mixtures. 

In the preliminary investigation, it was observed that at a given liquid (activator)-to-solid (MK+FA) mass ratio (denoted as L/S mass ratio), the mixture with a high proportion of MK in the starting aluminosilicate combination was unfriendly viscous to mix, due to the high water demand of MK. The high water demand of MK is attributed to its high fineness (small particle size) and platy hexagonal morphology [39], in comparison to FA. As such, the L/S ratios were adjusted such that all mixtures have a similar level of flowability designed with about 200% flow. As a consequence, the L/S ratio was increased for the mix with a high proportion of MK in the starting aluminosilicate precursors. The flow of geopolymer pastes was measured using the flow table test [40]. In particular, the fresh geopolymer pastes were poured into a flow mold of 60 mm in height, 70 mm in the top diameter, and 100 mm in the base diameter. The spread diameters of the shapes of pastes after testing were measured using a caliper and the flow was expressed as the percentage of original base diameter. The finally determined L/S mass ratio of the geopolymer paste mixtures are listed in Table 2. 

2.2 Compressive strength
The early-age compressive strength of the synthesized alkali-activated metakaolin-fly ash geopolymer pastes was measured after sealed curing for 1, 3, 7, and 28 days on 70.7 mm3 cubes, as per Chinese standard JGJ/T 70-2009. The casted cubes were first cured at 50 ℃ in sealed bags for 24 hours, followed by standard moist curing (20 ± 0.5 ℃ and 100% relative humidity) until testing. The purpose of implementing 50 ℃ as the curing temperature at an early age is to facilitate the geopolymerization reaction of NaOH- and KOH-activated metakaolin and fly ash paste systems. Figure 3 shows the photographs of the cubic specimens after 28d curing. It should be noted that although efflorescence of geopolymers was seen on the surfaces of specimens likely due to atmospheric carbonation during curing [41], no visible cracks were observed. 

2.3 Mercury intrusion porosimetry
The pore structure of the hardened alkali-activated metakaolin-fly ash geopolymer pastes after 7 days curing (first day at 50 ℃ and then at room temperature) was measured by Micromeritics AutoPore IV 9500 mercury intrusion porosimeter (MIP) at a contact angle of 130° with a pressure range from 0 to 414 MPa. Before measurement, the sliced pastes were solvent exchanged with isopropanol followed by vacuum drying in a desiccator. As the pore structure development of geopolymers is relatively slow after heat curing [34,42], the measured 7 days MIP results are informative at least for comparison purpose.

2.4 Chloride binding isotherms 
The chloride binding isotherms of geopolymer pastes were measured using the method similar to the equilibrium method proposed by Tang and Nilsson [43]. The geopolymer pastes were cast in 70.7 mm cubes and continued curing in a standard moist room for 28 days, followed by pulverization passing through 0.3 mm sieve. The powders were further vacuum dried at room temperature until reaching a constant weight. Afterwards, the dried geopolymer powders were further dispersed in sodium chloride (NaCl) solutions with a concentration of 0.1 M, 0.3 M, 0.5 M, 0.7 M, 1.0 M, 2.0 M, and 3.0 M. To mimic the high alkalinity of pore solution of geopolymers, the pH of the NaCl solutions was adjusted to 14 with 1.0 M NaOH. In other words, the NaCl solutions have the same [OH-] concentration but different [Cl-]/[OH-] ratios ranging from 0.1 to 3.0. In particular, every 10 grams of the dried powders were dispersed in an 80 mL solution in capped plastic containers. 

After equilibrating for at least four weeks, the suspension of geopolymer powder and supernatant were separated by filtration under vacuum pump. The collected powders were further dried in a vacuum chamber for one week. The chloride concentration in the supernatant was measured via a calibrated ion selective electrode using the Rapid Chloride Test method (RCT Germann Instruments). According to the principle of equilibrium method, the amount of bound chloride in dried geopolymer pastes can be calculated based on the reduction of chloride concentration of the external solution, using [44]: 

                                                   (1)
Where Cb is the amount of bound chloride in mg Cl per g of the dried sample; V0 is the volume of the external solution in mL; C0 is the initial chloride concentration of the external solution in M; C1 is the chloride concentration at equilibrium of the external solution in M; Wd is the dry mass of the sample in g. 

The X-ray diffraction (XRD) technique was applied to both geopolymer pastes cured in sealed vials for 28 days and the filtrated powders collected after the chloride binding tests. The purpose was to examine the crystalline phase evolution and alteration in geopolymers exposed to NaCl solutions, revealing the impact of chloride on the geopolymer mineralogy. The XRD spectra were collected using a diffractometer in a conventional Bragg-Brentano θ-2θ configuration using CuKα radiation (λ=1.5418 Å), generated using 40 mA and 40 kV operating conditions, with a diffractometer radius of 240 mm. The powder samples were front filled into a zero-background plate and scanned continuously between 5̊ and 55° 2θ.

2.5 Chloride penetration resistance
The chloride penetration resistance was assessed by measuring the profiles of water-soluble chloride (also denoted as free chloride) in specimens exposed to two exposure conditions, (i) continuous immersion in a 3.5% (by weight) sodium chloride (NaCl) solution; (ii) periodic wet-dry cycles with a dry-to-wet duration ratio of 18 to 6 hours. The wetting was conducted by immersing the specimens in a 3.5% NaCl solution while drying was conducted in a walk-in environmental chamber with the relative humidity and temperature controlled at 50% and 20± 0.5 ℃. The 70.7 mm cubic specimens were first cured in an oven (100% relative humidity and 50 ℃) for 1 day after casting, then demolded and continued cured at the moist room at ambient temperature for 28 days; then, the fives surfaces of specimen were coated with epoxy resin, allowing only one surface to exposure. After exposure to immersion or cyclic wet-dry conditions for 28 days, the specimens were ground along the penetration direction to powders at an interval of 2 mm. The water-soluble chloride content in those collected powders was measured following the RCT method as above mentioned. 

3. Results and Discussion 
3.1 Compressive strength 
Figure 4 shows the compressive strength development of fly ash-metakaolin geopolymer pastes with various MK-to-FA ratios and alkali cation types. It is not surprising to observe that the compressive strength of mixture with a higher proportion of MK was lower, which is attributed to its larger L/S ratio that leads to higher porosity and less compacted microstructure, as confirmed by the MIP results (see Figure 5). Under the same MK-to-FA ratio and similar L/S ratio, the compressive strength of K-geopolymers is lower than that of Na-geopolymers, probably due to a lower level of geopolymerization [1] that leads to a larger porosity (see Figure 5). It should be noted that the general low compressive strength of geopolymer pastes reported in this work is due to the relatively high L/S ratio adopted. With a reduced L/S ratio, increased alkali content (pH in activator), higher curing temperature, and incorporation of silicate in activator, normal and high-strength geopolymer pastes (> 60 MPa) can be produced [45] . 

3.2 Mineralogy of geopolymers 
Figure 6 shows the XRD patterns of the geopolymers prepared with different alkali types (i.e., Na or K) at 28 days. In comparison to K-geopolymers, Na-geopolymers show a higher level of crystallinity with the evidence of zeolite precipitation. In Na-geopolymers, the main zeolite precipitates are Faujasita-Na and Zeolite A, with the intensity of Faujasite-Na tends to increase with the increasing proportion of fly ash. However, in K-geopolymers, no zeolite phase can be unambiguously identified at 28 days. It indicates that Na has a higher capacity of promoting the dissolution of solid aluminosilicates, geopolymerization, and zeolitization, despite KOH activator has a higher level of alkalinity at the same OH- concentration. This observation is in agreement with the development trend of compressive strength which shows a general lower value for K-geopolymers. Since the alkali cation functions as a charge-balancing agent in the atomic structure of (N, K)-A-S-H gels, it suggests that the large ionic size of K cation favors the formation of large silica oligomers [1], hindering the movement and reorganization of ions to form crystals. 

3.3. Chloride binding isotherms 
Figure 7 shows the chloride binding isotherm of geopolymers prepared with different alkali types in various NaCl concentrations. It can be seen that regardless of the MK-to-FA ratio, the Na-geopolymer shows a higher chloride binding capacity than its K-counterparts, which may also be attributable to the comparatively high amount of (N, K)-A-S-H gel products formed in Na-geopolymer. However, other reasons such as a different atomic structure between N-A-S-H and K-A-S-H which have different chloride binding surface properties can not be completely excluded. Moreover, at a given activator type, little difference can be concluded between geopolymers prepared with various MK-to-FA ratios, which may suggest that the initial L/S ratio and Al/Si ratio of geopolymer mixture do not substantially affect the chloride binding behaviors. In addition, it shows that K-geopolymers have a comparable binding capacity as hardened OPC pastes, while Na-geopolymers tend to have about 100% higher capacity than OPC at the same NaCl concentration. The chloride binding isotherm data of hardened OPC pastes were collected from references [23,44,46–48], which covers the cases of OPC pastes with various compositions and a wide range of water-to-cement ratio from 0.3 to 0.8. 

Figure 8 shows the XRD spectra of the Na-geopolymers after the chloride binding tests, which shows little alteration of the mineralogical phases, except for the halite (NaCl) precipitation. It can be seen that the intensity of NaCl is larger for the same mixture conditioned at a higher chloride concentration. The little change in the type of mineralogical phases of Na-geopolymers suggests that there does not exist conspicuous chemical reaction between the chloride with the existing N-A-S-H or zeolitic phases. Instead, the chloride ions are likely to be physically attached to the surface of N-A-S-H gels, and thus it is reasonable to deduce that the amount of physically-adsorbed chloride is enlarged with the increasing chloride concentration in the surrounding solution. The precipitation of NaCl indicates that the N-A-S-H is likely to physically attract a high amount of chloride ion at the outer surfaces [14], which may suggest that the hydroxyl (OH-) group in N-A-S-H nanostructure is largely accessible by the external Cl-, resulting in a noticeable chloride binding capacity. A recent study also suggests that the physically adsorbed chloride in geopolymeric gels is easily disturbed and may be considerably influenced by the pH condition [17]. 

Figure 9 shows the XRD spectra of the K-geopolymers after the chloride binding tests. In comparison to the reference samples, various types of zeolite minerals, including Zeolite K, Cl-chabazite, Zeolite V, Zeolite X, and Zeolite F, are observed, depending on the NaCl concentration they are exposed to. The type of zeolite minerals precipitated in the K-geopolymers varies with the exposed NaCl concentration. For the samples exposed to a low concentration of NaCl solution, Zeolite K is the main mineral precipitate in MK-dominated mixtures (e.g., 100MK, 80MK20FA). The formation of Zeolite K in K-geopolymer can be attributed to the aging which converts semi-amorphous K-A-S-H into various crystalline zeolites [12]. Alternatively, the diluted solution that the powder samples were exposed to may facilitate the zeolitization process. At a high concentration, Cl-chabazite, Zeolite V, Zeolite X, and Zeolite F are identified in mixtures with a high proportion of MK. Despite it can hardly justify the change in chloride binding capacity of MK-dominated mixtures, it implies that there exist chemical reactions between NaCl and K-A-S-H phases in K-geopolymers. The chloride ions can be chemically bound to the mineralogical phases of K-geopolymers via the formation of, e.g., Cl-chabazite and other chloride-bearing zeolites. However, it seems that this chemisorption of chloride in alkali-activated MK and FA geopolymers plays a relatively minor role in comparison to physical adsorption mechanisms [14]. Another observation is that after exposure to a highly-concentrated NaCl solution, extensive KCl salt, rather than NaCl salt, precipitates out from the K-geopolymers, which suggests that a significant proportion of K cations in the K-A-S-H structure are highly mobile. 

3.4. Chloride resistance 
Figure 10 shows the free chloride distribution profiles along with the penetration depth for specimens after exposure to immersion or cyclic wet-dry action. It can be seen that regardless of the exposure condition, the chloride penetration resistance is higher for FA-dominant mixtures due to the lower L/S ratio and thus more refined pore structure that reduces the chloride diffusivity, in comparison to MK-dominate mixtures. For a given mixture, the chloride concentration in the interior of the specimen is higher for those subjected to the wet-dry cycle, in comparison to those exposed to immersion [49–53]. This is consistent with the findings in hardened OPC pastes and is attributed to the acceleration effect caused by cyclic wet-dry action which also results in the generation of ascending chloride layers at the exposure surface [50,54]. 

For a given type of aluminosilicates precursor, the Na-geopolymers show a higher resistance to chloride penetration than their K-counterparts. This may be attributed to the comparatively high level of geopolymerization reaction in Na-activated mixtures, which also show higher compressive strength and lower porosity. It should be noted that for the potassium-activated MK-dominate mixtures (i.e., K-100MK and K-80MK20FA), the specimens show noticeable signs of distress and disintegration, particularly when exposed to cyclic wet-dry action (see Figure 11). Considering the high alkali concentration in the pore solution, cyclic wet-dry action may result in salt crystallization stress (from NaCl and KCl precipitation) and cracking in the specimens, thus accelerating chloride ingress. In addition, K-activated MK mixtures have the largest porosity and low level of geopolymerization, which may lead to significant alkali leaching, loss of cohesion in K-A-S-H gels, and disruption of the microstructure. This finding highlights the potential durability concerns for geopolymer cement subjected to cyclic wet-dry action. 

Conclusions 
In this paper, the chloride binding behavior of geopolymers prepared with various alkali types (i.e., Na and K) and aluminosilicate precursors (i.e., metakaolin and low-calcium fly ash) is reported. Based on the results obtained, the following conclusions can be drawn. 

(1) Depending on the alkali type, the mineral (zeolitic) phases in geopolymers are different. Na- geopolymers show a higher level of crystallinity, higher compressive strength, more refined pore structure, stronger chloride binding capacity, and better resistance against chloride penetration, in comparison to the K-counterparts.  

(2) The chloride binding capacity of alkali-activated fly ash-metakaolin geopolymer is comparable or stronger than that reported for hardened OPC pastes, depending on the activator type. However, the L/S ratio and porosity of geopolymers seem to marginally affect its binding capacity. The chloride binding mechanism in fly ash and metakaolin geopolymers includes both physical adsorption and chemisorptions, with the former being dominant. The findings suggest that a high proportion of hydroxyl group in the nanostructure of sodium (or potassium)-aluminosilicate-hydrate (i.e., (N, K)-A-S-H) is exchangeable with chloride ions. 

(3) In contrast to the Na-geopolymers which show little mineralogical phase alteration in NaCl solution, K-geopolymers form various zeolitic phases, depending on the NaCl concentration. However, the chemisorption plays a relatively minor role in chloride binding, in comparison to the physical adsorption mechanism. 

(4) Subjected to cyclic wet-dry actions, MK-based geopolymers show signs of distress and disintegration, which may be originated from the alkali leaching and loss of cohesion in (N, K)-A-S-H gels. This could be a serious durability concern for geopolymer cement.  
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Table 1 Oxide composition of raw metakaolin and pulverized fly ash determined by XRF
	(mass %)
	SiO2
	Al2O3
	CaO
	MgO
	SO3
	Fe2O3
	Na2O
	K2O
	P2O5
	TiO2
	Total

	MK
	52.75
	44.81
	0.02
	0.14
	0.02
	0.37
	0.27
	0.14
	0.07
	1.28
	99.87

	FA
	48.03
	21.61
	10.92
	1.21
	0.7
	9.52
	1.26
	1.9
	1.25
	1.98
	98.38




Table 2 Mixture parameters of alkali-activated metakaolin-fly ash geopolymer pastes
	Mix ID
	MK-to-FA mass ratio
	Al/Si molar ratio
	L/S mass ratio
	Activator type
	Flow (%)

	Na-100MK
	100: 0
	1.0
	1.32
	NaOH
	180

	Na-80MK20FA
	80: 20
	0.91
	1.1
	
	195

	Na-50MK50FA
	50: 50
	0.75
	0.83
	
	192

	Na-20MK80FA
	20: 80
	0.62
	0.44
	
	194

	Na-100FA
	0: 100
	0.53
	0.41
	
	210

	K-100MK
	100: 0
	1.0
	1.43
	KOH
	220

	K-80MK20FA
	80: 20
	0.91
	1.19
	
	205

	K-50MK50FA
	50: 50
	0.75
	0.89
	
	203

	K-20MK80FA
	20: 80
	0.62
	0.48
	
	215

	K-100FA
	0: 100
	0.53
	0.45
	
	220


	



(a)


(b)
Figure 1 The XRD patterns of (a) metakaolin and (b) fly ash. 





Figure 2 Particle size distribution of metakaolin and fly ash. 


[image: ]
Figure 3 Photographs of prepared cubic specimens for compressive strength assessments, chloride binding, and chloride penetration tests. 






(a)


(b)
Figure 4 Compressive strength development of fly ash-metakaolin geopolymer pastes with various fly ash-to-metakaolin ratios and alkali types (a) NaOH activator; (b) KOH activator. 



(a)                                                                   (b)



(c)                                                                   (d)
Figure 5 MIP pore size distribution of alkali-activated fly ash-metakaolin geopolymer pastes with various fly ash-to-metakaolin ratios and alkali types at 7d. (a) and (c) Differential pore volume versus pore size diameter; (b) and (d) Cumulative pore volume versus pore size diameter. 


(a)


(b)
Figure 6 XRD analysis of fly ash-metakaolin geopolymer pastes with various fly ash-to-metakaolin ratios and alkali types (a) NaOH activator; (b) KOH activator. 





(a)


(b)
Figure 7 Chloride binding isotherms of fly ash-metakaolin geopolymer pastes with various fly ash-to-metakaolin ratios and alkali types (the chloride binding capacity data of hardened OPC pastes are from references [23,44,46–48])  (a) in the range of 0-3.0 M; (b) in the range of 0-1.0 M.  



(a)


(b)



(c)



(d)


(e)
Figure 8 XRD spectra of NaOH-activated fly ash-metakaolin geopolymer pastes after conditioned at various concentrations of NaCl solution (a) Na-100MK; (b) Na-80MK20FA; (c) Na-50MK50FA; (d) Na-20MK80FA; (e) Na-100FA.







(a)



(b)



  
(c)



(d)


(e)
Figure 9 XRD spectra of KOH-activated fly ash-metakaolin geopolymer pastes after conditioned at various concentrations of NaCl solution (a) K-100MK; (b) K-80MK20FA; (c) K-50MK50FA; (d) K-20MK80FA; (e) K-100FA. 




(a)


(b)
Figure 10 Free chloride profiles in geopolymer specimens immersed in (a) a NaCl solution for 28 days (Note: K-100MK specimens were disintegrated during the test); (b) a wet-dry cyclic condition for 28 days (Note: K-100MK and K-80MK20FA specimens were disintegrated during the test).  
[image: ]
Figure 11 Photograph of MK-dominant specimens which show significant distress and disintegration during the cyclic wet-dry tests. 
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