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Abstract: 1 

 2 

An aluminosilicate precursor, such as metakaolin, can be transformed into a cement-like 3 

geopolymer binder via a phosphate activation approach. This paper identifies the effect of the 4 

addition of aluminum species into the phosphate activating solution on the formation of such 5 

geopolymers, from the fresh to the hardened state. Activating solutions with Al/P molar ratios 6 

of 0, 0.1, and 0.3 were prepared by blending monoaluminum phosphate (MAP) and 7 

orthophosphoric acid (OPA). The rheological properties, fluidity, and setting times of the fresh 8 

geopolymer pastes and the compressive strength of the hardened geopolymer matrices were 9 

studied. Liquid-state 27Al and 31P nuclear magnetic resonance (NMR) measurements for the 10 

chemical environments of Al and P, and spectroscopic, thermal, and microscopic analyses 11 

revealed that the soluble aluminum in the phosphate activating solution played an important 12 

role during the geopolymerization process. Seeding of aluminum species through inclusion in 13 

the activating solution allowed a rapid sol/gel transition that improved the rheological 14 

properties and setting time of the fresh geopolymer pastes at ambient temperature. However, 15 

although the increased concentration of aluminum phosphate oligomers promoted by the 16 

soluble aluminum addition contributed to the formation of a compact matrix with high early 17 

strength, it hinders the ongoing reaction of metakaolin in the later period, which has a 18 

detrimental influence on ongoing strength development beyond 7 days of curing. 19 

 20 
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1. Introduction 35 

 36 

The term “geopolymer” is often used to describe an inorganic polymeric material with polymer-37 

like poly-aluminosilicate chains or networks [1]. Its formation is based on the reaction between 38 

an aluminosilicate precursor and an activating solution, which promotes the dissolution of the 39 

particulate precursor, and the consequent polycondensation of high-connectivity silicate 40 

networks as binding phases to form a hardened material [2, 3]. Compared to Portland cement, 41 

the geopolymer material is becoming a strong competitor due to its attractive features of 42 

sustainability and durability [4], especially when life cycle assessment (LCA)-based mix design 43 

technology of geopolymers is effectively applied [5]. Besides, geopolymer-made products can 44 

exhibit excellent thermal stability or fire-resistance [1], mechanical performance [6] and 45 

chemical anticorrosion properties (e.g., against acid, sulfate and chloride attack) [7]. 46 

 47 

The formation of geopolymer binders is conventionally based on alkali activation of 48 

aluminosilicates, where the hydroxide ions enable the dissolution of the solid aluminosilicate 49 

precursors to form isolated aluminate and silicate anions, and the elevated concentrations of 50 

these species in the aqueous state then drive polymerization, also involving hydrated cations to 51 

charge-balance, by reforming the aluminosilicate bonds [8]. However, an alternative activation 52 

approach for the aluminosilicate sources is phosphate activation [9, 10], which involves an 53 

analogous acid-activated reaction process involving phosphoric acid. The mechanism of 54 

phosphate-activated geopolymerization starts with the dealumination of the aluminosilicate 55 

source (i.e., dealumination reaction) into the acidic aqueous environment, following the 56 

polycondensation of free aluminate, silicate, and phosphate units to generate Si-O-Al, Si-O-P 57 

and/or Al -O-P bonds in silico-alumino-phosphate (S-A-P) gels [11, 12]; the structures of these 58 

gels are far from fully understood, and the chemical details of the mechanisms involved require 59 

further investigation.  60 

 61 

The strong monolithic product of the phosphate activation of an aluminosilicate source, such as 62 

metakaolin, is sometimes termed a phosphate-based geopolymer [10, 13]. This reaction occurs 63 

in an acidic or low-alkaline medium environment in which a phosphate or phosphoric acid 64 

solution, rather than the alkali-silicate used in conventional geopolymers, chemically activates 65 

the aluminosilicate precursors to yield a compact geopolymer matrix with a condensed structure 66 

of silico-alumino-phosphate linkages [14, 15]. It has been claimed that the newly formed Al-O-67 

P linkages could balance the charge caused by changes in the chemical environment of 68 
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aluminum [16], as is also observed in the synthesis of charge-neutral crystalline zeolite-like 69 

aluminophosphate and silico-alumino-phosphate frameworks [17]. Thus, a charge balance 70 

within the molecular structure is achieved without the involvement of monovalent cations. The 71 

above mechanisms create a silico-aluminophosphate geopolymer with low efflorescence and 72 

dielectric loss features, which are difficult to achieve in alkali-aluminosilicate geopolymers [16, 73 

18]. 74 

 75 

Previous investigations on silico-aluminophosphate geopolymers [22-24] indicated that thermal 76 

curing (e.g., under sealed conditions at 60°C or 80°C) was usually needed to achieve fast setting 77 

and high early strength. This curing method can be accepted for precast geopolymer products 78 

but may impose difficulty in on-site operations, especially for larger-scale engineering 79 

applications. Thermal curing also consumes a significant amount of energy. To obtain an 80 

ambient-temperature hardening mechanism in alkali-activated geopolymers, soluble silicate is 81 

generally introduced in the alkaline activating solution because a high concentration of 82 

dissolved silicate can facilitate a rapid sol/gel transition that leads to the development of a 83 

compact matrix with useful early strength [25, 26]. The addition of a small dose of NaAlO2 into 84 

an alkaline activating solution was also reported to improve the workability of the paste and 85 

accelerate the growth of the network structure of the formed geopolymer matrix [27]. 86 

 87 

Following these findings for alkaline systems, this study explores the potential to use a 88 

corresponding mechanism to improve the early-age characteristics of acidic geopolymers. A 89 

second aluminate source, in addition to the aluminosilicate source, is explored in this study as 90 

an additive to the phosphate activating solution. It is expected that the aluminum phosphate 91 

oligomers which form in a low-pH environment can modify the properties of fresh phosphate-92 

based geopolymer paste and its hardened matrix. Aluminum and phosphorus generally exist in 93 

the free state at a pH of less than 3, and form aluminophosphate phases when the pH is increased 94 

[28]. Therefore, the addition of soluble aluminum may accelerate geopolymerization in the 95 

early stage of reaction to achieve an applicable setting time and early strength. A conceptual 96 

scheme for the reaction of an aluminosilicate source activated by alkali and phosphate to 97 

synthesize alkali-aluminosilicate and silico-aluminophosphate geopolymers, respectively, is 98 

displayed in Fig. 1, which illustrates the activating solution-accelerated formation processes 99 

from an aluminosilicate source to a geopolymer. 100 

 101 

In this study, to assess the effectiveness of the addition of soluble aluminum species into a 102 
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phosphate activating solution for synthesizing geopolymers, various contents of soluble 103 

aluminum source were introduced, with the aim of modifying the setting time and rheological 104 

properties of the fresh geopolymer pastes at room temperature. The effects of the soluble 105 

aluminum species on the molecular structure of the resulting fresh and hardened geopolymer 106 

pastes were elaborated by liquid-state nuclear magnetic resonance (NMR) spectroscopy, other 107 

spectroscopic and thermal analyses. Microstructural features of the hardened geopolymer pastes 108 

as a function of Al addition were also explored by scanning electron microscopy (SEM) and 109 

mercury intrusion porosimetry (MIP). 110 

 111 

2. Experimental 112 

 113 

2.1 Materials and mix proportions 114 

 115 

The phosphate-based geopolymer pastes were formulated to achieve designed molar ratios of 116 

silicon, aluminum and phosphorus. Metakaolin (MK) (KAOPOZZ, Chaopai Kaolin Co., Ltd., 117 

China) was used as the aluminosilicate source. The composition of MK was detected by X-ray 118 

fluorescence, on an ignited mass basis (LOI: 4.1%), as SiO2 (51.1%), Al2O3 (46.8%), TiO2 119 

(0.8%), Fe2O3 (0.5%), CaO (0.2%), SO3 (0.2%), and others (0.4%). The phosphate activating 120 

solution was prepared using orthophosphoric acid H3PO4 (OPA, 85 wt.% in H2O, Ajax 121 

Finechem Laboratory Chemicals), liquid monoaluminum phosphate (MAP, Al(H2PO4)3, 61.3 122 

wt.% in H2O, Xianju Litian Chemical Co. Ltd.), and deionized water. Three soluble aluminum 123 

contents (i.e., Al/P molar ratios of 0, 0.1, and 0.3) in the activating solutions were designed to 124 

represent control, low-content aluminum and high-content aluminum groups. The MAP 125 

supplied the soluble aluminum species in the activating solution, and had little influence on the 126 

initial pH value (as shown in Table 1). Silico-aluminophosphate geopolymers with a constant 127 

H2O/MK mass ratio of 0.40 and a fixed Si/P molar ratio of 2.75 were produced by mixing the 128 

activating solution with the MK particles. As listed in Table 1, six different mix proportions 129 

were used, although the mixes A0-0.5, A1-0.5, and A2-0.5 were used only for tests of 130 

rheological properties. 131 

 132 

OPA, MAP, and deionized water were fully blended in the specified proportions and cooled 133 

down to room temperature for use as the activating solutions, which were then mechanically 134 

homogenized with the MK particles for 5 min to form fresh geopolymer pastes. Before casting 135 

into 40×40×40 mm plastic molds, the respective rheological and flow properties of the fresh 136 
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geopolymer pastes and their initial and final setting times were measured. The hardened 137 

geopolymer pastes were demolded 48 hours after casting, and cured in moist conditions (95% 138 

to 100% relative humidity) at room temperature for specified periods. 139 

 140 

2.2 Test methods 141 

 142 

The characterization of the fresh geopolymer pastes was performed as follows: 143 

(1) A rotational and oscillatory rheometer (Anton Paar MC302) equipped with a parallel-plate 144 

measuring system (maximum torque, 200 mN·m) was applied to measure the rheological 145 

properties of the fresh geopolymer pastes at a temperature of 25 冽 by monitoring the 146 

evolution of shear stress (Pa) and viscosity (Pa·s) under shear rates ranging from 0.01 to 147 

100 s-1. The solid volume fractions of the geopolymer pastes with the two H2O/MK ratios 148 

(0.4 and 0.5) were about 0.78 and 0.70, respectively, to ensure that the paste displayed a 149 

yield stress [29]. 150 

(2) The macroscopic fluidity of the fresh geopolymer pastes was determined by a mini-cone 151 

slump flow test setup [30] with an upper diameter of 36 mm, lower diameter of 60 mm, and 152 

height of 60 mm. 153 

(3) The initial and final setting times of the geopolymers were determined using a Vicat 154 

apparatus according to BS EN 196-3: 2005. 155 

(4) The liquid-state 31P and 27Al NMR spectra for the MAP and activating solutions were 156 

obtained using a Bruker 400 spectrometer at ambient temperature. The spectrometer 157 

frequencies for 31P and 27Al  nuclei were 202.47 and 130.33 MHz, respectively. The 158 

corresponding recycle delays applied were 6 and 5 s, with 90º pulse durations of 8 and 2 たs, 159 

respectively. The chemical shifts of 31P were expressed in ppm relative to the OPA, and the 160 

27Al  resonances were referenced to a 1.0 mol/L AlCl 3 solution. 161 

 162 

The compressive strength of the hardened geopolymer pastes was assessed before the 163 

spectroscopic, thermal, and microstructural analyses: 164 

(1) The compressive strength of the 40-mm geopolymer paste cubes was measured after 3, 7, 165 

14, and 28 days of curing by a mechanical testing instrument (Testometric CXM 500-50 kN) 166 

with a loading rate of 0.8 kN/s (about 0.5 MPa/s) following the guidance of ASTM 167 

C109/C109M-16a for load application. 168 

(2) The crushed samples were then manually ground for crystalline phase analysis by X-ray 169 

diffractometry (XRD, Rigaku SmartLab) with a 9 kW Cu-Kg radiation source (そ=1.5406 Å) 170 
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and a scanning step of 0.02° (2. 171 

(3) Simultaneous thermal analysis under an argon atmosphere (Thermo plus EVO2, Rigaku) 172 

was performed to analyze the thermal decomposition and phase transition behaviors of the 173 

hardened pastes, at a heating rate of 10 ºC min-1. 174 

(4) The microstructural features were characterized by SEM (JEOL, JSM-6490) with energy-175 

dispersive X-ray spectroscopy (EDS, Oxford INCA Energy 250). An acceleration voltage 176 

of 20 kV was applied. Before the microscopic measurement, the samples were desiccated 177 

(60 冽 for 24 h) and surface coated with gold sputter. 178 

(5) The pore size distribution of the samples was assessed by MIP (Micromeritics AutoPore 179 

IV9500). A geometrical model based on the Washburn equation, as shown in Eq. (1), was 180 

applied to determine the pore diameter. 181 

γ θD = -4 cos / P                            (1) 182 

where, D (m) is the calculated pore diameter, Ȗ (N/m) is the surface tension, ș (°) is the contact 183 

angle between mercury and pore wall, and P (Pa) is the applied pressure. The surface tension 184 

(Ȗ) and contact angle (ș) selected in this study were 0.485 N/m and 140°, respectively. The 185 

applied pressure (P) ranged from 0.007 to 207 M Pa. 186 

 187 

3. Results and Discussion 188 

 189 

3.1 Fresh geopolymer pastes 190 

 191 

3.1.1 Rheology 192 

 193 

The Bingham model (Eq. (2)) is often used to approximate the rheological behavior of a 194 

hydraulic or geopolymer cement paste in terms of the shear stress-shear rate relationship over 195 

a specific range [31, 32]: 196 

γηττ
00

+=                               (2) 197 

where Ĳ (Pa) is the shear stress, Ȗ (s-1) is the shear rate, and Ĳ0 (Pa) and Ș0 (Pa·s) are the yield 198 

stress and plastic viscosity, respectively. 199 

 200 

In particulate pastes, the viscosity and yield stress are controlled by colloidal interactions due 201 

to electrostatic and van der Waals forces between particles (the MK particles in this case), 202 

viscous forces in the interstitial liquid between particles (the activating solution in this case), 203 
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and direct contact forces [29]. 204 

 205 

Figure 2 plots the evolution of the rheological characteristics of the fresh geopolymer pastes, 206 

measured as a function of shear rate from 0.01 to 100 s-1. The data shows that the Bingham 207 

model provides a reasonable – although not perfect – description of the rheological 208 

characteristics of these pastes. There is some deviation from Bingham behavior at the very 209 

beginning of the test, which may be related to thixotropic behavior as the MK particles are far 210 

from spherical and can thus cause complexities in time-dependent as well as shear-dependent 211 

rheology. Comparing between the various samples, it is seen that the presence of more Al 212 

species can promote a lower yield stress in the fresh phosphate-based geopolymer paste with a 213 

H2O/MK ratio of 0.4 (i.e., A1-0.4 and A2-0.4). The geopolymer paste prepared using the Al-214 

free activating solution at low water content (i.e., A0-0.4) was beyond the measurement range 215 

of the rheometer because of its high stickiness. The yield stress of the A1-0.4 and A2-0.4 pastes 216 

as estimated using the Bingham model reached 500 (±150) and 800 (±200) Pa, respectively, 217 

where the quoted error bounds on the yield stress values reflect the uncertainty introduced by 218 

the use of different sections of the flow curves to determine the yield stress via Eq. (2). The 219 

addition of a higher dose of Al to the activating solution (A2-0.4) gave a lower yield stress, and 220 

according to the Bingham model fitting results (i.e., the slope of fitting curves), the geopolymer 221 

paste with an Al/P molar ratio of 0.3 has a lower viscosity compared to A1-0.4 geopolymer 222 

paste. The Al species in the activating solution acted to some extent as a plasticizer, enabling 223 

the geopolymer paste to obtain improved workability, which was favorable for producing a 224 

compact and dense matrix with high early strength. 225 

 226 

When the H2O/MK ratio was increased to 0.5, the three geopolymer pastes all displayed 227 

improved workability, with yield stress values of 100 to 200 Pa for all pastes at this water 228 

content. Similarly to the H2O/MK = 0.4 series, the geopolymer paste with the most Al species 229 

in its activating solution (A2-0.5) had the lowest yield stress. However, for this set of samples 230 

at high water content, the addition of Al to the activator can evidently lower the yield stress of 231 

the fresh geopolymer paste while maintaining the viscosity, as seen by the fact that the flow 232 

curves for all three -0.5 series samples in Figure 2 are parallel at moderate to high shear rate.  233 

 234 

3.1.2 Macroscopic fluidity and setting time 235 

 236 

It is well known that the fluidity of cement paste is mainly influenced by water usage (i.e., the 237 
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water-to-cement ratio in conventional cements). Figure 3a compares the flows (in terms of the 238 

diameter spread on a glass plate in a mini slump test) of the geopolymer pastes with varying 239 

aluminum contents, at a fixed H2O/MK ratio of 0.4. The flow increased significantly with the 240 

Al/P ratio in the activating solutions. An Al/P ratio of 0.3 led to an increase of the flow diameter 241 

by 50% (106 mm) as compared to the reference case of Al/P=0, whose flow diameter was just 242 

78 mm in 60 s. Dividing the flow more specifically into faster and slower processes (i.e., 243 

distinguishing yield stress control from viscous control), the fluidity in the first period between 244 

0 and 30 s dominated in the flow test, consistent with the moderate yield stress but relatively 245 

low plastic viscosity observed in Figure 2 for each of these pastes. The flow diameter of paste 246 

A2 reached about 92 mm, whereas that reached by paste A0 during this period was only 58 mm. 247 

However, an opposite trend was observed from 30 to 60 s, whereby the flow diameter for A0 248 

further increased by 19 mm and that for A2 increased by 14 mm. These results indicate that the 249 

involvement of aluminum species greatly improved the macroscopic fluidity. 250 

 251 

Achieving a reasonable setting time is critical to engineering applications of any cement to be 252 

used at ambient temperature. The setting results shown in Fig. 3b demonstrate the difference 253 

between the geopolymers with and without the added aluminum species. In the early period, 254 

slow dealumination from the MK particles occurred when encountering the activating solution 255 

to form an inter-grain gel [32]. The initial setting of the geopolymer pastes stemmed from the 256 

free aluminum species combining with phosphate to form an aluminophosphate gel [28]. 257 

Therefore, the long initial setting time in geopolymer A0 might be a result of the release of 258 

aluminum into solution from the solid aluminosilicate source (i.e., the dealumination reaction) 259 

delaying its hardening, whereas feeding aluminum directly in the activating solution could 260 

provide the necessary aluminum in the early stages of reaction without the need to wait for the 261 

solid precursor to dissolve to such an extent. Thus, as shown in the results for mixes A1 and A2 262 

(Fig. 3b), the free aluminum species in the activating solution could drive a rapid sol/gel 263 

transition due to the supplementation of the free Al in the aqueous phase providing the 264 

opportunity for near-immediate gel formation. The initial setting times reached a range suitable 265 

for engineering applications, although the initial setting time was still rather long (about 3 h). 266 

Nevertheless, the free aluminum species, whether supplied from either the activating solution 267 

or the solid aluminosilicate source, controlled the reaction rate and affected the setting time of 268 

the geopolymer pastes. 269 

 270 

3.1.3 Liquid-state 31P and 27Al NMR of phosphate activators 271 
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 272 

Figures 4a and 4b show the liquid-state 31P and 27Al NMR spectra, respectively, of the MAP 273 

solution and the two activating solutions mixed with different Al  contents, to further explain 274 

the experimental results for the fresh geopolymer pastes. From the 31P spectra for all three 275 

solutions (Fig. 4a), three distinct bands at 0 to -1.5 ppm, -8 to -9 ppm, and -12 to -14 ppm were 276 

detected, and attributed to Q0, Q1 and Q2 phosphate structural units, respectively [33]. The 277 

orthophosphate group (i.e., phosphoric acid molecules and ions [34]) generates the phosphorus 278 

environment of Q0, while the two clear signals resonated between -5 to -24 ppm are due to 279 

polyphosphates – either sites with P-O-P linkages (-7~-9 ppm), or Al complexed to phosphate-280 

containing ligands (-12~-14 ppm) [34-36]. The band assigned to P-O-P linkages is caused by 281 

the species [Al(L)]m+ (where L is H-bonded polymeric OPA, such as H6P2O8), while the band 282 

centered at a chemical shift of around -13 ppm is associated to the species of 283 

[Al(H 2O)5(H2PO4)]2+ and trans-[Al(H 2O)4(H2PO4)2]+ as a result of ionic bonding between Al 284 

and P [37]. Since the A1 solution was prepared by using small dosage of the MAP solution to 285 

dilute the OPA for a resulting Al/P molar ratio of 0.1, the spectrum of the A1 solution in Fig. 4a 286 

is embodied by a sharp resonance peak at -0.5 ppm and two small resonances at -8 and -13 ppm. 287 

This indicates that the Q0 phosphate structural unit is dominated in the A1 activating solution 288 

with marginal Q1 and Q2 phosphate structural units. Similarly, the A2 activating solution 289 

prepared by a higher ratio of MAP/OPA (Al/P molar ratio is 0.3) contains more Q0 and Q2 290 

phosphate structural units but little Q1 phosphate structural unit. The addition of Al to adjust 291 

the Al/P ratio did not change the chemical environmental of phosphorus when the molar ratio 292 

of aluminum to phosphorus was less than 1.0 [34]. However, an increase in the intensity of the 293 

band at -8 ppm with decreasing Al content is observed. The resonances assigned to 294 

aluminophosphate oligomers (i.e., -12 ~-14 ppm) are intensified (enriched and broadened) with 295 

increasing Al content in phosphate activators, which is the result of chemical exchanges 296 

between Al and P. This chemistry can break the long phosphate chains (P-O-P linkages) and 297 

decrease the polymerization degree [34, 37]. The oligomers formed as a result of the chain 298 

breakage benefit the workability of the geopolymer paste, as measured via yield stress and 299 

viscosity (in Fig. 2) and fluidity (in Fig. 3.1a). 300 

 301 

The resonances that are evident in the 27Al spectra at around -8 ppm, and between 80 to 65 ppm, 302 

were due to the aluminum species in MAP, in which a clear hexa-coordinated environment of 303 

aluminum (i.e., -1 to -9 ppm) was identified (Fig. 4b) [34, 38]. It has previously been reported 304 

that the hexa-coordinated aluminum species is the main form of Al in a hardened phosphate-305 
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activated geopolymer [39]. This is consistent with the addition of Al to the activating solution 306 

accelerating the early stage of the geopolymerization process (formation of aluminate and 307 

phosphate oligomers) under an acidic phosphate environment, thus leading to a shortened 308 

setting time. A weak, broad resonance at 80 to 65 ppm can be attributed to a small quantity of 309 

tetrahedral aluminum present under these conditions [40]. These results indicated that in this 310 

pH range (i.e., below 2.0, see Table 1) the OPA did not change the hexa-coordinated Al 311 

environment seeded by the MAP. However, as observed in the 31P NMR spectra, the intensity 312 

and breadth of the bands resonating at 0 to -20 ppm increase with Al contents in the phosphate 313 

activators, which can be attributed to the chemical bonding between Al and P species to form 314 

low polymeric units [37]. 315 

 316 

3.2 Hardened geopolymer paste 317 

 318 

3.2.1 Compressive strength 319 

 320 

As displayed in Fig. 5, the hardened geopolymer pastes prepared with varying Al/P ratios 321 

showed significant differences in strength development from 3 to 28 d. In the early stage at 3 322 

and 7 d, the existence of soluble aluminum species in the activating solution caused significant 323 

enhancement of the compressive strength. Compared with mix A0 (Al/P=0), mix A2 (Al/P=0.3) 324 

showed strengths that were higher by 14.1 MPa and 15.1 MPa at 3 and 7 d, respectively. 325 

Geopolymer A2 remained almost the same strength from 7 d up to 28 d. In comparison, the 326 

most significant increase in the compressive strength was achieved in geopolymer A0 (with no 327 

aluminum species in the activating solution), which evolved from 22.1 MPa at 7 d to 51.3 MPa 328 

at 28 d. The strength of the geopolymer A1 (Al/P=0.1) was moderately improved at both 3 and 329 

7 d, but the strength growth thereafter was inferior to that of geopolymer A0. It seems that the 330 

hardening during the early period caused by the addition of free aluminum species in the 331 

activating solution can compromise or hinder the ongoing reaction of MK (involving 332 

dealumination and delamination to provide nutrients for gel growth) in the latter period. 333 

Therefore, a tradeoff was found between the early-state strength and the long-term strength, 334 

depending on the content of Al in the activating solution. 335 

 336 

3.2.2 X-ray diffraction 337 

 338 

The XRD patterns of the 28 d hardened geopolymers shown in Fig. 6 indicate that no new 339 
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crystalline phase was generated in this reaction process. The only distinct peak in any of the 340 

diffractograms is assigned to the quartz that was already present in the unreacted MK particles. 341 

The geopolymerization of aluminosilicates, regardless of the activation approach (either by 342 

alkali or phosphate activation), involves the dissolution and reconstruction of aluminates and 343 

silicates to form disordered gels [41, 42]. In Fig. 6a, a visible difference between the 344 

geopolymers and the MK is the change in the broad diffuse peak at 15º to 30º (2し), whose 345 

enlarged view is shown in Fig. 6b. It can be seen that the diffuse peak partially disappears and 346 

shifts after the reaction, especially for geopolymer A0. For geopolymers A1 and A2, the diffuse 347 

peak is weakened and shows much less intensity in the range 22º to 26º (2し) compared with that 348 

of the MK particles. Similar findings were reported by Cui et al. [16], Douiri et al. [42], and 349 

Louati et al. [12], although they all used H3PO4 without additional Al to activate the 350 

aluminosilicate precursors for synthesis of silico-aluminophosphate geopolymers. These 351 

spectral changes can be attributed to the effect of phosphate activation on the MK particles. 352 

Considering the XRD pattern of MK as a reference, a larger diffuse peak change (at 18 to 28º) 353 

in geopolymer A0 than that in the other geopolymers indicates that the degree of reaction of the 354 

MK particles in geopolymer A0 was higher than that of the others at 28 d, consistent with the 355 

compressive strength data and confirming that the addition of free aluminum species into 356 

geopolymers A1 and A2 may, to some extent, hinder the ongoing reaction of MK in the latter 357 

period of curing. 358 

 359 

3.2.3 Thermogravimetry 360 

 361 

The thermogravimetric/differential thermal analysis (TG-DTA) thermograms for the hardened 362 

geopolymer pastes, normalized to the basis of constant mass of MK, are shown in Fig. 7. For 363 

all geopolymers, four distinct groups of decomposition or phase transition peaks are observed 364 

in the DTA curve: one is located between 100 and 150 ºC, and the others are located in the 365 

ranges of 160 to 230 ºC, 800 to 840 ºC, and 980 to 1010 ºC.  366 

 367 

The weight loss at 100 to 150 ºC, accompanied by a sharp endothermic peak in the DTA curves, 368 

is attributed to the removal of physically adsorbed water and the dehydration of some of the 369 

water-containing gels (loss of loosely chemically bonded water), which accounted for more 370 

than 80% of the total weight loss. The subsequent weight loss from 150 to 1050 ºC is marginal 371 

in each geopolymer, and largely parallels the TGA curve of the MK; this is attributed mainly to 372 

dehydration and dehydroxylation of remnant MK particles within the hardened binder, with a 373 



 

13 
 

potential minor contribution from any remaining chemically bound water in the reaction 374 

product gels. 375 

 376 

The features at 160 to 230 ºC and 800 to 870 ºC, respectively, show exotherms in the DTA data 377 

but no notable corresponding mass loss, and so are likely to relate to phase transitions in the 378 

newly formed binder gel. These may be assigned to the amorphous aluminum phosphate phase 379 

transforming into trigonal (g-AlPO4) and tetragonal (く-AlPO4) berlinite at elevated temperature 380 

[43], which is an exothermic process. These two peaks were not detected in the MK particles. 381 

The last phase transition was the formation of mullite from residual, fully dehydroxylated MK 382 

particles at 980 to 1010 ºC [44], and is especially prominent in the raw MK particles. For all 383 

geopolymer samples, such a peak is less significant, indicating that the raw MK particles had 384 

reacted with the phosphate activating solution to synthesize new gels: silico-alumino-phosphate 385 

(S-A-P) gel [16] and amorphous or semi-crystalline aluminum phosphate compounds [12, 17]. 386 

The presence of similar peaks representing thermally induced processes in all of the 387 

geopolymers reveals that there were similar reaction products regardless of the Al/P ratio of the 388 

activating solutions. In other words, the compositions of the resulting gels were not strongly 389 

influenced by changes in the activating solution with different Al/P ratios. 390 

 391 

3.2.4 Microstructure 392 

 393 

However, the pore structures of the geopolymer products did exhibit notable differences when 394 

the level of soluble aluminum species was varied (Fig. 8). The MIP results indicate that the 395 

porosity of the geopolymer pastes cured for 28 d increased with the Al/P ratio of the activating 396 

solutions used, from 17.1% in geopolymer A0 to 18.9% in geopolymer A1 and 21.5% in 397 

geopolymer A2 (Fig. 8a). This porosity result is in agreement with the trend in their strength 398 

behaviors (i.e., a higher-strength matrix showed lower porosity). The pore diameters accessible 399 

to mercury were mainly concentrated between 5 and 1000 nm (Fig. 8b), and can be divided into 400 

gel pores (less than 10 nm), small capillary pores (10 to 50 nm), medium capillary pores (50 to 401 

100 nm) and large capillary pores (100 to 10 たm) [45-47]. Fig. 8c shows the differential pore 402 

diameter distributions and the diameter range between 10 and 1000 nm is enlarged in Fig. 8d. 403 

It can be seen for all geopolymers that the capillary pores (small, medium, and large) 404 

contributed more than 90% of the porosity. However, the incorporation of aluminum species in 405 

the activating solution changed the distribution characteristics of the capillary pores. An 406 

increase in the Al content of the activating solution led to a shift to larger capillary pores. The 407 
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pore size distribution of the geopolymer with the most soluble aluminum (i.e., A2 with an Al/P 408 

ratio of 0.3) exhibited a sharp maximum at around 90 nm. The other geopolymer samples (A0 409 

and A1) showed similar differential porosity distributions to each other, with peak values at 60 410 

nm and 73 nm, respectively. These different distributions of the capillary pores will eventually 411 

govern the strength and transport properties of the geopolymer matrix. A delayed or 412 

compromised dealumination reaction of the metakaolin particles is more likely to produce 413 

discontinuous gels that generate inter-gel spaces which form medium and large capillary pores. 414 

 415 

The features identified through this analysis of pore structure are supported by the morphologies 416 

and elemental analysis obtained by SEM and EDS. Fig. 9 shows SEM results for the hardened 417 

geopolymer pastes cured at 3 d. As shown in Fig. 9a, the A0 matrix consisted of many isolated 418 

particles intermixed with gel-like lumps. In the image with higher magnification (Fig. 9b), some 419 

discontinuous phases and micro cracks are found, implying a weak reaction between MK and 420 

Al-free activators at the early period. The EDS analysis (Fig. 10) indicates the presence of 421 

different Al:Si:P ratios at different locations. For instance, points 1 and 2 corresponded to the 422 

unreacted MK particles (aluminosilicates without P) and the newly-formed S-A-P gels (reaction 423 

products), respectively. As a comparison, the presence of soluble aluminum species in the 424 

phosphate activator led to a more compact matrix after the 3 d curing process (in Fig. 9c), 425 

although such curing was insufficient for geopolymerization between the MK particles and the 426 

activating solution. The enlarged image of the A2 geopolymer cured at 3 d (Fig. 9d) shows a 427 

high-continuity texture without isolated phases and micro cracks. The EDS analysis for the 428 

compact area (i.e., area 1 in Fig. 9c and Fig. 10) reveals the presence of Si, Al and P, which is 429 

very likely to be the result of S-A-P gel formation. However, compared to the EDS spectrum of 430 

Point 2, a lower silicon content in this gel indicates that the presence of soluble Al and P species 431 

may form aluminophosphate gels for early strength improvement (Fig. 5). 432 

 433 

 434 

The morphologies of the three geopolymer samples imaged at 28 d revealed that the use of 435 

excessive aluminum species (A2, shown in Fig. 11c) was unfavorable due to the production of 436 

discontinuous gels as compared with A0 (Fig. 11a). Geopolymer A1 with a moderate content 437 

of soluble aluminum species (Fig. 11b) seemed to present an intermediate state between A0 and 438 

A2. These microstructural observations coincided well with the strength variation and 439 

development of the three geopolymer matrices as discussed above, where the longer-term 440 

strength evolution of A2 beyond 7 days was negligible while A0 continued to gain more strength. 441 
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 442 

4. Conclusions 443 

 444 

The effects of the addition of soluble aluminum species into a phosphate activating solution for 445 

geopolymer synthesis on fresh and hardened properties were investigated in terms of 446 

workability, compressive strength, and the microstructure. 447 

 448 

The incorporation of aluminum species into the phosphate activating solution allowed a rapid 449 

sol/gel transition in the early state due to the supplementation of the free Al (in six-coordination). 450 

As a result, the fresh geopolymer paste achieved good workability. The role of aluminum 451 

species was similar to that of a plasticizer, lowering the yield stress of the fresh geopolymer 452 

paste while keeping the viscosity unchanged. As a result, a compact and dense matrix was 453 

obtained with a high early strength of up to 37 MPa at 7 d of curing. 454 

 455 

However, the use of soluble aluminum species may also lead to relatively poor strength 456 

development in the latter stage depending on the added dose. A geopolymer with an excessive 457 

amount of aluminum species may exhibit significant inter-gel spaces (medium capillary pores) 458 

due to the formation of discontinuous gels and inability to close and refine these pores at later 459 

age, because the accelerated hardening and gel formation blocks the unreacted MK particles 460 

and hinders their dealumination reaction. 461 

 462 
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Tables and Figures 604 

 605 

Table 1. Mix proportions of activating solution and phosphate-based geopolymer. 606 

No. 

Raw materials by weight ratio 
Fresh geopolymer 

paste 
Aluminosilicate 

source 
Activating solution 

MKa OPAa MAPb Water Initial pH 

Soluble Al 

species 

(Al/P) 

Si/P 

molar 

ratio 

A0 10 3.60 0 3.46 1.62 0 2.75 

A1 10 2.51 1.98 2.86 1.64 0.1 2.75 

A2 10 0.36 5.94 1.65 1.69 0.3 2.75 

A0-0.5c 10 3.60 0 4.46 1.63 0 2.75 

A1-0.5c 10 2.51 1.98 3.86 1.66 0.1 2.75 

A2-0.5c 10 0.36 5.94 2.65 1.69 0.3 2.75 
a Mass fractions of MK and OPA are 97.9% (SiO2 + Al2O3) and 85%, respectively. 
b Mass concentration of MAP is 61.3% with a P/Al molar ratio of 2.99. 
c These mixing proportions were provided only for tests of rheological properties. A0-0.5 means the 

geopolymer A0 is prepared with a H2O/MK mass ratio of 0.5. A1-0.5 and A2-0.5 are similarly 

defined. 

 607 

608 
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 609 

Fig. 1 Conceptual scheme for an activating solution-accelerated formation process from an 610 

aluminosilicate source to a geopolymer. The aluminosilicate source catalyzed by alkali and 611 

phosphate synthesizes the respective alkali-aluminosilicate and silico-aluminophosphate 612 

geopolymers. 613 
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Fig. 2 Rheological flow curves of the fresh geopolymer pastes with different contents of soluble 616 

Al species in their respective activators. The suffix -0.4 or -0.5 in the sample ID indicates the 617 

H2O/MK ratio (0.4 or 0.5). The geopolymer paste prepared using the Al-free activating solution 618 

at low water content (i.e., A0-0.4) was outside the measurement range of the rheometer. 619 
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Fig. 3 Fluidity and setting times of the phosphate-based geopolymer pastes with different 625 

contents of soluble Al species. (a) Fluidity. (b) Initial and final setting times. 626 
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Fig. 4 Liquid-state 31P and 27Al NM R spectra for the MAP and activating solutions 632 
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Fig. 5 Compressive strength development for the first 28 days, of the hardened geopolymer 634 

pastes with varying contents of soluble Al species. 635 
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 (b) 640 

Fig. 6 XRD patterns of the 28 d cured geopolymers prepared with three different Al/P molar 641 

ratios in the activating solution, and the MK precursor. (a) 5º to 65º 2; (b) enlarged at 15º to 642 

30º 2. 643 

644 
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Fig. 7 TG-DTA thermograms for the 28 d cured geopolymers with varying Al/P molar ratios 646 

and H2O/MK ratios. 647 
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                   (c)                                    (d) 652 

Fig. 8 Pore diameter distributions determined by MIP analysis of the three hardened 653 

geopolymer pastes at 28 d. (a, b) Cumulative distribution; (c, d) differential distribution. 654 
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 656 

 657 

(a) x800                           (b) x1500 658 

 659 

(c) x800                           (d) x1500 660 

Fig. 9 SEM results of the hardened geopolymer pastes cured at 3 d. (a) and (b) A0 661 

geopolymer; (c) and (d) A2 geopolymer. 662 
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Fig. 10 EDS results of the hardened geopolymer pastes at 3 d. The point 1 point 2 and area 1 665 

can be found in Figs. 9a and 9b. 666 
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 667 

 668 

(a) 669 

 670 

(b)                                (c) 671 

Fig. 11 SEM results of the hardened geopolymer pastes cured at 28 d. (a) A0 geopolymer; (b) 672 

A1 geopolymer; and (c) A2 geopolymer. 673 


