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Abstract 

Hot-pressed geopolymers have been introduced as ultra-high early strength ceramic-like materials 

with an almost pore-less structure which could be produced with a low alkali activator to 

aluminosilicate ratio. This study investigates the combined effects of pressure and heat on 

geopolymerization kinetics, microstructure, physical properties, and mechanical performance of 

geopolymers. The results demonstrate that about 65% of the trapped air is easily removed from 

the fresh geopolymer matrix using an initial impact pressure. When the pre-compacted matrix is 

subjected to the hot-pressing, it is further densified in the range of 1 to 10% as a result of 

continuous free-water evaporation and compaction. This process not only reduces the size and 

volume of porosity but also changes the continuous pore network to a closed one. Besides, the 

increase in hot-pressing promotes higher geopolymer gel formation and accelerates the 

polycondensation which possesses relatively high mechanical strength up to 160 MPa immediately 

after the processing. Collectively, these results demonstrate that the hot-pressing technique is a 

promising processing route for designing geopolymer with a diverse range of mechanical 

properties in a short and fast manner.  
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1 Introduction 

Geopolymer is an example of inorganic polymers which is produced in the reaction of alkaline 

activator solution with solid aluminosilicates materials, such as fly ash, metakaolin, and volcanic 

ash [1]. It is known that the mechanical strength of the geopolymers decreased when the porosity 

of the matrix is increased [2-4]. Furthermore, the increase in porosity results in considerable drying 

shrinkage and thermal crack formation through high capillary pressure between wet and dry 

regions of the micro-pore network [5, 6]. Some studies have shown a significant reduction in 

porosity by subjecting the fresh geopolymer to pressure and removing the trapped air bubble 

between the particles, and therefore, obtained high mechanical strength. For example, it was 

reported that pressing of metakaolin based geopolymer with 4 MPa for 3 min removes the majority 

of the trapped air and improves the early-age compressive strength of the matrix [7]. Also, using 

a low alkali activator to metakaolin ratio of 0.08 with a 300 MPa compaction pressure for 1 min, 

resulted in a homogenous nano-pore structure geopolymer with a ~146 MPa compressive strength 

after 24 h [8]. The compressive strength of such structure was ~500 times higher than the strength 

of the reference material, 0.03 MPa, which cast without subjection to pressure. Moreover, the 814 

kg.m-3 density of the reference matrix was increased to 1862 kg.m-3 in pressed specimens. 

Similarly, a recent study on mold pressing of resin incorporated geopolymers showed that using 

200 MPa mold pressure can increase the 3rd-day compressive strength the material form 4.5 MPa 

to about 116 MPa [9]. This intensive increase in mechanical property has been associated with the 

reduction in both porosity and pore size.  

The influence of pressing has been further improved through hot-curing of the pressed matrices 

including cement composites [10-12], recycled waste concrete [13] and glass-based ceramics [14] 

to accelerate the dissolution rate and produce compact composites. In this line, hydrothermal 



curing has also been used to cure geopolymers, e.g., a significant improvement of about 1 to 5.4 

MPa in tensile strength of fly ash based geopolymer was observed when a hydrothermal hot-

pressing of 20 MPa at 100 °C for 5.5 h was employed to cure the material [15]. In a similar study 

hydrothermal hot-pressing was employed to fabricate a PVA fiber reinforced geopolymer with a 

compact microstructure and improved tensile strength [16]. Furthermore, hydrothermal approach 

with 30 MPa and 0–250 °C was used for up to 48 h for fast densification of bottom ash using fly 

ash geopolymer to reach minimum porosity and leachability of the material [17]. Despite the 

improvement on mechanical and physical properties of hydrothermal hot-pressed geopolymers, 

the hydrothermal mechanism does not necessarily improve the geopolymerization as a minimum 

amount of water is essential in this system as a medium of the reaction and the rest is trapped 

between the particles as the free water [18]. Therefore, modification on this system for producing 

high strength geopolymers is of interest.  

Hot-pressed geopolymers were recently introduced as a high strength ceramic-like material with 

the lowest amount of alkali activator, which could be produced within a tremendously short time 

[19, 20]. This method uses a simultaneous combination of continuous heating and pressing of 

alkali-activated aluminosilicates to remove the pore fraction and accelerate the dissolution of the 

precursors and their polycondensation. The material properties of the hot-pressed geopolymers are 

highly depending on the hot-pressing parameters, including temperature, pressure and curing time. 

The combined effects of hot-pressing duration and temperature at constant pressure were studied 

before [21]. It was observed increasing the temperature speeds up the dissolution of amorphous 

phases, the water removal, and the condensation process of geopolymers. Besides, sufficient time 

is needed to eliminate the trapped air/water and harden the geopolymer gel.  



Here, we present experimental evidence of how the combined pressure and heat influence in hot-

pressed geopolymer properties. Furthermore, the kinetics of gel formation under high pressure and 

temperature is determined using pressure loss and thermogravimetric analysis of the fresh matrix. 

Moreover, we present the systematic analysis and comparison of hot-pressing parameters on 

hardened materials by microstructure analysis, physical and mechanical properties.  

 

2 Materials and procedures 

2.1 Preparation of volcanic ash 

The VA from Taftan Mountain (southeast of Iran) was used in the present study after sieving to 

below 74 µm and removing large particles. The full particle size distribution measured using laser 

diffractometry (Sympatec Helos, Sympatec, Germany) can be observed in Fig 1a. The average 

particle size of the sieved VA was 8.68 µm. The morphology of the VA particles has shown at Fig 

1a. The specific gravity of the VA as measured using pycnometer was 2.13 g/cm3. The oxide 

composition and LOI of the VA were analyzed using X-ray fluorescence (XRF- PANalytical Axios 

mAX instrument) as shown in Table 1.  



 

Fig.1 a) Full particle sizes distribution and b) morphology of the sieved VA. 

Table.1. Oxide composition and LOI of the sieved VA used in present work. 
Oxide composition 

SiO2 CaO Al2O3 Fe2O3 K2O Na2O MgO TiO2 Others  LOI 
wt.% 46.8 19.1 13.5 8.5 4.3 4.1 1.7 0.9 1.2 2.9 

 

To activate the VA, sodium silicate in liquid form (30 % SiO2, 12 % Na2O, and 58 % H2O) and 

8M sodium hydroxide were mixed with a mass ratio of 2.5:1.0. This composition is according to 

our previous study [21]. The low molarity of sodium hydroxide was used because our previous 

study showed a negligible influence at higher sodium hydroxide concentrations on the mechanical 

and physical properties of the hot-pressed geopolymers [22]. 

 

2.2 Preparation of geopolymer specimens 

The alkali activator and VA, with a ratio of 1:5, were manually mixed for 5 min, and then cast into 

a thermal resistant steel pressing mold. Similar low alkali activator to solid ratios was used 



previously for both hot-pressed fly ash and metakaolin based geopolymer [8, 22]. At this stage, 

the fresh matrix was quite bulky as a large volume of air trapped between the solid fractions. The 

fresh matrix was then subjected to about 12 MPa impact pressure with a rate of 7 mm.s-1 for about 

9 s to remove large fractions of unwanted air. These values were obtained from our preliminary 

experiments. Immediately, the pre-condensed matrix treated with the hot-pressing at different 

temperature (110 to 400 °C) and induced pressure (6.1 to 96.8 MPa) for 30 min. This curing time 

is optimum for hot-pressing of VA based geopolymer as discussed in our previous experiments 

[21]. A monometer was installed at the hydraulic press to monitor the pressure drops of the hot-

pressing system, and the lost pressure was returned to the initial level every 2 min. Simultaneously, 

the compressibility of the matrix was recorded using a vertical LVDT installed at the pressing 

setup. Eventually, the heater was removed after the 30 min hot-pressing, the system was allowed 

to cool down, and the hardened geopolymer specimen was pressed out of the mold. The samples 

were then placed in rest at room temperature of ~21°C with a relative humidity of ~35 %.  

 

2.3 X-ray diffraction analysis 

The mineralogy of the materials was determined by x-ray diffraction (XRD) analysis on a GNR-

MPD 300  using Cu Kα radiation and scanning unoriented powder solids in the range of 2θ = 5o-80o 

with a 0.02 deg step interval and a 0.1 deg s-1 scanning rate.  

 

2.4 Differential thermal analysis 

Differential thermal analysis (DTA) was applied to verify the kinetics of the geopolymerization at 

the high temperatures of 110, 200, 300 and 400 °C with a constant heating rate (15 °C·min−1)  using 

Bähr STA 503 instrument (Germany) under air atmosphere.  



 

2.5 Phase quantification using backscattered electron image analysis 

The microstructure of specimens was investigated to quantify the pore, unreacted phases, and 

geopolymer fractions through backscattered electron (BSE) image analysis using an SEM-

TESCAN vega 3 in a high vacuum condition and acceleration voltage of 15 kV. In this line, the 

BSE images of 768x768 pixels were first subjected to multispectral analysis for a supervised 

classification using MultiSpec© (Purdue Research Foundation) and then used for image analysis 

in ImageJ software [22]. 

 

2.6 Fourier transform infrared spectroscopy analysis 

Fourier transform infrared (FTIR) spectra were obtained using a Perkin Elmer System series 2000, 

equipped with a diamond crystal attenuated total reflectance. The transmittance spectra were collected 

over the range of 4000–400 cm-1. 

 

2.7 Mechanical properties: compressive strength, elastic modulus, tensile strength  

The compressive strength of the cylindrical specimens with a dimension of about 31.9 mm 

diameter and 31.9 mm height was measured using a Geotech universal machine with the maximum 

load capacity of 30 t at a 0.1 mm.s−1 pacing rate. Noteworthy, edges of the specimens were slightly 

polished to eliminate instabilities on initial steps of the measurements. The elastic modulus was 

calculated through the best fitting line approach to the linear part of the stress-strain diagram of 

the materials. Another set of specimens with similar dimensions were subjected to diametrical test 

(Brazilian test) to determine the tensile strength of the hardened geopolymers, however with a 

lower loading rate of 0.01 mm.s−1. For this mean, the conventional Equation 1 was used, where σt, 



P, t, and D are the tensile strength, maximum load, and thickness and diameter of the cylindrical 

specimen: 

2.
. .t

P
t D

σ
π

=                                                                         (1) 

 

2.8 Bulk density 

The bulk density was measured by dividing the specimen’s mass by its bulk volume. Noteworthy, 

all the specimens had a sharp cylindrical geometry of 31.9 mm diameter and 31.9 mm height. 

 



3 Results and discussion 

3.1 Compressibility and pressure-loss 

 

Fig. 2 a) Typical compressibility of the fresh matrix during the hot-pressing (350 °C, 73.2 MPa 

and 30 min), b) maximum compaction of the hot-pressed geopolymers under different 

temperatures (110-400 °C) and pressures (6.1- 98.6 MPa), isothermal DTA analysis of the 

geopolymers over c) time and d) temperature. 



The pressure loss is always observed in the hot-pressed geopolymer system, and therefore 

continuous pressing of the fresh matrix is essential [19-21]. Fig 2a shows that above 65 % of the 

fresh VA-based geopolymer matrix consists of an air fraction which removed initially by an impact 

pressure of approximately 12 MPa. When the material is subjected to the hot-pressing, the 

compactability of the material increased in the range of 1.7 to 10.6 %, Fig 2b. The higher the 

pressure and heat, the higher the condensation of geopolymers. Regardless of temperature, the 

large air fraction trapped among the solid particles is forced out by the induced pressure. This is 

manifested through the sharp drop at the initiation of the pressure-loss, first 2 min, at all specimens, 

Fig 3a. Further pressure loss is obtained by increasing the temperature, which results in free-water 

evaporation and therefore empties the water-occupied spaces for further compaction. Fig 2c and d 

show the presence of an endotherm peak at about 110 °C which is mainly associated with the 

evaporation of the trapped water in channels and voids of geopolymer matrix [23, 24]. Generally, 

this evaporation is envisaged to be easier in materials with less ordered crystal structures [24]. As 

observed in Fig 2c, the water evaporation is almost completed at 200 °C and above. While, when 

the system temperature is limited to 110 °C the thermal energy of the system is insufficient to 

remove a large fraction of extra water. This is also observable in the trend of pressure loss, Fig.3a. 

When the energy is enough to evaporate extra waters, the maximum pressure-loss is shifted toward 

the initiation of the process, to about 4 min. This shift is more distinguishable when the induced 

pressure is below 24.4 MPa. While, when the processing temperature is limited to 110 °C, the 

localization of maximum pressure-loss is not observed, as the thermal energy of the system is not 

enough for quick evaporation of the water.  

Apart from the individual effects of the heat and pressure, removing of the free-water increases 

the alkalinity of the matrix and accelerates the gelation of the aluminosilicate particles [21]. 



Transformation of the solid particles to a deformable gel accompanying by pressing leads to 

another air removal and further compaction [20]. This is because the dissolution of aluminosilicate 

particles is significantly increased at higher temperatures [25]. These are magnified when the 

combined effects of heat and pressure increase the internal pressure of the system [26, 27] and ease 

the hot-air removal as well as a faster heat transfer in a denser matrix [28]. The dual effect of 

pressure and heat is observable in the trends of maximum pressure-loss to induced-pressure, which 

increased by both pressure and heat, Fig 3b. This is due to the easy vapor diffusion in the porous 

media compared with the condensation-flow phenomenon which occurred in the condensed 

matrices with discontinuous pore networks [29]. However, Fig 3c indicates the ultimate pressure 

loss, is mainly depend on the induced pressure. This means that the specimens which exposed to 

higher pressure have a more stable structure at the end. 



 

Fig. 3.  a) Pressure loss of the hot-pressing system at 100-400 °C under 6.1- 98.6 MPa pressure 

which monitored in 2 min intervals for 30 s, b) maximum pressure-loss to induced-pressure ratio, 

and c) end pressure-loss to induced pressure ratio. 

 



3.2 X-ray diffraction analysis 

XRD analysis of the untreated VA and hot-pressed geopolymer specimens, which produced at 

different temperatures and pressures, is shown in Fig 4. The broad hump between ~20 and 35 (2Ɵ) 

on the XRD patterns indicate the amorphous phase of VA, which is related to the quick cooling of 

volcanic lavas [30, 31]. The crystalline phases of the as-received VA mainly composed of 

plagioclase of different types, dominantly anorthite, with a trace of other compositions of zeolite 

and edenite [21, 31, 32]. As observed, the general XRD pattern of the hot-pressed geopolymers is 

similar to the untreated VA. However, the reduction in the intensity of some crystalline diffraction 

peaks is mainly associated with the formation of additional amorphous phases at the presence of 

the alkali activator in the hot-pressed geopolymer samples [33]. However, a similar hump at 

geopolymer specimens shows the amorphous phases of unreacted particles, which partially 

overlaps with sodium aluminosilicate products [22, 34, 35]. Interestingly, increasing the 

temperature and pressure alters the crystalline phases of the hot-pressed geopolymer. Formation 

of albite is more expectable at high temperature and pressure, 350 °C at 98.6 MPa. While andesine 

is formed at the lower temperature and pressure, 200 °C at 24.4 MPa and 300 °C at 48.7 MPa. A 

similar result was observed in our previous results where albite was formed in specimens with long 

curing duration at high temperature, while, andesine formed at short time curing at low temperature 

[21]. This is associated with the reversing reaction between the plagioclases, quartz-bearing 

mineral assemblages, and those of sodium-based activators through the exchange of Ca/Na which 

is depending on the temperature, pressures, and processing time parameters [21, 36].   



 

Fig. 4. X-ray diffractogram of the untreated VA and VA based hot-pressed geopolymers 

produced at 110 °C-0.5 t, 200 °C-2 t, 300 °C-4 t, and 350 °C-8 t. The patterns were plotted with 

a 2000 a.u. offset.  



3.3 Infrared spectroscopy 

The FTIR spectra of VA based hot-pressed geopolymers with different heating and pressing 

conditions (110 °C-0.5 t, 150 °C-1 t, 200 °C-2 t, 250 °C-4 t, 300 °C-6 t, and 350 °C-8 t), as well 

as that of the untreated VA, are provided in Fig. 5. The main bands of the geopolymer molecular 

chains are originated from the VA with over 80 wt.%. In this line, the distinct intensities at 465 

cm−1 and 1030 cm−1 which are observed in all spectra, attributed to the Si-O-Si bending vibration 

and Si-O-Si and Si-O-Si asymmetric stretching vibration, respectively [33]. The medium band at 

780 cm-1 is attributed to tetrahedral bending vibration of Si–O–Si bond. The weak bands at about 

535 to 635 cm-1 are linked to the ring vibrations of framework silicates [37, 38]. These bands 

indicate the presence of amorphous aluminosilicate network structures at all specimens [39].  

The most characteristic differences due to the change in processing conditions of the hot-pressed 

geopolymers are observed at the broadbands of about 3445 cm-1 and 1640 cm-1 which attributed 

to the stretching vibration of H–O–H and –OH, and bending vibration –OH and, respectively [40, 

41]. These correspond to the free waters, e.g. trapped moistures among particles, in both untreated 

VA and hot-pressed geopolymer specimens. The rise in inducing pressure and heat results in higher 

water evaporation from the geopolymer specimen, which manifests itself in the form of a reduction 

in transmittance at the FTIR spectra. The free water is supplied through the alkali activator and 

environmental humidity. There are other bands between 2350 to 2925 cm-1 at the spectra of 

geopolymers, which ascribed to stretching vibration OH and H-O-H [42]. These belong to the 

structural waters as do not exist in untreated VA’s spectra and are not diminishing at samples with 

higher temperature and pressure.  

The bands at about 1460 cm-1 correspond to the stretching vibration O-C-O and presence of 

carbonate ions (CO3
2-) [33]. The splitting of this peak shows the elimination of degeneracy because 



of the distortion of the CO3
2- group. This splitting depends on the metal ions (Na+, Ca2+, and Mg2+) 

which are linked to the carbonate group [43]. This is due to the higher energy band at carbonate 

ion associated with the divalent cation compares with the Na-carbonate ion complexes. The degree 

of splitting of the hot-pressed geopolymers is about 33 cm-1 which is similar to the previously 

reported conventional VA based geopolymer with a degree of splitting of 47 cm-1[38]. This low 

degree of splitting is caused by the local environment of CO3
2- associated with the Na+ ion 

(Na2CO3). Likewise, the sodium carbonate was observed previously in fly ash based geopolymer 

as well [22]. 

 



Fig. 5. FTIR spectra of the untreated VA and VA based hot-pressed geopolymers produced at 

different heating and pressure conditions. The spectra are plotted with a transmittance offset of 

20 %.  

 

3.4 Backscattered electron image analysis  

Fig. 6a-b and 6c-d show the BSE and multispectral image analysis of the polished surface of the hot-pressed 

geopolymers which produced at 110 °C-6.1 MPa and 350 °C-98.6 MPa, respectively. As observed, the 

continuous porosity of the specimens is transferred to closed porosity when the heat and pressure are 

increased. The quantification of three different fractions of hot-pressed geopolymer including pore, 

unreacted particles, and geopolymer using multi-label histogram threshold of at least eight BSE images are 

shown in Fig 6e. The increase in the hot-pressing parameters, induced pressure and temperature, not only 

reduces the pore volume but also unreacted particle. As observed in Fig 6e, the pore volume of ~27 % at 

110 °C-6.1 MPa was reduced to ~15 % when it subjected to 400 °C-73.2 MPa.  Furthermore, the 

increase in hot-pressing leads to increase in geopolymer gel formation, Fig 6f. 

 



Fig.6. BSE image analysis of the hot-pressed geopolymer produced at a and b) 110°C-0.5t, c and 

d) 350°C-8t; e) phase distribution of the specimens processed at 110°C-0.5t, 200°C-2 t, 300°C-

4t, and 350°C-8t; and f) geopolymer gel to solid (untreated VA and geopolymer gel) ratio. 

 

3.5 Physical and mechanical properties 

Fig. 7 indicates the variation of physical properties and mechanical performances of the hot-

pressed geopolymers, which are produced at temperature and pressure ranges of 100-400 °C and 

6.1-98.6 MPa, respectively, for constant curing of time of 30 min. The geopolymers’ mass loss is 

about 5-11 wt.% which highly depending on the hot-pressing temperature, see Fig.7a. This is due 

to the optimum alkali activator to aluminosilicate precursors ratio of the fresh matrix which liquid 

fraction does not discharge from the system by pressing. While the water fraction is evaporated 

when the thermal energy of the system is increased, and consequently, the mass loss is occurred. 

Considering the water content of the alkali activator used in this study (62 wt.%), only about 12.4 

wt.% of the fresh geopolymer matrix consisted of water. With this assumption that all the ejected 

material is only water vapor, the water demand for formation of the hot-pressed geopolymer can 

be as less as 1 wt.% of the matrix. This shows that the bulk water contained in geopolymers are the free 

water rather than structurally bound water [44]. Unlike the mass loss, the final volume of the hot-

pressed geopolymer specimens almost varies based on the induced pressure, Fig 7b. However, at 

high temperature and pressure, over 300 °C subjecting to 73 MPa and above, the phase 

transformations increase the compressibility of the matrix.  

The density of the hot-pressed geopolymer is based on its porosity and moisture content, which 

changes in the range of about 1.7 to 2.2 g/cm3, Fig 7c. The induced pressure is a dominant factor 

in the variation of the specimen density, especially at high pressures, 48.7 MPa and above. This is 



due to the condense structure of the specimens at high pressure. While, when the induced pressure 

is low, the porous structure of the martial might filled with water or emptied depends on the thermal 

energy of the system. The existence of water fraction influences on the measured density.  

The compressive strength and elastic modulus of the specimens vary in a large range of about 29-

160 MPa and 1.9-4.5 GPa, respectively, Fig.7d and 7e. As it is observed, when the processing 

temperature is below 250 °C, the compressive strength of the specimens is depending on both 

processing temperature and pressure. While at above 250 °C, the increase in compression strength 

is dominantly proportional with the increase in the induced pressure. At a compact matrix, stress 

distributes uniformly, and local fractures due to the stress concentration, which occurs at the 

adjacent of the porous area are obviated [45]. Therefore, the initiation of crack formation is 

postponed at specimens which synthesized at higher temperature and pressure. While the 

formation of local cracks, and consequent release of energy, results in continuous damage at the 

porous specimens causes a reduction in both elastic modulus and compressive strength. However, 

condensing the structure of the material on the one side, and higher formation of binder gel due to 

the increased solubility of aluminosilicates on the other side, are the main reasons of high 

mechanical strength in geopolymers at higher hot-pressing conditions, as discussed in section 3.4.   

An almost similar trend is observed for the tensile strength in the range of 1.1-13.3 MPa, Fig 7f.   

However, at high temperature and pressure, over 350°C and 73.2 MPa, the formation of 

microcracks throughout the sample were observed at some specimens, which significantly reduced 

the tensile strength. This crack formation is correlated with instability of the plagioclase-quartz-

fluid reaction at high temperature as observed in isothermal DTA analysis, see Fig 2c. Identical 

observation was reported before where the hot-pressed geopolymers cracked at 400 °C [21].  



 

Fig. 7. a) Mass loss during hot-pressing, b) volume, c) density, d) compressive strength, e) elastic 

modulus, and f) diametrical tensile strength of the hot-pressed geopolymers produced at temperature and 

pressure ranges of 100-400 °C, pressures and 6.1-98.6 MPa, respectively.  

 

4 Conclusion 
In this study, we have restricted our attention to the combined effects of pressure and heat on the 

geopolymerization kinetic under hot-pressing condition using pressure loss monitoring and 

thermogravimetric analysis of the fresh geopolymer matrix as well as investigating the microstructural 

phase quantification, physical properties and mechanical performance of the hardened materials.   

VA based hot-pressed geopolymer requires a low alkali activator to solid mass ratio of about 1:5 to 

activate major fraction of the aluminosilicate precursors. Also, the structural-water which ultimately 

remains in the hot-pressed geopolymer can be as less as 1 wt.% of the whole matrix.   



About 65% of the fresh geopolymer matrices are the air fraction, which removes easily by impact 

pressing of 12 MPa. When the pre-compacted matrix is subjected to the hot-pressing, the thermal 

energy of the system causes free-water evaporation and accelerates the rate of dissolution. Besides, the 

accompanying pressure forces the air out and compacts the geopolymer product. We would like to 

emphasize that this not only reduces the porosity to less than 15 wt.% but also changes the porous structure 

of the matrix from a continuous network to a closed small porosity. As a result, the increase in hot-pressing 

leads to a higher geopolymer gel formation and an ultra-high early compressive strength of up to 160 MPa 

immediately after the producing. 
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