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Abstract
Geopolymers display a typical brittle mechanical behaviour with low ductility and low fracture toughness. These proper-
ties might represent a significant limitation for structural applicationsoffers steric entrapping of the organic molecule and 
thus structuring the solvated cations in the solution so as to enhance the hydrogen bonding between organic polymer and 
oxides in the inorganic framework. Research efforts have been done on the use of soluble organic polymer in alkali-activated 
geopolymers in general but studies on their role in phosphate elaborated geopolymers are rare. In view of the above, this 
research investigates the preparation of the Polyethylene glycol /Metakaolin geopolymer with silico alumino phosphate gel 
structure under ambient curing conditions and its performance compared with control samples cured at ambient as well at 
80 °C temperature. The effect of PEG at different doses 0–3% (MKGP1, MKGP2 and MKGP3) in metakaolin reaction under 
phosphoric acid of molarity 10 M was studied by measuring compressive strength, flexural strength while tracing and identifi-
cation of the formed gel network by employing X-ray diffraction, FTIR and Scanning electron microscopic analysis. Strength 
analysis showed an enhancement with about more than 50% gain in compressive strength in polymer-assisted samples than 
that of the control samples (MKGP0) which were 12.1 MPa at (ambient ) 18.8 MPa at 80 °C curing. XRD assemblages and 
FTIR spectral data proved an increased amorphous gel with PEG addition of up to 3% with the refinement of pores. Dense 
microstructure in blended samples was evident from SEM analysis. The total weight loss by heating the samples in TGA /
DTA was found to be lower in PEG samples (29%) and for control mixes as high as 49%. The study results offer valuable 
organic-geopolymeric composites with better mechanical properties that can be applied for various potential applications as 
coatings, restoration and conservation domain.
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1  Introduction

Geopolymers, an inorganic material used as an alterna-
tive binder for ordinary Portland cement, are prepared 
from widely and abundantly available clay minerals, and 
industrial by-products containing alumino silicate mate-
rials [1–3]. Owing to their mechanical, and chemical 
characteristics and three-dimensional structure [4, 5], the 
geopolymers are capable of binding aggregates, removing 
and immobilizing heavy metals, ceramic-type materials, 
etc. They are also stable in a wide range of pH, thermally 
treated at elevated temperature exposure as well as resist-
ance to water and aggressive chemicals [6, 7]. The char-
acteristics and properties mainly depend upon the nature 
of the network present in turn nature of the chemical bond 
in raw materials and activating agents. Generally, geo-
polymers are a two-component system, comprising solid 
aluminosilicate precursor and activation solution either 
alkaline or acid medium [8]. The far most used activators 
are alkali silicate, hydroxide, and water or phosphoric acid 
solutions in different concentrations. Homogenization of 
optimized material yield geopolymer cement with proper-
ties similar to Portland cement paste or even superior in 

particular cases viz., thermal stability, encapsulation of 
heavy metals, resistance to aggressive chemicals and cor-
rosion resistance, etc. [9, 10].

The mechanism of geopolymerization is described in the 
following overlapping stages: dissolution of the precursor; 
equilibrium, gelation, reorganization, polymerization, and 
hardening [11–13] (Fig. 1).

All these reactions are occurring concurrently and in 
this way, they exhibit a wide variety of properties, such 
as high mechanical strength [14], low shrinkage, fast or 
slow setting, acid, and fire resistance [15], low thermal 
conductivity, long term durability, and thermal stability 
[16]. To these characteristics, geopolymers have a wide 
range of potential applications in diversified fields such 
as thermal stability, dielectric, cathode battery material, 
and water resistance. Despite their unique properties and 
potential as geopolymers, the materials have yet to get 
into the market and gain general acceptance in mainstream 
applications. It is mainly from the different types of source 
materials from industrial wastes or natural/activated clay 
types that widely vary in their chemical composition, min-
eralogy, and properties. Much of the work reported on 
the effect of the chemical composition of the raw materi-
als and hardeners for structural applications. The basic 
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need for functional properties is mechanical strength, low 
shrinkage, and high durability against thermal and aggres-
sive chemicals. To achieve these desirable properties, the 
base matrix should be dense, crack-free bulk structure, and 
easy fabricability [17].

To the reports available in phosphate-based geopolymer 
technology, known to be silico alumino phosphate (SAP) 
are more attractive and presented new properties than tradi-
tional alkali-activated geopolymers such as thermal proper-
ties, shrinkage, and water resistance [18–20]. For this type, 
raw material mainly metakaolin, a calcined kaolinite clay, 
is attacked by orthophosphoric acid and hardened by hot 
curing or ambient curing. The phosphoric acid solution com-
prises H+ protons and H2PO4− ions in which H+ ions proto-
nate oxygen thereby breaking the Al–O–Al network at the 
beginning of the reaction step followed by polycondensation 
reaction. Studies on the structural network and the effect of 
acid content on the metakaolin show the formation of AlPO4 
and [Al2(PO4)(OH)3] phases at room temperature [21, 22]. 
At a molar ratio, Al/P is unity, alumino phosphates, and 
ortho alumino phosphates Al(PO4)3 along with a hydrated 
form of Al(H2PO4)3 phase reported in the early work. As 
most of the works reported on the hardening of metakaolin 
under an acid medium at a high energy gradient process. The 
optimized strength in the range of M30–M40 was attained 
under hot curing conditions, less than 80 °C temperature at 
28 days. Under hot curing the prepared geopolymer under-
goes some physical changes that end up with more micro 
and macro cracks in the bulk [23, 24]. Hence matrix lost 
its visual appearance followed by spalling or peeling of the 
surface. Even, self-desiccation which may cause by improper 
curing seriously affects the strength and durability of the 

concrete. This could be avoided by the addition of some 
curing agents to slow down the self-curing process [25].

Some of the inorganic additives like alumino silicate 
materials or phosphates help to produce specimens at room 
temperature but they resulted in a reduction of the com-
pressive strength [26, 27]. Few organic chemical additives 
to increase the elasticity and toughness are recommended 
and known for their improved self-curing properties. They 
are mostly water-soluble polymers like polyvalent alcohol, 
selected from the group consisting of polyethylene glycol 
(PEG), Propylene glycol (PG), DI-propylene glycol (DPG), 
Butylene glycol, Neopentyl glycol (NPG), Xylitol, Sorbitol, 
and Glycerine; or Phytosterols, Polyoxymethylene (POE), 
Sodium Pyrrolidone Carboxylate (PCA-Na), Hyaluronic 
acid, Stearyl alcohol, Acetyl alcohol or Polyacrylic acid are 
recommended [28]. By comparing with conventional curing, 
the self-curing agents reduce water evaporation from con-
crete, increase the retention capacity of moisture and prevent 
early-age cracking [29–31].

In view of the above, this study aims to solve the ill 
effects due to self-desiccation and reduce the thermal gra-
dient in the processing of acid-elaborated geopolymer by 
the inclusion of an organic polymeric phase to develop 
shrinkage-free hybrid geopolymer. Towards that, Polyeth-
ylene glycol, a polyether compound, commonly expressed 
as H–(O–CH2–CH2)nOH selected as an additive. Most stud-
ies on ordinary Portland cement with PEG as a self-curing 
agent focus on strength development and durability changes 
while ignoring the thermal property changes brought about 
by PEG itself. Though PEG is known as a phase change 
material, having a phase transition temperature of 20–35 °C 
with a wide range of enthalpies (91.72–105.70 J/g ) utilized 
in ordinary Portland cement. The PEG—metakaolin bipha-
sic composites from alkali activation has been reported [32]. 
The interaction between these two is characterized by weak 
hydrogen bonds through the interpenetration of organic 
polymer into the inorganic polymer at the micro-scale level. 
These bibasic composites modify the mechanical proper-
ties by influencing the reaction’s evolution and thus more 
Si–O–Al bonds in the alumino silicate framework. But the 
maturation of the matrix is attained at a minimum of 28 
days.

Since the mechanism of the alkali mediation and acid 
elaboration of the metakaolin are completely different, hence 
there is a need for thorough investigation. During the alkali 
attack, the dissolution of Silica and alumina from metakaolin 
simultaneously involved in the concurrent oligomerization 
and polycondensation. But in the case of an acid attack, the 
dissolution of alumina from metakaolin is faster compared to 
Si and thus fast formation of Al–P gel covering metakaolin 
particles at elevated temperature of curing during the first 
stage of the reaction. The heat evolved during this period is 
high and the risk of thermal cracking is more. Therefore, this 

Fig. 1   Schematic representation of various stages involved in the geo-
polymerisation reaction
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study aims to obtain SAP samples with high reaction degrees 
at ambient temperature by avoiding cracking and shrinkage 
with the aid self-curing agent, PEG was proposed. Due to 
the absence of any report on its utilization in geopolymers, 
there is a need to highlight this material and its capabilities 
in a new binder. When the PEG a soft segment incorporated 
into inorganic hard cement, it adds chemical stability, fire 
resistance, and thermal conductivity due to the change in the 
bulk as well microstructure. Hence the role of this additive 
on the degree of the reaction assessed in the optimum dose 
of the PEG under ambient curing conditions. The functional 
groups and morphologies were monitored using infrared 
spectroscopy and scanning electron microscopy respectively.

2 � Materials and Methods

Metakaolin, alumino silicate obtained from thermally acti-
vated kaolinite clay used in this study as a solid source 
material for geopolymerisation. The chemical composition 
of metakaolin was found to be 90% of Si and Al oxide. To 
elaborate on the solid source, hardener, Orthophosphoric 
acid (AR grade 85%) of 10 M solution was utilized. Water 
soluble polymer, Polyethylene glycol, PEG 400 was sourced 
from Southern India Scientific Corporation as a water 
entrainer. Geopolymers paste samples were prepared as 
two series with and without the addition of Polyethylene 
glycol. The control mixes were first cured under a slightly 
elevated temperature at 80 °C (MKGP80) as well ambient 
temperature, MKGP0. The paste slurry was prepared in digi 
mortar by mixing solids thoroughly for 5 mins followed by 
the addition of 10M prepared orthophosphoric acid and then 
homogenized mechanically for 10 mins. PEG 400 was added 
at the dosage of 1, 2, 3% (MKGP0 -MKGP3) in the second 
series by mixing them mechanically in the phosphoric acid 
and cast in the 50 mm cube size mould, cured at ambient 
conditions only. All the tests were conducted after curing at 
14, and 28 days of air annealed samples.

3 � Characterization Studies

The XRD pattern was collected using a Phillips diffrac-
tometer, model X-pert using Cu-Kα radiation by scanning 
from 10° to 80° (2θ) at a scanning speed of 2°/min and 
at a step size of 0.02°. The crystallographic phases were 
identified with JCPDS cards and also with High Score 
Plus software. FT-IR spectra were recorded using Bruker 
IFS 66v/S FT-IR spectrometer with KRS-5 lens and ATR 
accessories. The transmittance spectra were recorded in the 
range of 4000–400 cm–1 at a resolution of 2 cm–1 and a 
scanning speed of 5 kHz with 32 scans. Field emission scan-
ning electron microscopy (FESEM) using JEOL JSM 6300 

microscope with a tungsten filament electron source and 
20 kV accelerating voltage. An X-ray spectrometer [energy 
dispersive spectroscopy (EDS)] was employed to determine 
the chemical compositions of the phases identified. Atomic 
Force Microscopic studies were used to determine surface 
morphology by park systems corporation XE7 in contact 
mode. Thermogravimetric analysis and Differential scan-
ning calorimetry (TGA and DSC) studies were conducted 
for a simultaneous thermal analysis (STA) in NETSCH 2500 
Regulus in the temperature range of 30–1000 °C in floating 
air/nitrogen (60 ml/min) at a heating rate of 10 °C/min. The 
compressive strength of the paste and mortar specimens was 
determined using a digital compressive machine following 
the ASTM C39-20 standard and flexural strength following 
measured according to ASTM C78-18.

4 � Results and Discussion

The development of compressive strength, the flexural 
strength of the metakaolin phosphate-based geopolymer 
(MKGP) and of the PEG–MK geopolymer (MKGP1-
MKGP3) are presented in Figs.  2 and 3. The strength 
enhancement of MKGP attained from 20.7 to 46.2 MPa 
while subjecting the samples to hot curing MKGP80, Fur-
ther, the addition of PEG improved the strength of ambient 
cured samples at both ages and found to be maximum at 2% 
of PEG 400. Further addition of PEG did not help much to 
the strength development. A similar trend is observed in the 
flexural strength of geopolymer samples. The mechanical 
improvement resulting from the incorporation of the PEG 
was remarkable and compressive strength was increased 
by 37.1 MPa (MKGP2) which was 50 times greater than 
MKGP0 (20.1 MPa). It can be argued that the interfacial 
adhesion between geopolymer and the organic polymer 

Fig. 2   Compressive strength of geopolymer
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is more as well the weak interaction between the weakly 
polar character of PEG due to the presence of OH group and 
methylene groups, compared with the hydrophilic and polar 
surface of GP due to presence of …H–Si–O–Al–O–P– type 
bond. It can be further elaborated from AFM and SEM 
analysis.

The effect of organic polymer addition on the changes in 
the XRD pattern verified and the diffractograms are, pre-
sented in Fig. 4.

X-ray diffraction pattern of metakaolin (MK) conforming 
the peaks of crystalline phases that correspond to Quartz and 
Anatase along with a broad hump of amorphous phases in 
the range 17° and 32° (2θ) centered at around 25° (2θ). The 
characteristic reflection of Quartz 20, 25, 26, 40° (2θ) and 
Anatase (36°), identified from PDF (74-1811) and PDF (21-
1272). The XRD pattern of MKGP80 sample illustrates the 
broadening of the amorphous region between 18 and 34° 2θ 
values with the slight displacement of these 2θ values toward 
a higher degree 2θ compared to raw material. The typical 
halo hump extended from 17° to 39° 2θ while the MK-PEG 

geopolymers conformed a higher degree of amorphous sil-
ico alumino phosphate (SAP) network that coincided with 
enhanced mechanical strength.

From this, it is clear that organic PEG polymer increas-
ing the incorporation of phosphate ions into the alumino 
silicate network by slow curing, entails the formation of 
poly(phospho-siloxo) –Si–O–P–O–Si– 3D network materi-
als generally reported in phosphate geopolymers [27, 33].

The X-ray pattern of PEG blend geopolymer cement with 
reference to ambient cured control samples is presented in 
Fig. 5. It shows the newly formed crystalline phase of ber-
linite or aluminium phosphate (AlPO4) main and sub-peaks 
that formed from leaching Al in acid followed by its reaction 
with phosphate units. Berlinite is isostructural with quartz 
and some peaks of this new crystalline phase are superim-
posed with the ones of quartz. The polymorphs of AlPO4, 
(berlinite) type is seen at 2θ values of 20°, 25°, 27°, 29°, 
31° and 39° corresponding to aluminum phosphate (PDF 
10–423) and some hydrated form of aluminum phosphate 
reflections at 49° 2θ value [Al(H3PO4)2.3H2O) (PDF 00-020-
0010)] are identified in all the specimens [23, 24, 34]. The 
nature of the chemical bonding present is further assessed 
from FTIR studies.

5 � Functional Group Studies

The infrared spectrum of MK in Fig. 6 shows a sharp band 
at 1051 cm−1 which is from a tetrahedral unit of Si–O–T 
(T = Si or Al) vibration and the peak at 800 cm−1 is from 
Al–O–T (T = Si or Al) vibration. Peaks at 518 and 413 cm−1 
are attributed to the stretching vibration of Si–O and amor-
phous silica. Hot cured sample (MKGP80) shows a sharp 
increase in the wavenumber of Si–O–T at 1062 cm−1, a 
positive shift from that of MK but this shifting of the band 

Fig. 3   Flexural strength of geopolymer

Fig. 4   XRD of Metakaolin and MKGP80 Fig. 5   XRD of Phosphate geopolymer and PEG-assisted geopolymer
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is not very effective in ambient cured samples.; MKGP0 
at 1059 cm−1. In the case of polymer added sample series, 
(MKGP1-MKGP3), Si–O–T bonds frequency settled at 
1059 cm−1 to 1053 cm−1, suggesting that the product formed 
are richer in Al–O–Si than Si–O–Si bonds compared to 
PEG-free geopolymer sample. A broad O–H band from 3100 
to 3668 cm−1 in all geopolymer samples shows Si–OH and 
P–OH absorption. Other peaks at 900–915 cm−1 correspond 
to P–O vibration bands associated with the Al–O–P network. 
Almost all samples show P–O, Si–OH, and O–H vibration 
around 1600  cm−1. The formation of the poly(phospho-
siloxo) chain in the system is confirmed by the newly formed 
band at 780–795 cm−1 in all geopolymer samples which is 
attributed to Si–O–P as suggested by literature reports [23, 
27, 35] (Fig. 7).

6 � Thermal Studies

Thermal analysis (TGA) was performed and the TG curves 
of geopolymer cement are represented in Fig. 8. Three 
types of water will escape during the heating such as 
physically bonded water, chemically bonded water, and 
hydroxyl groups. Water evaporation and dehydroxyla-
tion are probably the effects liable for the mass loss dur-
ing heat treatment of geopolymer. In the TGA curve, at 
a low-temperature range, a broad endothermic peak was 
observed related to the loss of water molecules. Usually, 
physically bonded water evaporated at the temperature 
range between 25 and 100 °C, and this band is also known 
as the free water evaporation zone. Temperature between 
80 and 100 °C, some of the water gets evaporated from 
the large pores present in the product. This endother-
mic phenomenon and the mass loss that appeared in all 

Fig. 6   FT-IR of Metakaolin and MKGP80

Fig. 7   FT-IR of phosphate geopolymer

Fig. 8   TGA of metakaolin phosphate geopolymer
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geopolymer cement indicate the removal of physically 
absorbed water, physically bonded water, and one part of 
the chemically bound water in the poly(phospho-siloxo) 
network. Chemically bonded water release was found at 
169 °C in MKGP80, 139 °C in MKGP0, and 165 °C in 
MKGP2. Consequently, the weight loss in the temperature 
range between 100 and 230 °C is from metastable phases 
which contain free water that can be linked to hydrated 
aluminophosphates. This might be from the P–OH groups 
formed from the reaction of hydroxyl groups released from 
H3PO4 with soluble alumino silicates from metakaolin 
[36].

Variation in the peak temperature in the TG curve 
of control samples cured at two different temperatures, 
say 316 °C in MKGP80, and 307 °C in MKGP0 can be 
explained by the fact of bonding water molecules are 
higher in the ambient cured one. In a similar trend, PEG-
assisted matured samples MKGP2 also showed a mass 
loss at a higher temperature, 320 °C. At the same time 
the peak characteristics for the dehydration of PEG nor-
mally observed around 494 °C have not been observed in 
our studied samples. This implies the added PEG utilized 
during the geopolymerisation. [24, 36]. Comparing the 
PEG loaded to that of control, a slight degree of mass 
loss was found at the temperature range between 250 and 
300 C. This might be from dehydration of Si–OH which 
was held by the hydrogen bond of PEG with the vicinal 
Si–OH molecule. Thermal reactions were further analyzed 
from DSC curves.

DSC analysis was carried out for samples from room 
temperature and presented in Fig. 9. A temperature lower 
than 300 °C, two endothermic peaks are clearly evident, 
one at 120–125 °C and another in the temperature range 
140–150 °C in ambient cured samples of both control and 
MKGP2. On the other hand, hot cured control samples 
release the heat at 107 °C as a broad peak and another small 
peak at 40 °C. The differences between hot curing to that 
of room temperature are the content of water molecules in 
the geopolymeric network and/or physically bound one. 
Therefore, the occluded water molecule release at a slightly 
higher temperature over and above 110 °C in the MKGP2 
and MKGP0 implied that these metakaolin phosphate geo-
polymer cements contain these aforementioned water mol-
ecules in their network even at relatively high temperatures. 
Therefore, these specimens could have a good high-temper-
ature performance than hot-cured control samples. This is 
in good agreement with IR spectra results which show the 
absorption bands at about 1630 and 3600 cm−1 for –OH 
bonds as depicted in Fig. 7. At the same time, the hydroxyl 
group in Si–O–P–OH associated with incorporation of Phos-
phate ions, verified from the band at 799 cm−1 observed in 
the hot cured samples whereas, organic moiety associated 
HPO4− ions accelerate the P–OH bond that in turn shift this 

frequency number to a lower value (790 cm−1) in PEG added 
samples [37, 38].

A common way of preparing phosphate-based MK-GP 
is an optimum of 70–80 °C temperature because the setting 
time of MK and H3PO4 solution is usually too long more 
than 48 h at room temperature. The hot curing process was 
found to be unfavorable, due to a larger amount of amor-
phous gel generated by Al3+ and PO4

3− at a higher curing 
temperature, which hinders the further reaction and leads to 
a lower compressive strength. Similarly, a low degree of MK 
dissolution under acid reaction yields low Al content at room 
temperature or below 40 °C, hence did not yield strength at 
early ages, even in a few cases, it is nearly 8–10 MPa at the 
standard age of 28 days curing. Thus, it has been noticed that 
curing temperature is one of the critical parameters for the 
final compressive strength of the SAP samples.

It has been found in the literature [39] that the recommen-
dation of a multi-stage curing process for SAP preparation 
to arrive the uniform strength. It is also believed that the 
cracking of the samples cured constantly at 60 and 80 °C is 
majorly attributed to the thermal expansive force induced by 
the great internal temperature rise of the samples. Though 
the higher curing temperature achieves strength and directly 

Fig. 9   DSC of metakaolin phosphate geopolymer



2842	 Journal of Inorganic and Organometallic Polymers and Materials (2023) 33:2835–2847

1 3

increases the time of reaction, but the exothermic heat gener-
ated by vigorous reaction in a short time cannot be removed, 
leading to a great rise of the internal temperature and thus 
the expansive cracking of the matrix. In order to avoid such 
shrinkage, PEG, a water entrainer is used in this study and 
established the improvement in the strength. The mechanis-
tic steps involved in the reaction has been shown in Fig. 10.

Tests were conducted by subjecting the MKGP0 and 
MKGP2 samples to the temperature of 100 °C for a sus-
tained period of 2 h. The air-annealed samples were veri-
fied for their compressive strength. The MKGP0 com-
pletely lost their physical integrity and a few samples (2 out 
of 6) showed a marginal value of strength in the range of 
7.5–8 MPa. On the other hand, no change in strength attain-
ment was observed in PEG-assisted MKGP2 (35.6 MPa). 
From this, it is clear that the PEG-assisted ambient curing 
method of consolidation is effectively bonded silico alumino 
phosphate gel with retention of aluminium phosphate crys-
talline phases. Though XRD reflections of MKGP0 contain 
broad amorphous peaks that might be from both metakaolin 
as well their converted product of silico phosphates upon 
heating, the loss of water molecules destruct the gel struc-
ture [40].

The thermal degradation steps can be proposed from TG 
curves and DSC thermograms.

	 (i)	 The endothermic phenomenon and mass loss which 
appear between room temperature to 300 °C for all 
geopolymeric samples are from the removal of physi-
cally absorbed/bonded water with part of the chemi-
cally reacted molecule in the gels.

	 (ii)	 Comparing the mass loss of heated and unheated 
samples, lower degrees are observed in heated sam-
ples, or in other words, typically water molecules 
in the microstructure are less, and hence strength is 
more.

	 (iii)	 The unheated control samples as well as PEG-geopol-
ymer composites, undergo heavy mass loss because 
of the abrupt loss of a higher amount of physically/
chemically bound water, which could be responsible 
for lower strength.

	 (iv)	 Further mass loss above 600 °C is more in the case 
of unheated MKGP0 and MKGP2 could be assigned 
to the deterioration of P–OH groups in the structure 
of metakaolin phosphate gel. Comparing these two 
samples, the mass loss is heavy at unheated than at 
PEG-assisted. Thus, it is clear extended condensation 
reaction took place in the MKGP2 cement. This is 
also clarified by the observed peak corresponding to 
P-OH at 908–916 cm−1.

Fig. 10   Network formation in metakaolin phosphate geopolymer with and without PEG
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Further micrograph assessment from SEM results has 
been carried out and analysed.

7 � SEM Morphological Analysis

SEM micrograph of all matured geopolymers recorded after 
28 days and presented along with elemental analysis in 
Fig. 11. It can be observed that most of the MK raw material 
reacted under acid attack, forming a dense gel with a com-
pact structure in the heat-cured matured MKGP80 samples. 
SEM picture of MKGP0 showed unreacted MK in lamellar 
structure. In PEG-added samples, high connectivity of gel 
with fewer pores is observed as it ascertaining the role of 
the organic phase in the geopolymerisation condensation 
reaction. It is understood that metakaolin can be reacted 
with phosphoric acid to convert most silica, aluminium, 
and calcium oxides into hydrogen phosphates, phosphates of 
the crystalline and or amorphous phase [24]. The presence 
of these was established from the XRD pattern and FTIR 
functional group analysis. The distribution of the phosphates 
in solid phases is affected by the interlacing of PEG at the 
ambient curing process which can be clearly distinguished 
from the SEM picture. The elemental mapping results indi-
cated in Fig. 11 showed that all the geopolymers consist 
mainly of Si, Al, P, and O elements that were evenly dis-
tributed within the matrix. It indicates the formation of the 
Si–O–P–O–Al network [41]. EDS spectrum of specimens 
cured at elevated temperatures showed that Al/P and Si/P 
are much higher than ambient cured samples because the 
higher temperatures accelerate the dissolution and slowly 
transformed into diffusion controlled, even lowering the final 
reaction degree to some extent [42, 43].

The highly porous structure with more metakaolin par-
ticles indicates in MKGP0 the MK was not attended in the 
geopolymerisation while biphasic PEG composite, MKGP2, 
cured at ambient temperature exhibit much denser with a 

lower Al/P ratio and higher compressive strength. The 
average Al/P is approximately 1.0 ± 0.1 which is approxi-
mately equal to 1 probably indicating the formation of more 
AlPO4 phase. This is further confirmed by the absence of 
PO4 units from excess phosphoric acid normally appeared 
in the IR frequency range in the main band nearly at 1150 
cm−1. Therefore the balanced charges of PO4

3− with Al or 
Si affect positively the network. This can be explained by 
following an interactive gel reaction from the added PEG. 
The depolymerisation of MK particles led to Al–OH units 
in the presence of an acid, entering into the reaction with the 
PO4 tetrahedral unit. At the time of mixing, the PEG poly-
mers are added to the slurry, mainly forming the hydrogen 
bonds between the water molecules, this helps to reduce 
the chemical potential of the molecule due to the reduction 
of the vapor pressure and the rate of evaporation from the 
exterior surface [44]. In other words, the moisture loss due to 
the continuous evaporation of the water due to the variation 
in the chemical potential and the free energy space between 
the liquid and the vapor phase is avoided by the incorpora-
tion of PEG.

SEM cannot completely reflect the fluctuation of the 
specimen surfaces, as the signals received are generally 
shown in grey diagrams, with no information about the sur-
face variation. On the other hand, AFM is effective in the 
detection of nanometer spatial resolution and force sens-
ing sensitivity, which can measure the surface morphology, 
as well as reflect the mechanical properties. Hence AFM 
images of the specimens of selected regions from SEM pic-
tures to study topography. The AFM images are presented 
along with respected specimen SEM micrographs of the gel 
structure seen in geopolymer specimens analysed through 
AFM images are presented. The variation in the images is 
found in MKGP80, MKGP0, and MKGP2. It is seen that the 
micro topology of the MKGP2 is smooth than samples with-
out PEG. The visible deep cracks on the MKGP80 sample in 
addition to the phase images are found with meso-structured 

Fig. 11   SEM micrograph of MK
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Fig. 12   AFM and SEM micrograph’s of MKGP80

Fig. 13   SEM and AFM micrographs of MKGP0
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Fig. 14   SEM and AFM micrographs of MKGP2

Fig. 15   Elemental mapping of MKGP80, MKGP0 and MKGP2
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pores. MKGP0 shows a gel-printed with a more fractured 
surface. An almost smooth and uniform image in the sur-
face-modified PEG interlaced composite surface is particu-
larly noteworthy and could be considered as a pointer to 
better homogeneity as PEG is known to be a self-curing 
agent (Table 1 and Figs. 12, 13, 14, 15).

8 � Conclusion

This study provides a new way to develop a low-cost, high-
quality, environmentally friendly metakaolin-based phospo 
geopolymer and achieves a crack-free surface by the addi-
tion of a small amount of PEG 400. The microstructural 
analysis of control without the addition of PEG matured 
at ambient temperature and heating to 80 °C compared 
with PEG-assisted curing. The main crystalline phases of 
geopolymer cement with and without the addition of PEG 
are only Berlinite, phosphate of aluminum, and unreacted 
quartz. Under the optimum dose of PEG at 2%, the sur-
face of geopolymer cement is smooth with the compressive 
strength of M40 under standard curing age of 28 days. 
PEG composite formed more amorphous alumino silico 
phosphates with fewer micropores, a more uniform distri-
bution of gels on the MK lamellae. The water-holding PEG 
increases the physically/chemically bonded water mole-
cules in the geopolymer network structure thereby improv-
ing the thermal resistivity. Thus poly (phospo siloxo) net-
work with Si–O–Al–O–P bond structure obtained at room 
temperature hardened acid-based geopolymer. The partial 
replacement of the SiO4 tetrahedral unit by PO4 is evident 
from IR spectral data and thermogram. SEM and AFM 
microscopic analysis confirmed the surface homogeneity 
and smoothness in the microstructure. Finally, the surface 
adsorption of PEG, a phase change material avoided the 
thermocracking and enhanced the hydrated aluminium 
phosphate in the SAP network.
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