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A B S T R A C T   

Phosphoric acid (PA)-activated geopolymer is a potential construction material with superior mechanical per
formance and high temperature resistance. However, the synthesis of phosphoric acid-activated fly ash (FA) 
geopolymer (PAFG) usually requires high concentrations of PA. In this study, the mechanical properties and 
microstructure of PAFG samples prepared with varying low PA concentrations (LPA, 1–4 M), liquid/FA ratios 
(0.3–0.45), and curing temperatures (25, 60, 90 ◦C), as well as their effects on the environment and economy, 
were investigated. The compressive strengths of PAFG with activation of LPA were generally low. The PAFG 
prepared with a L/F = 0.35 and 4 M PA solution curing at 60 ◦C for 6 days obtained the highest compressive 
strength of 13.23 MPa. The formation of geopolymer gels of Si-O-Al-O-P, Al-O-P, or Si-O-P were the primary 
reaction products and strength gain for PAFG samples. The increase in PA concentration and L/F ratio accel
erated the FA dealumination reaction and the polymerization reaction by increasing the H+ and P-O concen
trations of solution. In comparison to low concentration NaOH-activated fly ash geopolymer and cement pastes, 
the CO2 emission intensity and energy consumption intensity of PAFG curing at 25 ◦C were reduced by 70.9% 
and 35.6%, and 90.6% and 90.6%, respectively. Albeit the cost increased by 87.4% and 30.7%, respectively. 
Therefore, it is essential to develop inexpensive chemical processes for the preparation of PA solutions.   

1. Introduction 

Portland cement (PC) is the most widely used building material, but 
its production requires high temperatures (1300–1500 ◦C) and generates 
large quantities of carbon dioxide (CO2) [1].During the production of 1 
tonne of cement, over 0.8 tonnes of CO2 are emitted [2]. Compared to 
PC, geopolymer has a lower manufacturing temperature (<100 ◦C) and 
emits less CO2 (44–64% reduction [3]), so it is considered an environ
mentally friendly material [4,5]. There are two types of geopolymer: 
alkali-activated geopolymer and acid-activated geopolymer. Alkali- 
activated geopolymers are synthesized in the presence of alkaline acti
vators (such as NaOH and sodium silicate), and their chemical structure 
units consist of -Si-O-Al-O-, Si-O-Al-O-Si-O-, and -Si-O-Al-O-Si-O-Si-O- 
units [4,6]. Acid-activated geopolymers are generated in phosphoric 
acid (PA) medium, and their chemical structural units are constituted of 
-Al-O-P-O-, -P-O-Si-O-P-O-, -P-O-Si-O-Al-O-P-O-, and -P-O-P-O- units 
[7,8]. Alkali-activated geopolymers have received more concern over 

the past few decades, whereas the development of acid-activated geo
polymers is relatively slow. For acid-activated geopolymers, however, 
there may be issues with durability and its own acid properties in en
gineering applications. 

Phosphoric acid (PA)-activated fly ash (FA) geopolymer (PAFG) is a 
potential construction material with superior mechanical performance 
and high temperature resistance [9]. It has a promising future in 
wastewater treatment [10] and the solidification of organic [11] and 
inorganic pollutants [12]. According to Wang et al. [13,14], the primary 
reaction products in phosphate-based geopolymer were an amorphous 
structure of SiO2⋅Al2O3⋅P2O5⋅nH2O and a crystalline phase, aluminum 
hydrogen phosphate (AlH3(PO4)2⋅3H2O), resulted in an increased 
strength. Pu et al. prepared PAFG with compressive strengths ranging 
from 3 to 21 MPa using 6.8 mol/L PA-activated FA (at a liquid-to-solid 
ratio of 0.3) [9]. In contrast, Mahyar et al. [15] utilized 8.7 mol/L PA- 
activated FA (at a liquid-to-solid ratio of 1.0) to produce PFAG with 
compressive strengths ranging between 15 and 22 MPa. This suggests 
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that raising the concentration of PA does not necessarily improve the 
mechanical properties of PAFG. In addition, high concentrations of PA 
released considerable quantities of heat during the polymerization re
action, hence decreasing the setting of PAFG, which is detrimental to 
engineering applications and increases costs [16,17]. At present, there is 
almost no related research on PAFG synthesized using low- 
concentration PA (LPA). 

Moreover, the research on PAFG is mainly focused on the strength 
and microstructures, whereas the research on the CO2 emission and 
economic analyses of PAFG is also rarely involved. Previous research has 
demonstrated that the CO2 emissions of alkali-activated FA geopolymer 
(AAFG) was 40–80% lower than that of PC concrete [18–20], while the 
cost was comparable or slightly higher [21–23], depending on the type 

and concentration of the activator used. According to the literatures 
[24,25], the CO2 emission of PA was significantly lower than that of 
alkaline solutions [26], but the cost was much high due to the prepa
ration process of PA involves the decomposition of phosphate rock with 
sulphuric acid. Therefore, it is necessary to understand the carbon 
emissions, energy consumption, and cost of PAFG preparation process. 

In this study, low calcium FA was used as a precursor, and the effects 
of different LPA concentrations (LPA, 1–4 M), liquid/FA ratios (L/F, 
0.3–0.45), as well as curing temperatures (25, 60, 90 ◦C) on the strength 
and microstructure of PAFG were investigated. Additionally, the carbon 
emissions, energy consumption, and cost of PAFG cured at various 
temperatures were studied and compared to AAFG and PC pastes. 

2. Materials and methodology 

2.1. Raw materials 

To produce geopolymers, class F FA (according to the ASTM classi
fication) from a local building materials company was used as precursor. 
The chemical composition of the FA was determined by X-ray fluores
cence (XRF) and shown in Table 1. The FA was rich in SiO2 and Al2O3 
(the sum of their mass fractions greater than 80%). Fig. 1 shows the X- 
ray diffraction (XRD) patterns of the FA, which exhibits that FA had a 
certain amorphous aluminosilicate phase at between 15 and 30◦ 2θ. 
There were also some crystalline phases in FA such as quartz (Q, SiO2), 
mullite (M, 3Al2O3⋅2SiO2) and calcite (C, CaCO3). Fig. 2 shows the FTIR 
spectra of FA in the range of 400–4000 cm− 1. The absorption peaks at 
about 3435 cm− 1, 1631 cm− 1, 1087 cm− 1, 813 cm− 1, 556 cm− 1, and 
460 cm− 1 were attributed to the bands of –OH, H-O-H, Si-O-Si (Al), Si-O- 
Si (Al), Si-O-Al, and Si-O bonds, respectively [27,28]. The particle size 
distribution was determined by laser particle size analyzer as shown in 
Fig. 3. The FA particle size was predominantly in the micron range, with 
10% and 90% of the FA particles having a particle size no larger than 
2.75 µm and 58.20 µm, respectively. The median particle size (D50) of FA 
was 17.27 µm. The FA particles had spherical shape as shown in Fig. 4. 
Commercial PA solution (H3PO4, 85 wt%) was used to prepare a 
different molar concentration of activator solutions. Distilled water was 
used as a solvent. 

2.2. Preparation 

PAFG was usually prepared using 6–10 mol/L PA and a liquid-to- 
solid ratio of 0.3–0.5 [29,30]. To examine the effectiveness of LPA as 
an activator in FA geopolymer, the original PA (about 14.6 mol/L) was 
diluted to 1 mol/L, 2 mol/L, 3 mol/L and 4 mol/L by distilled water. The 
liquid-to-FA (L/F) ratios of 0.3, 0.35, 0.4 and 0.45 were used in this 
study, in which liquid contains original PA solution and additional 
water. All samples were cured at 60 ◦C. A relatively wide range of P/Si 
(0.04–0.17) and P/Al (0.05–0.23) molar ratios in system were observed 
and shown in Table 2. Moreover, two mix proportions with different 
curing temperature of 25 ◦C and 90 ◦C and a constant PA concentration 
of 4 mol/L and L/F ratio of 0.35 were used to investigate the influence of 
curing temperature. The mixture proportions of PAFG blends are pre
sented in Table 2. 

The preparation process of all paste samples was in accordance with 
ASTM C305 [31]. The PA solution was prepared according to the mixes 
in advance 24 h. Then the FA powder was added and stirred for 5 mins. 
The paste was cast in cylinder moulds with a diameter of 20 mm and a 
height of 20 mm. Then the specimens were sealed in the moulds and 
stored in a room at 25 ± 1 ◦C for 1 day. The specimens were then cured 
in different temperature for 6 days until mechanical testing and micro
structural analyses. This curing was performed to rapidly evaluate the 
efficacy of LPA in the preparation of PAFG; therefore, the effect of curing 
time is not addressed in this study. 

Table 1 
Chemical compositions and loss of ignition (LOI) of FA.  

Oxides SiO2 Al2O3 Fe2O3 CaO K2O TiO2 Other LOI 

FA (wt.%)  52.51  33.32  5.13  3.66  1.17  1.05  3.16  2.8  

Fig. 1. XRD pattern of FA (Q-Quarts, SiO2; M-Mullite, 3Al2O3⋅2SiO2; C- 
Calcite, CaCO3). 

Fig. 2. FTIR spectra of FA.  
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2.3. Experimental methodology 

Compressive strength was tested at 7-day by a compression machine 
(CSC-1101), and the average of at least three specimens was reported as 
result of each mix. The loading rate was 0.1 kN/s. XRD patterns of 
powder samples were obtained on Bruker D8 ADVANCE, using CuKα 
radiation. Specimens were step-scanned from 10◦ to 80◦ (2θ) at a rate of 
10◦/min (with step of 0.02◦). Fourier transform infrared spectroscopy 
(FTIR) spectra were obtained on Nicolet Avatar 360 spectrophotometer. 

Specimens were prepared by mixing powder sample with KBr at a mass 
ratio of 1:200. Spectral analyses were performed over the range of 
400–4000 cm− 1 at a resolution of 2 cm− 1. Scanning electron microscope 
(SEM) was performed with Quanya-200 EDAX. The dried samples were 
coated with gold in advance. 

3. Results and discussion 

3.1. Compressive strength 

Fig. 5 depicts the compressive strength of PAFG. The compressive 
strengths of PAFG with activation of low concentration PA were 
generally low, as shown in Fig. 5. This is due to the fact that the poly
merization reaction of FA (Si + Al) required a higher alkaline or acid 
dose and curing temperature to achieve a high dissolution rate of Si and 
Al from precursor particles, which could consequently polymerize into a 
three-dimensional network structure as the load bearing structure 
[17,32]. The compressive strength of the samples increased by 24.44% 
when the concentration of PA solution was increased from 1 to 4 mol/L, 
from 0.52 to 13.23 MPa. The increase in PA concentration facilitated the 
dissolution of FA particles, which in turn facilitated the polymerization 
reaction and led to a substantial increase in compressive strength. 
Increasing the L/F ratio from 0.3 to 0.35 increased the strength by 
approximately 20.71%. With the PA concentration remaining constant 
at 4 mol/L, increasing the L/F ratio resulted in an increase in the PA 
content, which enhanced the strength. When the L/F ratio exceeded 
0.35, the strength started to diminish. As described in the literature [33], 
the decrease in strength with increasing L/F ratio could be attributed to 
the increased porosity caused by water evaporation from the pores. In 
addition, increasing the curing temperature increased the compressive 
strength of the samples, but the effect was not very pronounced, 
increasing from 11 to 13.23 MPa. The geopolymerization reaction was 
accelerated by the elevated temperature, resulting in an increase in 
compressive strength [34]. However, under LPA, the limited phosphate 
hindered the increase in strength. A higher temperature (90 ◦C) was not 
conducive to the reaction because it was close to the evaporation tem
perature of free water, which caused rapid water loss and inhibited the 
subsequent reaction. The current PAFG has a range of strengths from 0.5 
to 13 MPa and could be usually used in plastering or foundation rein
forcement treatments. Additionally, the strength of PAFG could be 
increased by extending the curing time and increasing the PA 
concentration. 

Fig. 6 depicts the failure patterns of PAFG with various PA 

Fig. 3. Particle size distribution of FA.  

Fig. 4. SEM image of FA particles.  

Table 2 
Mixture proportions and chemical composition of PAFG blends.  

No. PA 
concentration 
(mol/L) 

L/F 
ratio 

Curing 
temperature 
(◦C) 

P/Si 
molar 
ratio 

P/Al 
molar 
ratio 

P1L35C60 1  0.35 60  0.04  0.05 
P2L35C60 2  0.35 60  0.07  0.10 
P3L35C60 3  0.35 60  0.10  0.15 
P4L35C60 4  0.35 60  0.13  0.18 
P4L30C60 4  0.3 60  0.11  0.15 
P4L40C60 4  0.4 60  0.15  0.20 
P4L45C60 4  0.45 60  0.17  0.23 
P4L35C25 4  0.35 25  0.13  0.18 
P4L35C90 4  0.35 90  0.13  0.18  
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concentrations. The surface of the 1 mol/L PA activated PAFG sample 
was rough, and the damaged sample was in powder form. The failure 
pattern of the PAFG sample activated by 4 mol/L PA was primarily in the 
form of block and flake peeling, with a smooth and dense surface. This 
was consistent with the results of the strength test. The high PA con
centration aided in the dissolution of FA particles and thus accelerated 
the geopolymerization reaction. 

3.2. XRD analysis 

Fig. 7 illustrates the XRD patterns of PAFG with varying concentra
tions of PA, L/F, and curing temperatures. The predominant crystal 
phases in PAFG were quarts (Q, SiO2), mullite (M, 3Al2O3⋅2SiO2), and 
calcite (C, CaCO3). In comparison to the XRD pattern of FA, no new 
crystalline peaks appeared in PAFG samples, while C peaks faintly dis
appeared. Due to the LPA and the available Si and Al from FA, no P- 
containing crystalline phase was formed in this study. In the presence of 
metakaolin (rich in reactive Si and Al) and high concentration of PA, 
some tiny new crystalline phases were usually observed in pastes, 
including brushite (CaPO3(OH)⋅2H2O), monetite (CaHPO4), and ber
linite (AlPO4) [9,13]. The Q and M phases were diminished, indicating 
that they were involved in the polymerization reaction [9,16], which 
was related to the PA concentration used [35]. There was a hump peak 
between 15 and 30◦ 2θ indicating the characteristic of the amorphous 
aluminosilicate gels of the reaction products in PAFG samples, which 

also contained unreacted FA in the aluminosilicate glass phase [36]. 
As the PA concentration and the L/F ratio increased, the crystalline 

peaks of Q and M shifted to more acute angles, indicating that the 
crystalline phases within FA were dissolved and transformed into an 
amorphous geopolymer gel [37,38]. The formation of geopolymer gels 
(Si-O-Al-O-P, Al-O-P, or Si-O-P [17]) were the primary strength gain for 
PAFG samples. The increase in PA concentration and L/F ratio improved 
the FA dealuminization reaction and accelerated the polymerization 
reaction by increasing the H+ and P-O concentrations of solutions 
[37,38]. This increased the strength by facilitating the formation of 
geopolymer gels. However, an excessively high L/F ratio increased 
porosity of the sample, resulting in a reduction in strength. 

The crystalline peaks of Q and M were slightly higher for PAFG 
samples cured at 25 ◦C and 90 ◦C than those cured at 60 ◦C. This is due to 
the fact that the low temperature inhibited the dissolution of FA and 
subsequent polymerization reaction, while the high temperature, 
despite facilitating the reaction, caused the system to lose water and 
inhibited the polymerization reaction. This demonstrates that increasing 
the curing temperature to 60 ◦C enhanced the compressive strength of 
the PAFG samples with activation of LPA. 

3.3. FTIR analysis 

Fig. 8 shows the FTIR spectrum of the PAFG sample in the range of 
400–4000 cm− 1. The stretching vibration absorption peaks of –OH and 

Fig. 5. Compressive strength of PAFG.  
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H-O-H appeared at 3328–3491 cm− 1 and 1638–1651 cm− 1 in all the 
specimens, indicating the presence of chemically bound water in gels 
[4]. At 1074–1094 cm− 1 the absorption peak represents stretching vi
bration of Si-O-Si(Al) and Si(Al)-O-P bond [35,39], which was well- 
known the characteristic peak results from the alkali/acid induced 
polymerization. The absorption peak at this range shifted to lower 
wavenumber region with the increase of PA concentration, indicating 
the interaction of P-O with silica and alumina rich gels. The bands at 
809–812 cm− 1 and 537–548 cm− 1 were associated with the Si-O-Si(Al) 
band [35] and Si-O-Al [40] band in Q- and M-like structures, respec
tively. These peaks diminished as the polymerization reaction pro
gressed, indicating that the P-O bond was involved in the tetrahedral 
network structure of Si-O-Si (Al), thereby reducing the structure’s 
symmetry. All specimens exhibited the bending vibration band of Si-O 
bonds at 458–461 cm− 1 [41]. This band has been noted in numerous 
previous works [9,42,43]. There was no significant change in position as 
the reaction conditions change, indicating that the polymerization re
action would not affect the bending of Si-O bonds. 

3.4. SEM observation 

Fig. 9 displays SEM images of PAFG samples with different PA con
centrations. As the molar concentration of PA solution increased, the FA 
particles gradually dissolved, particularly the small particles within a 
particle size of approximately 2–5 µm. Simultaneously, the quantity of 
sponge-like geopolymer gel increased significantly, thereby enhancing 
the compressive strength of the PAFG samples. 

Fig. 10 illustrates SEM images of PFAG samples with different L/F 
ratios. The proportion of visible unreacted FA particles decreased as the 
L/F ratio increased, while the proportion of geopolymer gel increased. 
As the value of L/F was increased to 0.40 and 0.45, however, the 
porosity and pore size of the PAFG samples increased, resulting in a 
decrease in compressive strength. The optimal L/F ratio was determined 
to be 0.35, which in line with the compressive strength results of the 
specimens. 

Fig. 11 depicts SEM images of PAFG samples cured at various tem
peratures. Curing at 60 ◦C PAFG produced a denser geopolymer gel. This 
is due to the slower reaction kinetics when curing at 25 ◦C and the 
reduced degree of reaction due to water loss when curing at 90 ◦C. This 
provides evidence that the compressive strengths of the PAFG samples at 
25 ◦C and 90 ◦C were slightly lower than those cured at 60 ◦C. 

3.5. CO2 emissions, energy consumption and economic analysis 

The CO2 emissions, energy consumption and cost of each raw ma
terials are listed in Table 3. Alkali activators (NaOH and Na2SiO3) and 
cement are also listed for comparison with alkali-activated fly ash geo
polymer (AAFG) and PC paste. Cement has a significantly greater CO2 
emissions, energy consumption, and cost than FA; consequently, FA- 
based geopolymers are regarded as a more sustainable material. Alka
line activators have higher CO2 emissions and energy consumption than 
PA, but their cost is lower. This indicates that the use of PA may increase 
the cost of the geopolymer, so it is necessary to regulate the PA 
concentration. 

In order to compare CO2 emissions, energy consumption, and costs 
between various cementitious materials, AAFG and PC pastes with 
similar compressive strength to PAFG were chosen for the study. Typical 
mixture proportions of PAFG, AAFG and PC pastes, as well as their CO2 
emissions, energy consumption, and cost of 1 m3 concrete are also 
summarized in Table 4. Due to the high CO2 emissions and energy 
consumption of the alkaline activators, the mixture proportions of AAFG 
with activation of 4, 12 and 15 mol/L of NaOH solution were also 
collected. AAFG with activation of high concentration of NaOH are 
frequently correlated with increased CO2 emissions, energy consump
tion, and costs. AAFG, which used Na2SiO3 as an activator, had greater 
CO2 emissions, energy consumption, and costs. High-temperature curing 
of PAFG significantly increased CO2 emissions, energy consumption, 
and costs, while limiting the increase in strength. Consequently, PAFG 
cured at room temperature has greater potential. Compared to AAFG 
activated by low concentration NaOH and PC pastes, the CO2 emission 

Fig. 6. Failure patterns of PAFG with different PA concentration.  
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Fig. 7. XRD patterns of PAFG (Q-Quarts, SiO2; M-Mullite, 3Al2O3⋅2SiO2; C-Calcite, CaCO3).  
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Fig. 8. FTIR spectra of PAFG.  

M. He et al.                                                                                                                                                                                                                                      



Construction and Building Materials 374 (2023) 130920

8

Fig. 9. SEM images of PAFG samples with L/F = 0.35 and 60 ◦C curing.  

Fig. 10. SEM images of PAFG samples with 4 mol/L PA and 60 ◦C curing.  
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intensity and energy consumption intensity are decreased by 70.9% and 
35.6%, and 90.6% and 90.6%, respectively. The costs increased by 
87.4% and 30.7%, respectively, as a result of the high cost of PA solu
tion. Therefore, it is essential to develop a mature and cost-effective PA 
preparation method for the production of PAFG. 

4. Conclusions 

In this study, the mechanical properties and microstructure of PAFG 
samples prepared with varying LPA concentrations, L/F ratios, and 
curing temperatures, as well as their effects on the environment and 
economy, were investigated. The following conclusions can be made 
from this study:  

(1) The compressive strengths of PAFG with activation of LPA were 
generally low. The PAFG prepared with a L/F = 0.35 and 4 Mol 
PA solution curing at 60 ◦C for 6 days obtained the highest 
compressive strength of 13.23 MPa.  

(2) The formation of geopolymer gels (Si-O-Al-O-P, Al-O-P, or Si-O-P) 
were the primary reaction products and strength gain for PAFG 
samples. The increase in PA concentration and L/F ratio accel
erated the FA dealumination reaction and the polymerization 
reaction by increasing the H + and P-O concentrations of 
solution.  

(3) SEM analysis revealed that increasing the concentration of PA, 
the L/F ratio, and the curing temperature facilitated the disso
lution of FA particles and favored the polymerization reaction. 
However, an excessive L/F ratio increased porosity of specimens, 
which is detrimental to strength. 

Fig. 11. SEM images of PAFG samples with 4 mol/L PA and L/F = 0.35.  

Table 3 
CO2 emissions, energy consumption and cost of each constituent of PC and 
geopolymers (transportation process is not considered).  

Constituent CO2 emissions (kg/t) Energy consumption (GJ/ 
t) 

Cost ($/t) a 

FA [44] 12  0.173 45 
Cement [45] 730  4.50 150 
PAb [24,25] 314.4  1.17 812.76 
NaOH [26] 1915  2.8 147.8 
Na2SiO3

c  

[26] 
1222  5.371 264.44  

a Market price may fluctuate; 
b PA solution (85 wt%) was produced by the decomposition of phosphate rock 

with sulphuric acid; 
c Sodium silicate liquids with weight ratio SiO2/Na2O of 2.4 and solid content 

of 40%, which are manufactured through melting of silica sand and sodium 
carbonate. 

Table 4 
Typical mixture proportions of PAFG, AAFG and PC pastes, as well as their CO2 emissions, energy consumption, and cost.  

Type PAFG AAFG PC paste [46] 

P4L35 
C25 

P4L35 
C60a 

P4L35 
C90a 

NaOH-activated NaOH + Na2SiO3-activated 

[47] [48] [49] [48] 

FA (kg/m3) 1538.46  1538.46  1538.46  2127.66  1737.12  1195.22  1910.83 – 
Cement (kg/m3) –  –  –  –  –  –  – 1333.33 
PAb (kg/m3) 172.09  172.09  172.09  –  –  –  – – 
NaOH (kg/m3) –  –  –  223.40 (12 mol/L)  98.53 (4 mol/L)  163.69 (15 mol/L)  43.35 (4 mol/L) – 
Na2SiO3

c (kg/m3) –  –  –  –  –  336.25  183.44 – 
Waterd (kg/m3) 366.37  366.37  366.37  414.89  596.32  735.12  537.54 800 
Compressive strength (MPa) 11  13.23  11.39  17.3  8.18  10.5  7.35 12.3 
Carbon emission (kg/m3) 82.11  230.91  305.31  453.35  209.53  1355.06  666.36 973.33 
Energy consumption (GJ/m3) 0.50  1.37  1.80  1.00  0.58  5.18  2.91 6 
Cost ($/m3) 233.78  255.38  266.18  128.76  92.73  300.27  213.67 200 
Carbon intensity (kg/m3/MPa) 7.46  17.45  26.81  26.21  25.61  129.05  90.66 79.13 
Energy intensity (MJ/m3/MPa) 45.74  103.34  157.96  57.69  70.97  493.03  396.00 487.8 
Cost intensity ($/m3/MPa) 21.25  19.30  23.37  7.44  11.34  28.60  29.07 16.26  

a At 60 ◦C and 90 ◦C, the power consumption at rated power is 240 and 360 kw⋅h for 6 days, respectively. CO2 emissions, energy consumption, and costs for per kw⋅h 
of electricity are 0.62 kg, 3.6 MJ, and 0.09 $ respectively. 

b PA referred to here is the solid content of the solution, excluding water. 
c Sodium silicate referred to here is the solid content of the solution, excluding water. 
d Water includes water in the activators and additional water. 
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(4) In comparison to low concentration NaOH-activated AAFG and 
PC pastes, the CO2 emission intensity and energy consumption 
intensity of room temperature cured PAFG were reduced by 
70.9% and 35.6%, and 90.6% and 90.6%, respectively. The cost 
increased by 87.4% and 30.7%, respectively, as a result of the 
higher price of PA solution. Therefore, it is essential to develop 
inexpensive chemical processes for the preparation of PA 
solutions. 
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