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Abstract 

One‑part alkali‑activated materials (OP‑AAM) have become a promising binder with low carbon and energy require‑
ments associated with superior mechanical and durability characteristics. This study aims to employ commercial 
superplasticizers (naphthalene‑based “Nb‑SP” and polycarboxylate‑based “PCb‑SP”), as well as laboratory‑prepared 
one (phenol–formaldehyde sulfanilate “PFS‑SP”) in enhancing the properties of OP‑AAM. The main problem of 
superplasticizers (SPs) in the AAM is their hydrolysis in the alkaline activator (NaOH) used in the activation reactions. 
Therefore, the thermo‑chemical treatment process was utilized to mitigate the high activator alkalinity by impeding 
the NaOH in the aluminosilicate precursor matrix. The OP‑AAM was fabricated from thermo‑chemical treatment pow‑
der (TCT‑P) resulting from sintering blast furnace slag (GGBFS) with 10 wt% NaOH at 300 and 500 °C. The XRD‑pattern 
showed that NaOH was impeded in the GGBFS via sodium aluminum silicate phase formation after sintering at 500 °C. 
The results showed that the admixed OP‑AAM prepared from TCT‑P at 500 °C greatly enhanced the workability and 
mechanical properties. The PFS‑SP proved its efficiency in improving the properties of OP‑AAM prepared TCT‑P at 300 
and 500 °C, referring to its high stability in an alkaline medium. While PCb‑SP reinforced the properties of OP‑AAM 
prepared from TCT‑P at 500 °C only, proving that PCb‑SP promotes high capability in TCT‑P‑500 as well as in Portland 
cement.

Keywords One‑part alkali‑activated materials, Superplasticizers, Thermo‑chemical treatment, Workability, Setting 
time, Compressive strength

1 Introduction
In recent years, the huge increase in population growth 
has encouraged the development of infrastructure and 
the building of modern urban communities (Maher El-
Tair et  al., 2021; Mohsen et  al., 2022a). As a result, the 
cement industry was expanded to keep pace with this 
development, although it is considered one of the most 
harmful industries to the environment. It consumes 

a huge amount of raw materials and energy resources 
as well as emits a high amount of  CO2 (Mayhoub et al., 
2021; Mohamed et  al., 2023; Ramadan et  al., 2022a. 
Therefore, a suitable alternative to cement must be found 
to face these obstacles. It was found that the most effec-
tive way is to incorporate wastes and industrial by-prod-
ucts into building materials (El-Feky et  al., 2022; Essam 
et al., 2023; Mohsen et al., 2022b).

Alkali-activated materials (AAMs) are promising build-
ing materials increasingly used instead of cement due 
to their relatively positive economic and environmental 
impact (Davidovits, 1993; Hassan et  al., 2019; Juenger 
et al., 2011; Mohsen et al., 2021). Compared to Portland 
cement-based concrete, AAM-based concrete is distin-
guished by some remarkable engineering characteristics, 
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such as low heat of hydration, great early strength, and 
superb durability in aggressive mediums. The production 
of AAMs mainly depends on utilizing industrial wastes 
or clays rich in active aluminum and silicon oxides, such 
as fly ash, blast furnace slag, metakaolin, etc. (Khaled 
et  al., 2023; Ramadan et  al., 2023a, 2023b; Sayed et  al., 
2022). A strong alkaline activator solution is required to 
activate the aluminosilicate precursors, such as NaOH, 
KOH and  Na2SiO3 (Zhang et al., 2018). Generally, AAMs 
can be prepared using two techniques: (i) two-part (TP) 
or (ii) one-part (OP).

The two-part alkali-activated materials (TP-AAMs) are 
produced by mixing the aluminosilicate source with the 
alkaline activator solution. TP-AAMs face many chal-
lenges in a wide range of uses, as they are difficult to 
handle in large amounts due to the alkaline activators’ 
irritating and corrosive effect on the human skin, mak-
ing them risky to workers during mixing, transporta-
tion and placement (Luukkonen et al., 2018; Refaat et al., 
2023). Also, despite the high viscosity of TP-AAMs, 
using superplasticizers to enhance their flowability is 

not applicable, as most superplasticizers are unstable in 
a strongly alkaline medium (they are highly dissociated) 
(Palacios & Puertas, 2004, 2005).

Now a days, there is a big contest to utilize superplasti-
cizers to benefit from their properties in enhancing TP-
AAMs-based concrete properties. Table  1 summarizes 
the previous studies that investigated the impact of dif-
ferent superplasticizers on AAMs’ fresh and hardened 
properties. Regarding TP-AAMs, it is concluded that 
only naphthalene-based superplasticizers can improve 
workability and rise compressive strength due to their 
high stability in a strongly alkaline medium. In contrast, 
other superplasticizers cannot be employed because they 
negatively affect either workability, strength, or both. 
Therefore, it is concluded that most superplasticizers 
used in cement cannot be used in TP-AAMs binders.

As described above, in terms of listing the problems 
caused by TP-AAMs) their harmful effect on the human 
body, and the instability of superplasticizers), there 
must be a quick and fundamental solution to confront 
these difficulties. One-part alkali-activated materials 

Table 1 Literature summary of the impact of different superplasticizers on the properties of alkali‑activated materials

Mixing 
technique

Aluminosilicate 
precursor

Alkaline activator Superplasticizer-
based

Effect of superplasticizer on 
the properties of AAMs

Applicable 
superplasticizer 
(recommended 
from previous 
studies)

References

Type Concentration Workability Strength

Two‑part Steel slag NaOH +  Na2SiO3 
solution

Na2O = 4% Vinyl Not affected Decreased None Puertas et al., 
(2003)Polyacrylate Not affected Slightly 

decreased

Steel slag NaOH solution Na2O = 5% Vinyl Not affected Slightly 
increased

Naphthalene Palacios and 
Puertas (2005)

Polycarboxylate Not affected No effect

Melamine Slightly 
increased

Slightly 
increased

Naphthalene Increased Increased

Steel slag NaOH solution 3% Polycarboxylate Decreased Not affected None Refaie et al., 
(2023)Naphthalene Increased Decreased

Fly ash NaOH solution 8 M Naphthalene Increased Not affected Naphthalene Nematollahi 
and Sanjayan 
(2014)

NaOH +  Na2SiO3 
solution

Na2SiO3/
NaOH = 2.5

Polycarboxylate Increased Decreased Polycarboxylate

Melamine Decreased Decreased

Naphthalene Slightly 
increased

Decreased

85% Fly ash + 15% 
Steel slag

Na2SiO3 solution 7% Polycarboxylate Slightly 
decreased

N/A Naphthalene Xiong and 
Guo (2022)

Naphthalene Increased N/A

Dry‑mix 
one‑part

50% steel 
slag + 50% Fly ash

Na2SiO3 powder 12% Polycarboxylate Increased Slightly 
decreased

Naphthalene or 
polycarboxylate 
depending on the 
water/binder ratio

Alrefaei et al., 
(2019)

Melamine Increased Slightly 
decreased

Naphthalene Increased Slightly 
increased

50% steel 
slag + 50% Fly ash

Ca(OH)2 +  Na2SO4 
powder

Ca(OH)2/
Na2SO4 = 2.5

Polycarboxylate Increased Increased Polycarboxylate Alrefaei et al., 
(2020)Melamine Increased Increased

Naphthalene Increased Increased
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(OP-AAMs) may be a suitable solution for these prob-
lems by mitigating the high alkalinity of the alkaline acti-
vator. There are two methods for preparing OP-AAMs 
which are dry-mixing and thermo-chemical treatment 
techniques.

In dry-mixing OP-AAMs, the solid alkaline acti-
vator (NaOH, KOH Ca(OH)2, Li(OH)2,  K2CO3, and 
 Na2SiO3) was dry mixed with aluminosilicate precur-
sors, then water was added (Hamid Abed et  al., 2022; 
Hosseini et  al., 2021; Tan et  al., 2022). The dry-mixing 
OP-AAMs preparation technique still faces many obsta-
cles (i) it requires a high percentage of alkaline activator, 
which increases the cost and  CO2 emission (Askarian 
et  al., 2018, 2019; Yousefi Oderji et  al., 2019); the fabri-
cated composite still suffers from handling (unsafe for 
the user), poor workability, and low mechanical char-
acteristics resulting from the cracks and dry shrinkage 
caused by the high heat of hydration (Yousefi Oderji 
et  al., 2019). Concerning the poor fresh and hardened 
properties of dry-mix OP-AAMs, also, several stud-
ies tried to utilize different superplasticizers to enhance 
their properties, as represented in Table 1. The tabulated 
data reveal that the previous studies either depended on 
 Na2SiO3, which is environment un-friendly and has a 
high cost, or Ca(OH)2 +  Na2SO4, from which AAMs with 
low mechanical properties were obtained. This indicates 
these studies tried to move away from using hydrox-
ides as alkaline activators, which causes dissociation for 
superplasticizers (NaOH and KOH have low cost and 
environment-friendly respect to  Na2SiO3 as well as give 
high mechanical properties than Ca(OH)2 +  Na2SO4). 
Accordingly, it is concluded that the highly detrimental 
effect of the alkaline activator in dry-mixing OP-AAMs 
has not been solved, which means that the stability issue 
of the superplasticizers has not been solved.

Recently, several studies recommended using a 
thermo-chemical treatment technique to limit challenges 
facing OP-AAMs. In thermo-chemical OP-AAMs, the 
aluminosilicate precursor was dry mixed with a solid 
alkaline activator, then sintered at elevated temperature, 
followed by quenching to increase the amorphousity, and 
finally mixed with water. The main role of the sintering 
process is to impede the alkaline activator in the alumi-
nosilicate structure to reduce the alkali intensity of the 
alkaline activator. This approach was granted by Refaat 
et al. (2021). They approved the sintering of the mixture 
from steel slag with 10 wt% NaOH at 500 °C is a suitable 

solution to produce a safe, economical and eco-friendly 
product with adequate fresh and hardened properties for 
in situ application as the effect of the highly alkaline acti-
vator has been eliminated. Therefore, it is predicted that 
the stability and efficiency of commercial superplasticiz-
ers will be enhanced in thermo-chemical OP-AAMs.

According to the literature illustrated above, many 
research gaps must be recovered: (i) by attempting to 
reduce the alkaline activator effect without affecting the 
physico-mechanical properties; (ii) by trying to employ 
commercial superplasticizers available in the market 
to solve problems of AAMs and (iii) invented low cost 
and easily prepared superplasticizers suitable for AAMs 
applications. Therefore, the new approach of this work is 
studying the effect of different types of commercial and 
laboratory-invented superplasticizers on the workability, 
setting time, compressive strength and phase composi-
tion of thermo-chemical treated prepared AAMs.

2  Materials
2.1  Ground Granulated Blast Furnace Slag and Alkaline 

Activator
The main binding material used in this study was ground 
granulated blast furnace slag (GGBFS) as an industrial 
by-product from steel production supplied from India. 
GGBFS’ mineralogical oxide composition is tabulated 
in Table  2; it was investigated by X-ray fluorescence 
(XRF: Xios, model PW-1400). GGBFS has a specific 
surface area = 4088  cm2/g, bulk density = 1.15 ton/m3 
and specific gravity = 2.8. The particle size distribution 
(PSS NICOMP Nano, model N3000) shows that 99% of 
GGBFS particles are ≤ 16 µm and the d50 is 4 µm as pre-
sent in Fig. 1. According to the XRF analysis for GGBFS, 
the sulfate content described as  SO3 in the analyzed sam-
ple (0.24  wt%) met the requirements of ASTM C989/
C989M-22 (2022) maximum limit (4  wt%). Moreover, 
according to the activity index, the utilized GGBFS was 
classified as grade 100, revealing its moderate activ-
ity. Also, sodium hydroxide pellets (NaOH, 99% purity) 
delivered from El-Gomhoria Chemical Company, Cairo, 
Egypt, were used as an alkali activator.

2.2  Superplasticizers
In this study, three types of superplasticizers (SPs) were 
used, two of them are commercial superplasticizers 
and the third is laboratory-prepared superplasticizer. 
The two commercial SPs are: (i) MasterRheobuild-859 

Table 2 Oxides composition of GGBFS (mass, %)

SiO2 Al2O3 Fe2O3 CaO MgO MnO TiO2 SO3 LOI Total

35.40 17.40 1.40 36.87 6.83 0.35 0.11 0.24 0.5 99.1
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was manufactured by BASF Company, it is a modified 
naphthalene-based superplasticizer (Nb-SP); and (ii) 
Viscoflow-10 was synthase by Sika Company (Egypt), 
it is modified polycarboxylate-based superplasticizer 
(PCb-SP). The laboratory-prepared SP is a phenol 
formaldehyde sulfanilate (PFS-SP); a schematic dia-
gram of the preparation technique is plotted in Fig. 2. 
Table  3 reveals the physical properties of the utilized 
SPs (color, solid content %, and density). Also, the 
base chemical compound structures used in prepar-
ing these SPs are represented in Fig.  3. Fourier trans-
form infrared (FTIR, Genesis-II spectrometer using 
KBr) was used to study the main effective function 
groups of SPs present in wave number ranged between 
400 and 4000   cm−1 to discuss its effect on the proper-
ties of fresh and hardened pastes. Generally, the poly-
mers’ (SPs) physical properties depend on the chains’ 
length, which is usually expressed in molecular weight. 
However, synthetic polymers contain unequal-length 
chains, referring to polydisperse phenomena. There-
fore, the molecular weight is not one value; the polymer 
presents as a distribution of molecular weights (chain 

lengths). Consequently, the molecular weight averages 
of SPs, such as number average molecular weight (Mn) 
and weight average molecular weight (Mw), as well as 
polydispersity index (PDI) were measured using gel 
permeation chromatography (GPC). The Mn is the sta-
tistical average molecular weight of the chains in the 
polymer sample. In contrast to Mn, Mw considers the 
chains’ molecular weight when calculating the molecu-
lar weight average. The greater the mass of the chain, 
the greater the chain’s contribution to Mw. PDI refers 
to polydispersity; if it equals 1, it refers to monodis-
perse polymer where the lengths of all chains are equal, 
while if it > 1, it refers to polydisperse polymer where 
the lengths of all chains are unequal. Mn, Mw and PDI 
were calculated according to the following equations:

where Mi is the molecular weight of a chain and Ni is the 
number of chains of that molecular weight.

Mn =

∑
NiMi

∑
Ni

Mw =

∑
NiM

2
i∑

NiMi

PDI =
Mw

Mn

U
nd

er
 si

ze
 (%

)

Particle size ( m)

% Particle size
25 2.3
50 4
75 5.8
80 6.4
90 8.3
99 16

GBSS

Fig. 1 Particle size distribution of slag
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3  Experimental Program
3.1  Preparation Fresh Pastes
Firstly, the thermo-chemical-treated powders (TCT-P) 
were prepared using a thermo-chemical treatment tech-
nique. Each TCT-P contains 900 g GGBFS activated with 
10  wt% NaOH (90  g). The preparation process passed 
through several stages: (i) 300  g GGBFS (one-third of 
total GGBFS weight) was mixed with 90 g grinded NaOH; 
(ii) the mix prepared in the first stage was sintered in a 
muffle furnace at different elevated temperatures (300 
and 500 °C) for 2 h; (iii) the sintered process was followed 
by rapid cooling in the air; (iv) the powder obtained in 
the third stage was grinded to pass through 75 μm sieve; 
and (v) finally, the grinded powder was blended with the 
remaining amount of GGBFS (600  g) to attain a total 
weight of 900 g GGBFS.

To evaluate the effect of different SPs (Nb-SP, PCb-SP, 
PFS-SP) on the properties of one-part alkali-activated 
slag (OP-AAS), 14 mixes were designed as in Table  4. 
Different OP-AAS pastes were fabricated by mixing pre-
pared TCT-Ps with water containing different dosages of 
SPs (0.00, 0.25 and 0.75 wt%) according to standard water 

of consistency investigated by Vicat apparatus (ASTM 
C187-16) (Standard, 2016). The SPs were added to water, 
mixed in a mechanical stirrer for 30  s, and then mixed 
with the prepared TCT-P for 3 min at room temperature 
until a homogeneous mixture was obtained. Fig. 4 repre-
sents the preparation diagram of the mixes.

3.2  Testing Procedures
3.2.1  Mini Slump Test
The effect of different dosages from Nb-SP, PCb-
SP, and PFS-SP on the flowability of OP-AAS pastes 
was evaluated using a mini-slump test (IOP, 2018; 
Habib et  al., 2021; Ramadan et  al., 2022b). The OP-
AAS pastes were fabricated with a constant water/
binder ratio equal to 0.6, mixed with different dos-
ages SPs (0,00, 0.25, and 0.75  wt%). Then truncated 
cone (Abrams’ cone) was filled with fresh paste; the 
top diameter of the cone is 19 mm, the bottom diam-
eter is 38  mm and the height is 57  mm. Finally, the 
cone was raised vertically, and the paste’s diameter 
was determined immediately in two perpendicular 
directions. Furthermore, the workability test was con-
ducted on the OP-AAS mortar to increase the reli-
ability of SPs’ effect on fresh properties of OP-AAS. 
Therefore, the effect of adding 0.75  wt% from Nb-SP, 
PCb-SP, and PFS-SP on the workability of mortars 
fabricated from TCT-Ps at 300 and 500  °C was stud-
ied. The OP-AAS mortar was fabricated according to 
ASTM C109/C109M-20 (2020), in which the sand/
binder ratio = 2.75 and the water/binder ratio = 0.55. 
According to ASTM C1437-20 (2020), the mortar 

96 g of 
sulfanilic 

acid 
sodium 

salt

133 g of 
phenol

400 ml 
water

20% aqueous 
NaOH was 
added to 

adjust pH 9

168 g of 37% 
aqueous 

formaldehyde 
added drop wisely

Phenol 
formaldehyde 

sulfanilate

20% aqueous 
NaOH was 
added to 

adjust pH 11

Sodium salt of 
phenol 

formaldehyde 
sulfanilate

Stirring 
and heated 

to 90°C Stirring 

Stirring and 
heated to 90°C 

for 3.5 hrs. 

Cooling 

Fig. 2 Scheme form of the synthesized admixtures

Table 3 Physical properties of superplasticizers

Type Color Solid content 
(%)

Density 
(gm/
ml)

Nb‑SP Brown liquid 42.50 1.09

PCb‑SP Reddish liquid 44.70 1.17

PFS‑SP Reddish brown 25.00 1.25
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was transferred to a truncated cone positioned in the 
center of the flow table. The truncated cone was lifted 
away from the mortar; the flow table dropped 25 times 
in 15 s, then the diameter was measured.

3.2.2  Setting Time Test
The initial and final setting times (I/F-ST) of each pre-
pared OP-AAS paste were determined using the Vicat 
apparatus according to ASTM C191-19 (2019).

Fig. 3 Chemical structure of superplasticizers: a Nb‑SP, b PCb‑SP, and c PFS‑SP

Table 4 Mixes preparation and design

Mix ID Blended treated powder Residual mixed slag g Water/
binder 
ratioGGBFS (g) NaOH (g) Temp. ( °C)

OP300 300 90 300 600 0.35

OP300‑N25 0.34

OP300‑N75 0.31

OP300‑PC25 0.35

OP300‑PC75 0.33

OP300‑PFS25 0.31

OP300‑PFS75 0.31

OP500 500 0.35

OP500‑N25 0.34

OP500‑N75 0.33

OP500‑PC25 0.35

OP500‑PC75 0.33

OP500‑PFS25 0.31

OP500‑PFS75 0.31
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3.2.3  Compressive Strength
The prepared pastes were poured into one-inch cubic 
molds and then vibrated on a vibrating table to obtain 
compact specimens. The specimens were cured in the 
humidifier (99% relative humidity) for 24  h at ambi-
ent temperature, then de-molded and cured at the same 
conditions till testing time. The progression in compres-
sive strength with curing time (1, 3, 7, and 28 days) was 

measured in compliance with ASTMC109M-20b on the 
three specimens of each mix (ASTM, 2020).

3.2.4  Phase Composition
The phase composition of GGBFS before and after 
thermo-chemical treatment as well as after hydration was 
assessed by X-ray diffraction (XRD: Philips, model Xpert-
2000) fitted with a scintillation detector has a power 

100% of 
mixing 
water +   

Admixture 

Sintering at 
300 or 500° C 

for 2 hours 

Sintered material

Grinding 

Treated 
powder 

600 g of 
GGBFS Mechanical 

stirring for 
30 sec 

Mixing 
water 

Admixture 

300 g of 
GGBFS 

10 g 
NaOH 
pellets 

Treated 
powder

Quenching 
in air  

Fig. 4 Schematic diagram for the experimental program
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of 40  mA and 40  kV (Cu-Kα = 1.5418  Å). The scanning 
range is 5–60° 2θ with a scan step time equal to 0.6 s/step 
and a step size equal to 0.02° 2θ.

4  Results and Discussion
4.1  Characterizations of Superplasticizers
The main effective function groups of SPs were detected 
through the FTIR test. Fig. 5 depicts the FTIR spectra of 
Nb-SP, PFS-SP and PCb-SP as well as Table 5 illustrates 
the band assignments. Regarding the Nb-SP, the pres-
ence of a band at 680   cm−1 associated with the S–O 
bond for sulfonic groups  (SO3

2−) was detected, which is 
the main functional group responsible for the creation 
of an electrostatic repulsion force between the grains of 
the binding material. The same band (680   cm−1,  SO3

2−) 

was observed in the case of PFS-SP, which indicates that 
Nb-SP and PFS-SP have the same dispersion mechanism 
(electrostatic repulsion mechanism) (Gindy et al., 2022). 
In the case of PCb-SP, It was noticed that the presence 
of a band at 1457  cm−1 corresponding to the carboxylate 
groups and a band at 1636   cm−1 correlated to the C=O 
stretching bond of ester groups.

As illustrated above, molecular weight is one of the 
main factors affecting SPs’ physical properties. Fig. 6 and 
Table 6 demonstrate the Mw, Mn and PDI values of SPs. 
It was observed that the Mw and Mn values of Nb-SP are 
higher than PFS-SP. Therefore, they are expected to have 
a different impact on the performance of building materi-
als, although they have the same dispersion mechanism. 
Also, it was detected that the PCb-SP has the highest Mw 

400900140019002400290034003900
Wavenumber (cm-1)

Tr
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Nb-SP PFS-SP PCb-SP

Fig. 5 FTIR‑spectrum of the Nb‑SP, PFS‑SP and PCb‑SP

Table 5 FTIR peak assignments for superplasticizers

Wave number  (cm−1) Peak assignment Type of superplasticizer 
related to peak 
assignment

3133–3663 O–H stretching Nb‑SP, PFS‑SP and PCb‑SP

3082 C–H stretching PCb‑SP

1636 C=O stretching (Ester group) PCb‑SP

1601, 1627 and 1646 C=C stretching Nb‑SP and PFS‑SP

618, 1097 and 1352 C–O stretching PCb‑SP

1174 C–C stretching (aromatic) Nb‑SP

1038 C–H bending (–CH2, –CH3) Nb‑SP and PFS‑SP

680 S–O deformation (–SO3) Nb‑SP and PFS‑SP
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compared with Nb-SP and PFS-SP, indicating that it has 
long side chains, which are required for effective steric 
hindrance (Liu et al., 2194).

4.2  Characterizations of Thermo-chemical Treated Powder
The phase composition of the unhydrated GGBFS and 
thermo-chemical treated powder at 300 and 500  °C 
(TCT-P-300 and TCT-P-500) was examined using 
XRD, as displayed in Fig.  7. The XRD-pattern clari-
fied the amorphous characteristics of GGBFS that are 
detected through a broad hump between 23.3 and 37.5° 
containing some poorly crystalline phases interrelated 
to akermanite at 2θ = 22.3, 25.7 and 30.47°  (Ca2Mg 
 [Si2O7], PDF# 01-079-2424), gehlenite at 2θ = 30.47 
and 31.3°  (Ca2Al  [AlSiO2], PDF# 01-079-2423), calcite 
at 2θ = 26.6, 29.3, 29.8 and 43.1°  (CaCO3, PDF# 01-071-
3699), aragonite at 2θ = 27.1, 32.4 and 44.2°  (CaCO3, 

Fig. 6 GPC results of the Nb‑SP, PFS‑SP and PCb‑SP

Table 6 Molecular weight and weight distribution of 
superplasticizers

Superplasticizer Mw Mn PDI

Nb‑SP 11,280 10,393 1.085

PFS‑SP 9988 7009 1.425

PCb‑SP 129,568 38,934 3.328
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PDF# 01-076-0606) and vaterite at 2θ = 33.2°  (CaCO3, 
PDF# 01-075-9356) (Ismail et  al., 2014; Mohsen et  al., 
2020a; Ramadan et al., 2021).

As illustrated before, the main target of the thermo-
chemical treatment process is impeding the NaOH in 
the aluminosilicate precursor structure to reduce its 
negative impact on the properties of AAS while using 
superplasticizers. The XRD analysis was employed to 
study the effect of thermal treatment temperature on the 
phase composition of TCT-P to identify the optimum 
conditions required to formulate safe powder to obtain 
OP-AAS with superior properties. Fig. 7 shows that the 
TCT-P-300 has an amorphousity approximately simi-
lar to GGBFS. The partial dissolution of akermanite and 
gehlenite phases in TCT-P-300 refers to its high reactiv-
ity, which may be resulting from the fluxing behavior of 
NaOH that depolymerize the crystalline structure of alu-
minosilicate precursor and then increase amorphousity 
(Abdel-Gawwad & Khalil, 2018; Abdel-Gawwad et  al., 
2018a, 2018b; Feng et  al., 2012; Ramadan et  al., 2021). 
Increasing the treatment temperature up to 500 °C (TCT-
P-500) started the recrystallization of amorphous phases 
obtained above; furthermore, it led to the appearance 
of a new crystalline phase associated with sodium alu-
minum silicate phase at 2θ = 33.5°  (Al2Na1.84O9.68Si2.88, 

PDF# 00-048-0731)), indicating the impeding of NaOH 
in the GGBFS structure. Nasr et  al. (2018) observed a 
strong peak related to sodium calcium aluminum silicate 
(Na-rich anorthite,  Al1.8Ca0.8Na0.2O8Si2.2) at 200 °C in the 
XRD-pattern of AAS. When the temperature increased 
from 200 to 400  °C, the Na-rich anorthite phase trans-
formed into the sodium aluminum silicate phase (Nasr 
et al., 2018).

4.3  Setting Time
Generally, a binding material must have a suitable setting 
time, which should not be very short to avoid the high 
heat resulting from the acceleration of the hydration pro-
cess that leads to the evaporation of water and the for-
mation of microcracks. On the other hand, the setting 
time must be long enough to allow for transportation and 
casting processes. As shown in Fig. 8, in the case of the 
control specimens (OP300 and OP500), it was found that 
an increase in the sintered temperature is accompanied 
by an elongation of the setting time. This may be attrib-
uted to the strengthening of the bond between  Na2O 
and aluminosilicate precursors with increasing sintered 
temperature, which delays the alkaline activation pro-
cess (Mohammed et  al., 2019). Additionally, due to the 
relatively high crystallinity of the TCT-P-500 rather than 

Fig. 7 X‑ray diffraction for raw materials
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TCT-P-300 (TCT-P-500 is less reactive than TCT-P-300), 
the setting time in OP500 was delayed.

On the contrary, in the case of admixed pastes (pres-
ence SPs), it is noteworthy to observe that the setting 
time in pastes prepared from TCT-P-300 is longer than 
at 500  °C. It is expected that the mean reason behind 
this phenomenon is the adsorption efficiency of the SPs 
on the TCT-P. As discussed previously, the dissolution 
process of TCT-P-300 was faster than at TCT-P-500, 
meaning that the amount of  Ca2+ ions adsorbed on the 
deprotonated Si–OH was higher at 300  °C. This refers 

to the strong adsorption of SPs on the TCT-P-300 
rather than the TCT-P-500. Therefore, the retardation 
effect at 300  °C may be rising from the adsorption of 
SPs on the TCT-P grains (Zingg et  al., 2009), forming 
a semipermeable film (protective film) (Bishop & Bar-
ron, 2006; Bullard et al., 2011; Marchon & Flatt, 2016a; 
Möschner et  al., 2009), resulting in closing the open 
pits required for further dissolution process. Opening 
pits is important for reaching the water to the anhy-
drous phases to allow continuous alkaline activation. 
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Blocking these pits delayed the activation process for a 
certain time (Juilland et al., 2010).

Fig.  8 represents that the retardation effect of Nb-SP 
was more significant than PFS-SP and PCb-SP in the 
pastes prepared from TCT-P-300 and TCT-P-500. 
Regarding PFS-SP, the Nb-Sb has a higher Mw and Mn 
than PFS-SP, leading to the formation of a thick layer 
around TCT-P, blocking the pits and then retarding the 
setting time. Regarding PCb-SP, owing to the high stabil-
ity and strong adsorption of Nb-SP in an alkaline medium 
than PCb-SP, the setting time was elongated. At 300  °C, 
the retardation effect of the PFS-SP was higher than PCb-
SP due to the low adsorption of PCb-SP than PFS-SP that 
is resulting from competitive adsorption between PCb-SP 
and  OH− group (Marchon & Flatt, 2016b; Marchon et al., 
2013). The high anionic charge density of polycondensate 
SPs as Nb-SP is the purpose behind its high adsorption 
than polycarboxylates (PCb-SP) (Lei & Chan, 2020; Lei 
& Zhang, 2021; Plank & Hirsch, 2007). At 500  °C, there 
was no retardation effect for both PFS and PCb-SPs, 
which resulted from (i) low adsorption due to low  Ca2+ 
ions beside low Mw and Mn in the case of PFS-SP; and 
(ii) very low adsorption owing to competence with OH-
group beside limiting the amount of  Ca2+ ions required 
for adsorption in the case of PCb-SP.

4.4  Mini Slump
Workability is an important characteristic that describes 
the mixing, placing and consolidating of fresh paste to 
design suitable mixer and pump equipment. The effect 
of sintered temperature on the workability of fabricated 
fresh pastes is shown in Fig. 9. Generally, it was detected 
that increasing the sintered temperature led to enhanc-
ing the workability. At 300  °C, the TCT-P shows a high 
amorphousity as approved above by XRD analysis that 
means (i) absorb a high amount of free water; and (ii) 
weakly attached  Na2O to aluminosilicate precursor that 
becomes free to participate in the alkaline activation pro-
cess (Refaat et  al., 2021). On the other hand, increasing 
the treatment temperature up to 500  °C led to increas-
ing the degree of crystallinity and then improving work-
ability (Jamil et  al., 2021). This may be attached to the 
fact that the less reactivity of crystalline materials than 
amorphous ones results in decreasing water consump-
tion and lowering the rate of hydration due to impeding 
 Na2O required for the alkaline activation process in the 
aluminosilicate structure, making a sufficient amount of 
free water available to improve workability (Mohammed 
et al., 2019; Neupane, 2016; Walker & Pavía, 2011).

Commonly, improving cement flowability in the pres-
ence of SPs is described by their adsorption on the sur-
faces of cement particles, which prevents flocculation 
and coalescence. As a result, the uniform distribution of 

cement particles reduces the amount of trapped water, 
making more free water available for improving work-
ability and allowing water to reach the cement surface, 
aiding the hydration process. The dispersion phenomena 
of SPs are mostly dependent on their chemical struc-
ture. There are many mechanisms correlated to enhanc-
ing the workability of binding materials in the presence 
of SPs that are (i) changing in water surface tension; (ii) 
forming of layers around cement particles that delay the 
hydration process and allow more free water to be used 
to enhance the workability; (iii) creating of a lubricat-
ing film between particles; (iv) establishing of an elec-
trostatic repulsion force on the cement particles; and 
(v) constructing of steric hindrance between particles 
(Puertas et al., 2003; Ramachandran et al., 1998). Because 
cement and alkali-activated slag have different physi-
cal and chemical properties, morphology, and alkalinity, 
their dispersion phenomena of superplasticizers behave 
differently (Puertas et  al., 2003). In the alkali-activated 
slag, the high alkalinity medium (high pH value) leads 
to deprotonation of the silanol group (Si–OH) from the 
aluminosilicate structure, leaving a negative charge on 
the GGBFS grains (Habbaba & Plank, 2010, 2012). With 
time, the dissolution of GGBFS particles results in releas-
ing of cation species  (Ca2+ ions), which then attach to 
deprotonated Si–OH (negative spots), allowing the exist-
ence of positively charged sites and then creating a dou-
ble-layer structure (DLVO theory) (Boström et al., 2006; 
Kashani et  al., 2014; Labbez et  al., 2006). The anionic 
SPs adsorbed on the  Ca2+ ions (positively charged sites) 
(Ohta et al., 1997; Yoshioka et al., 1997), creating a repul-
sive force between grains, resulting in particle separation 
and enhancing workability. Therefore, the effect of differ-
ent dosages (0.25 and 0.75  wt%) of various SPs (Nb-SP, 
PCb-SP, and PFS-SP) on the flowability behavior of fresh 
pastes was studied.

Fig. 9a displays the effect of Nb-SP, PCb-SP, and PFS-
SP on the workability of fresh pastes prepared from 
TCT-P-300. It was observed that all dosages from SPs 
caused an increase in workability except 0.25  wt% from 
PCb-SP (OP300-PC25) decreased the workability by 45%. 
The spread area of OP300-N25, OP300-N75, OP300-
PFS25, and OP300-PFS75 increased by 39, 54, 34 and 
62%, respectively, than OP300 (0  wt% SPs) due to the 
high stability Nb-SP and PFS-SP in an alkaline medium 
which resulting from their aromatic nature (Meletov, 
1991). The negative impact of low dosages from PCb-SP 
(0.25 wt%) may be explained by its instability in a highly 
alkaline medium; therefore, it partially decomposed into 
a carboxylic acid and respective ether in the bulk solu-
tion leading to an increase in the viscosity (Palacios et al., 
2003). Although the thermal treatment process, the TCT-
P-300 has high alkalinity, as a high amount of free NaOH 
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pallet is not impeded in aluminosilicate precursors (the 
melting point of NaOH is 318 °C). Also, the PCb-SP neg-
ative effect may be attributed to competitive adsorption 
between the  OH− group and PCb-SP (Marchon et  al., 
2013, 2016a). At higher PCb-SP dosage (0.75  wt%), the 

workability was enhanced by 42% due to the availability 
of a sufficient long chain of PCb-SP caused steric hin-
drance (Lei & Chan, 2020; Yahia, 2011).

Fig.  9b shows that PCb-SP significantly enhanced 
the workability of pastes fabricated from TCT-P-500 
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compared to the Nb-SP and PFS-SP (0.25 and 0.75 wt% 
increased the spread area by 105 and 199%, respec-
tively). At 500  °C, most NaOH impeded in the alu-
minosilicate precursors, decreased the alkalinity, 
prevented hydrolysis of PCb-SP and then allowed it 
to work as efficiently as in cement. The high efficiency 
of PCb-SP resulted from its high dispersion effect by 
electrostatic repulsion force and steric hindrance (3rd 
generation SP) (Ren, 2016; Yamada et  al., 2000). This 
phenomenon shows the importance of the thermo-
chemical treatment process in using the available SPs 
in the market. Fig.  10 shows the impact of 0.75  wt% 
from Nb-SP, PCb-SP and PFS-SP on the workability of 
mortars prepared from TCT-P-300 and TCT-P-500. 
It was noticed that the effect of these superplasticiz-
ers on the workability of the pastes and mortars has 
the same trend. All admixed mortars fabricated from 
TCT-P-500 have workability higher than TCT-P-300; 
adding PCb-SP, Nb-SP and PFS-SP to the TCT-P-300-
based mortar increased the spread area by 44, 60 and 
70.1% the control specimen (TCT-P-300-based mortar 
without admixtures), while adding the same admixtures 
to TCT-P-500-based mortar increased the spread area 
by 131.6, 81.6 and 73.5% the control specimen (TCT-
P-500-based mortar without admixtures), respectively. 
Also, it was observed that the instability problem of 3rd 
generation SP (PCb-SP) can be solved by employing the 
thermo-chemical treatment in the preparation of one-
part alkali-activated materials, as illustrated above.

4.5  Compressive Strength
The effect of various dosages (0.00, 0.25 and 0.75  wt%) 
from different SPs (Nb-SP, PFS-SP and PCb-SP) on the 
mechanical compressive strength (MCS) of hardened 
pastes fabricated from TCT-P-300 and TCT-P-500 is 
demonstrated in Fig.  11. Generally, it was detected that 
the increasing the curing period (from 1 to 28  days) is 
accompanied with a significant progression in MCS 
values for all mixes, which may be attributed to a con-
tinuous alkaline activation process that resulted in the 
invention of an enormous amount of binding phases 
[calcium-silicate-hydrate (C-S-H) and calcium-alumino-
silicate-hydrate (C-A-S-H)] that fill the pores between 
grains (Ismail et  al., 2014; Li et  al., 2010; Mohsen et  al., 
2022c; Puertas et al., 2011; Shwita et al., 2021).

From Fig.  11a, it was concluded that the addition 
of Nb-SP has a negative impact on the MCS value for 
all hardened pastes prepared from TCT-P-300 and 
TCT-P-500. This may be traced back to the retarda-
tion effect of the Nb-SP. Adsorption of Nb-SP (retarder 
SP) on the unreacted grains and/or hydration products 
causes blocking of the open pits and poising the nuclei 
required for alkaline activation reaction progress, lead-
ing to inhibit growth further binding phases and then 
reduces the MCS (Marchon & Flatt, 2016b; Marchon 
et al., 2016b). Furthermore, several studies revealed that 
the retarder SPs lead to the existence of a high amount 
of free water (not participating in the hydration pro-
cess) that can evaporate, causing the plastic shrinkage 
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risk (formation of microcracks) and then decreasing 
the MCS (Esping & Löfgren, 2005; Soroka, 1993; Zuhua 
et  al., 2009). Also, the evaporation process makes water 
present insufficient to complete the alkaline activation 
reaction (Mohsen et  al., 2020b). The MCS of admixed 
pastes prepared from TCT-P-500 °C is higher than 300 °C 
due to the reduction in the retardation effect at 500  °C 
as illustrated above. At 300  °C, as the dosage of Nb-SP 
increased, the MCS value increased due to the reduction 
in the water of consistency by 8.8% when the dosage of 
Nb-SP increased from 0.25 to 0.75 wt%. The reduction in 

the water of consistency decreases the pore size; there-
fore, the least amount of hydration products can fill the 
pores (high gel/space ratio), giving a compact structure 
and causing an enhancement in MCS (Mohsen et  al., 
2020b). At 500  °C, both OP500-N25 and OP500-N75 
have approximately similar MCS values, as there is no 
significant difference in the water of consistency (water/
binder ratio = 0.34 and 0.33 for OP500-N25 and OP500-
N75, respectively).

Also, from Fig. 11b, it was observed that adding PFS-SP 
reduced the MCS of pastes prepared from TCT-P-300; at 
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28 days, the MCS decreased by 18.6 and 9.1% for OP300-
PFS25 and OP300-PFS75, respectively, compared to 
OP-300. This may result from the retardation effect of 
PFS-SP that has a negative impact on the MCS (plastic 
shrinkage and hydration nuclei poising), as discussed 
above. Interestingly, the PFS-SP improved the MCS for 
AAS prepared from TCT-P-500, especially up to 7 days 
of hydration, due to the acceleration effect of PFS-SP that 
solves most of the retardation problems illustrated above. 
Besides the acceleration effect, decreasing the water/
binder ratio by 8.8% increased the gel/space ratio and 
then enhanced the MCS values. As the dosage of PFS-Sb 
increased, the MCS increased. The appropriate workabil-
ity resulted from a high dosage PFS-SP caused redistri-
bution of pore structure followed by reducing capillary 
stress and increasing MCS (Palacios & Puertas, 2007). 
Furthermore, PFS-SP may reduce the surface tension of 
mixing water, limiting its evaporation and then reducing 
shrinkage (Folliard & Berke, 1997).

Fig.  11C shows that the PCb-SP has a detrimental 
impact on the MCS of pastes synthesized from TCT-P-
300 due to the same reasons illustrated above. Also, it 
was noticed that increasing the dosage of PCb-SP from 
0.25 to 0.75  wt% reduced the MCS of OP300-PC75 by 
29.8% more than OP300-PC25 at 28  days. This is prob-
ably due to consuming a high amount of free NaOH 
required to continue the alkaline activation process in the 

hydrolysis of PCb-SP. In the case of TCT-P-500, the MCS 
was enhanced than pastes prepared from TCT-P-300 
due to its acceleration effect and enhancement in work-
ability at 500  °C. OP500-PC25 showed a higher MCS 
than OP500-PC 75, which can be attributed to the high 
workability that can bleed free water on the specimen’s 
surface, which is easily scraped, referring to decreasing in 
the MCS (Collins & Sanjayan, 1998).

4.6  Mineralogical Analysis Through XRD
The effect of adding 0.25  wt% from different SPs (Nb-
SP, PFS-SP and PCb-SP) on the phase composition of 
hardened pastes fabricated from TCT-P-300 and TCT-
P-500 at 1 and 28  days was studied using XRD analysis 
as shown in Figs.  12, 13 and 14. The XRD-pattern for 
specimens admixed with Nb-SP (Fig. 12) cured for 1 day 
showed a broad hump between 2θ = 26°–33° centered at 
2θ = 29.4°, referring to the formation of ill-crystalline to 
amorphous hydration products such as tobermorite gel 
(C–S–H, (CaO)1.7(SiO2)(H2O)1.8, PDF# 00-033-0306 and 
00-034-0002) and Al-tobermorite gel (C–A–S–H, (CaO
)1.7(Al2O3)0.05SiO2(H2O)1.9, PDF# 00-020-0452), which 
are responsible for enhancing the mechanical prop-
erties (Nasir et  al., 2020; Ramadan et  al., 2021). Also, 
some diminished peaks associated with the presence 
of crystalline phases were noticed, such as (i) hydrotal-
cite  (Mg6Al2(CO3)(OH)16.4(H2O), PDF# 00-041-1428) 

Fig. 12 XRD‑pattern for hardened pastes admixed with Nb‑SP at 1 and 28 days
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Fig. 13 XRD‑pattern for hardened pastes admixed with PFS‑SP at 1 and 28 days

Fig. 14 XRD‑pattern for hardened pastes admixed with PCb‑SP at 1 and 28 days
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at 2θ = 11.7° (Mohsen et  al., 2020a; Oh et  al., 2010), (ii) 
wollastonite  (CaSiO3, PDF# 00-029-0372) at 2θ = 26.7° 
(Mohsen et  al., 2020a, 2021), (iii) aragonite  (CaCO3, 
PDF# 01-076-0606) at 2θ = 28.5° (Ismail et al., 2014), (iv) 
calcite at 2θ = 26.7 and 29.6°  (CaCO3, PDF# 01-071-3699) 
(Ismail et  al., 2014; Ramadan et  al., 2022a) (v) gehlenite 
 (Ca2Al  [AlSiO2], PDF# 01-079-2423) and akermanite 
 (Ca2Mg  [Si2O7], PDF# 01-079-2424) and at 2θ = 32.4° 
(Mohsen et  al., 2020a, 2021). It was noticed that all 
admixed specimens have the same peaks with different 
intensities, which indicates that the SPs do not affect the 
phase composition. Therefore, the main reason behind 
the difference in the MCS values is the alternating effect 
of SPs on the physical properties of binding materials, 
such as water/binder ratio, workability and setting time 
(Habib et  al., 2016, 2018; Mohsen et  al., 2020b). Also, 
for all admixed specimens with Nb-SP, PFS-SP and PCb-
SP, the same phases illustrated above had been identi-
fied at 28 days of hydration. Increasing the intensities of 
tobermorite and Al-tobermorite phases (main hydra-
tion products) and decreasing the intensities of gehlen-
ite and akermanite (unreacted phases of GGBFS) refers 
to continuous activation of unreacted phases, which can 
explain the enhancement of MCS with the curing time 
(Ramadan et  al., 2021). By comparing the intensities of 
the peaks affiliated with hydration products in the speci-
mens prepared from TCT-P-300 and TCT-P-500, it was 
detected that the intensities of the peaks in the case of 
OP500-N25, OP500-PFS25 and OP500-PC25 are higher 
than OP300-N25, OP300-PFS25 and OP300-PC25, 
respectively, which is strongly correlated to the MCS 
results (The MCS values of admixed OP-AAS prepared 
from TCT-P-500 is higher than TCT-P-300). The low 
peaks’ intensities of admixed OP300 than OP500 may 
be assigned to the high retardation effect for Nb-SP and 
PFS-SP in the TCT-P-300 that caused evaporation of 
most of the water needed for the hydration reaction, also 
due to consumption a high amount of free NaOH nec-
essary for alkaline activation process in the hydrolysis of 
PCb-SP.

5  Conclusion
This study demonstrates the impact of different dosages 
(0.25 and 0.75 wt%) of three superplasticizers (modified 
naphthalene-based (Nb-SP), modified polycarboxylate-
based (PCb-SP) and phenol formaldehyde sulfanilate 
(PFS-SP)) on the properties of OP-AAS prepared from 
thermo-chemical treatment process at 300 and 500  °C. 
From the above results, the following points can be 
concluded:

• Utilizing the thermal treatment process in fabricat-
ing OP-AAS is an effective method for mitigating 

the effect of the highly alkaline medium by impeding 
the NaOH in the aluminosilicate precursor structure. 
This was clarified by forming the sodium aluminum 
silicate phase after sintering a mixture from GGBFS 
with 10 wt% NaOH at 500 °C, as identified by XRD.

• The thermo-chemical treatment process will become 
a promising way to solve the problem of using 
chemical admixtures in alkali-activated materials by 
allowing the use of superplasticizers available in the 
market. This was inferred from the workability and 
compressive strength results.

• Increasing the sintering temperature improved the 
workability of all admixed OP-AAS. Laboratory-
prepared superplasticizer (PFS) showed the high-
est enhancement percentage in workability in the 
case of OP-AAS prepared from TCT-P at 300  °C, 
which refers to its high stability in the highly alkaline 
medium.

• In the TCT-P prepared at 500 °C, PCb-SP enhanced 
the workability by 199%, which clarified the role of 
the thermal treatment process in limiting the hydrol-
ysis of the polycarboxylate polymer. This is the big-
gest evidence that the commercial PCb-SP can oper-
ate in OP-AAS (prepared from TCT-P-500) with the 
same efficiency as in Portland cement.

• Nb-SP has the highest retardation impact on the 
OP-AAS fabricated from TCT-P-300 and TCT-P-
500, referring to its strong adsorption on the binder 
grains. The main reasons for Nb-SP’s adsorption are 
the high molecular weight and high anionic charge 
density than PFS-SP and PCb-SP, respectively.

• Nb-SP negatively impacts the mechanical proper-
ties, while OP-AAS, admixed with PFS and PCb-SPs, 
demonstrated the highest compressive strength val-
ues.

• In this work, a radical solution to the problem of 
using SPs in alkali-activated materials was found by 
using an invented laboratory-prepared SP (PFS-SP) 
and commercial superplasticizer (PCb-SP).
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