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Abstract In the present era of significant industrial 
development, the presence and dispersal of countless 
water contaminants in water bodies worldwide have 
rendered them unsuitable for various forms of life. 
Recently, the awareness of environmental sustainabil-
ity for wastewater treatment has increased rapidly in 
quest of meeting the global water demand. Despite 
numerous conventional adsorbents on deck, explor-
ing low-cost and efficient adsorbents is interesting. 
Clays and clays-based geopolymers are intensively 
used as natural, alternative, and promising adsorbents 
to meet the goals for combating climate change and 

providing low carbon, heat, and power. In this nar-
rative work, the present review highlights the persis-
tence of some inorganic/organic water pollutants in 
aquatic bodies. Moreover, it comprehensively sum-
marizes the advancement in the strategies associated 
with synthesizing clays and their based geopoly-
mers, characterization techniques, and applications in 
water treatment. Furthermore, the critical challenges, 
opportunities, and future prospective regarding the 
circular economy are additionally outlined. This 
review expounded on the ongoing research studies 
for leveraging these eco-friendly materials to address 
water decontamination. The adsorption mechanisms 
of clays-based geopolymers are successfully pre-
sented. Therefore, the present review is believed to 
deepen insights into wastewater treatment using clays 
and clays-based geopolymers as a groundbreaking 
aspect in accord with the waste-to-wealth concept 
toward broader sustainable development goals.
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Introduction

Water is an extraordinarily vital ecological source 
for natural life, ecosystems, and human society (Dal-
stein & Naqvi, 2022). One of humanity’s most urgent 
issues in the twenty-first century is the continuously 
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increasing and unsustainable demand for water 
worldwide. Therefore, safe and clean water access 
is integrated into the 2030 Agenda for Sustainable 
Development Goals (SDGs). The loss of crucial 
freshwater reserves, increased population, and liv-
ing requirements are all factors boosting the demand 
for new water supplies (Yang et  al., 2021). Further-
more, 80% of contaminated water is discharged into 
the environment untreated, resulting in water qual-
ity degradation (Chen et  al., 2020). Water pollu-
tion has become a global problem. According to the 
World Health Organization records (WHO, 2022), 
an estimated 829,000 fatalities occur yearly due 
to inadequate drinking water and sanitation (The 
World Counts, 2023). According to the world count 
2023, approximately 3.57 million deaths arise from 

water-related diseases. The majority of these casu-
alties are children (2.2 million) (Counts, 2023). The 
primary cause of water pollution is industrial efflu-
ents, wastewater treatment plants, and domestic efflu-
ents (Maged et al., 2021). Heavy metals, herbicides, 
dyes, pesticides, pharmaceuticals, and organic (aro-
matic) compounds are among the contaminants found 
in industrial wastewater (Price & Heberling, 2018). 
These contaminants pose a significant threat to the 
environment. Figure 1 represents of the most existed 
pollutants in the aquatic environment with various 
contamination scenarios.

Heavy metals are naturally poisonous, caus-
ing major health problems in humans and animals 
even at extremely low concentrations (Rasaki et  al., 
2019). The non-biodegradable nature of heavy metals 
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Fig. 1  Schematic representation of the most existed pollutants in the aquatic environment
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leads to their bioaccumulation over time, increas-
ing their engagement in living organisms (Maged 
et al., 2020b). Heavy metal ions are also carcinogenic 
and can induce organ damage to the lungs, kidneys, 
liver, prostate, esophagus, stomach, and skin at even 
minimum concentrations (Kumar et  al., 2021). Over 
thousands-types of synthetic dyes and pigments are 
currently in commercial production, with an annual 
output exceeding 7 million tons worldwide. These 
dyes are used in various industries, such as textiles, 
carpeting, plastics, leather, paper, printing, food-
stuff, and pharmaceuticals (Tran et  al., 2023). How-
ever, the dye-containing wastewater discharged from 
these industries can threaten aquatic ecosystems and 
human health by causing water pollution (Tran et al., 
2019). The presence of dyes in water sources hinders 
sunlight transmission and adversely influences the 
photosynthesis of aquatic flora. Additionally, most 
synthetic dyes are toxic, non-biodegradable, and car-
cinogenic (Elgarahy et al., 2023; Uddin et al., 2021).

Pharmaceutical compounds are chemically stable 
compounds produced to enhance human health (Abd 
El-Fattah et al., 2023). Recently, the existence of such 
compounds in minimal environmental concentrations 
has been an emergent problem for environmental 
maintenance (Maged et  al., 2020a). Pharmaceutical 
compounds can be found in the environment through 
the domestic, industrial, hospital, and livestock 
farm wastewater, as shown in Fig.  1. These com-
pounds can also be found in sewage treatment plants 
through the excretion of urine as well as unused and 
expired pharmaceuticals into sinks (Korkmaz et  al., 
2022). The presence of pharmaceutical substances 
in water adversely impacts human health and liv-
ing ecosystems because they may lead to antibiotic-
tolerant bacteria and genetic resistance factors in the 
marine ecosystem (Maged et  al., 2020c). Their con-
tent in raw domestic wastewater is demonstrated to 
be 100.0 ng/L to 10.0 mg/L, but it may attain up to 
100–500  mg/L in hospital and pharmaceutical com-
pany wastes (Morales-Paredes et  al., 2022). Table  1 
illustrates some pharmaceutical compounds found in 
surface, effluent, and portable water in different areas 
worldwide. Due to the spreading of the COVID-19 
pandemic, most antiparasitics, antiprotozoals, antibi-
otics, glucocorticoids, and antivirals were consumed 
in large quantities in this virus treatment. Morales-
Paredes et  al. (2022) reported that the concentration 
of antiviral agent drugs increased by more than 70% 

in urban wastewater during the pandemic compared 
with their concentration before the pandemic. Fig-
ure S1 shows the existence of the most used drugs for 
COVID-19 in different sources (domestic wastewater 
and surface water) (Morales-Paredes et al., 2022).

Various water treatment techniques have been 
applied to the existing contaminants, such as elec-
trochemical osmosis, flocculation–coagulation, pre-
cipitation, and adsorption approaches (Maged et  al., 
2020a). The adsorption technique has been considered 
the most applied approach for eradicating inorganic 
and organic pollutants from polluted waters owing to 
its facility, performance, and cost-effectiveness. Many 
researchers have used adsorbent substances such as 
fly ash, activated carbon, clay/functionalized clay, fly 
ash–based zeolite, aerogels, zeolites, and other adsor-
bents (El Alouani et al., 2021). However, researchers 
are continuing to seek an environmentally friendly, 
low-cost adsorbent with high uptake capacity that is 
easy to use.

Geopolymers are inorganic polymer materials 
derived from the alkali activation of aluminosilicate 
materials such as metakaolin, fly ash, and granulated 
blast-furnace slag (Liang et al., 2022). Geopolymers 
formation is often prepared through a straightforward, 
simple, and environmentally friendly process involv-
ing an alkali, such as NaOH/Na2SiO3 or KOH, with 
an aluminum and silicon-based source, thereby mak-
ing it a material suitable for clean production. Geo-
polymers have been the subject of numerous environ-
mental applications, partly due to their remarkable 
mechanical and chemical stability and their produc-
tion process’ comparatively low operational energy 
and carbon footprint (Luhar et  al., 2021). One par-
ticularly prominent use is their investigation as sorb-
ents for wastewater treatment. Geopolymer sorbents 
can be installed in pipes or columns, pumping water 
through and interacting with the exchangeable cati-
ons on the active surface sites (Luhar & Luhar, 2021). 
Geopolymers have proved to be a promising category 
of materials for removing toxic pollutants from vari-
ous source effluents. Geopolymers demonstrated 
high competence in providing economic and effec-
tive alternatives to conventional ceramics, synthetic 
zeolites, or polymeric components for wastewater 
treatment, in addition to being more environmentally 
friendly than other existing adsorbents.

In recent years, there has been an increased focus 
on using geopolymers as adsorbents. However, most 
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of these review articles mainly focused on eliminat-
ing heavy metals or only one category of pollutants 
from contaminated water (Arokiasamy et  al., 2023; 
Maleki et  al., 2019; Rasaki et  al., 2019; Tan et  al., 
2020; Tian et al., 2022; Tochetto et al., 2022). Addi-
tionally, these published articles outlined the geo-
polymer-based various precursors. Therefore, this 
current review article is only focuses on clay-based 
geopolymers, and its investigation of the performance 
of these geopolymers towards different existing pol-
lutants (heavy metals, pharmaceutical compounds, 
dyes, and surfactants) in water. This review is also 
highlighting the potential of geopolymers to be an 

effective and low-cost solution for treating water pol-
luted with various pollutants, making it an attractive 
option for reuse in industries. Thus, this review arti-
cle provides an essential contribution to exploring 
the potential of clay-based geopolymers for circular 
economy initiatives.

More specifically, this review article aims to elu-
cidate the importance of geopolymers as a modern 
adsorbent for removing hazardous pollutants from 
wastewater to obtain potable water for reuse, thereby 
alleviating the severe problem of water scarcity and 
promoting sustainable water and wastewater treat-
ment for green ecosystems. This review provides a 

Table 1  The most detected pharmaceutical compounds, as emerging contaminants in the aquatic environment

Type Compounds Environmental occurrence References

Acetylsalicylic acid Anti-inflammatory analgesics Effluent and drinking water (Biel-Maeso et al., 2018)
Ibuprofen Surface, drinking water, river, and 

effluent
(Biel-Maeso et al., 2018)

Paracetamol (acetaminophen) Hospital effluent and drinking water (Papageorgiou et al., 2019)
Diclofenac Effluent and drinking water (Biel-Maeso et al., 2018)
Naproxen Effluent and drinking water (Biel-Maeso et al., 2018)
Ketoprofen Effluent and drinking water (Biel-Maeso et al., 2018)

Antibiotics Ciprofloxacin Effluent and drinking water (Mahmood et al., 2019)
Sulfamethoxazole Effluent and drinking water (Biel-Maeso et al., 2018; Papageorgiou 

et al., 2019)
Erythromycin Effluent and drinking water (Biel-Maeso et al., 2018)
Ofloxacin Surface, drinking water, river, and 

effluent
(Biel-Maeso et al., 2018)

Levofloxacin Effluent (Mahmood et al., 2019)
Metronidazole Surface, drinking water, river, and 

sewage
(de Ilurdoz et al., 2022)

Norfloxacin Surface, river, and sewage (de Ilurdoz et al., 2022)
Trimethoprim Surface, drinking water, river, sewage 

and hospital effluent
(de Ilurdoz et al., 2022)

Antineoplastic Oxaliplatin Predicted effluent (Rowney et al., 2011)
Cisplatin Predicted effluent (Rowney et al., 2011)
5-fluorouracil (5-FU) Hospital Influent (Wormington et al., 2020)

Antidiabetic Metformin Hospital effluent (Papageorgiou et al., 2019)
Psychiatric drugs Carbamazepine Surface, drinking water, river, and 

effluent
(Al Aukidy et al., 2012)

Lipid regulators/
anti-hyperten-
sives

Fenofibrate Effluent (Biel-Maeso et al., 2018)
Atenolol Effluent (Biel-Maeso et al., 2018)

Antivirals Favipiravir Surface water (Azuma et al., 2017)
Lopinavir Surface water, domestic water (Abafe et al., 2018; Wood et al., 2015)

Antiparasitics Ivermectin Surface water, hospital wastewater (Aydin et al., 2019; Rodriguez-Gil 
et al., 2013)

Antiprotozoals Chloroquine Surface water, ground water (Olatunde et al., 2014)
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critical overview of the current achievements in vari-
ous pollutants removal by clay-based geopolymers 
over the last decade. Also, this work provides an over-
view of a newly emerging research field and moti-
vates further exploration of removing contaminants 
(heavy metals, dyes, and pharmaceutical compounds) 
at varied contamination levels. Moreover, the detailed 
physicochemical properties of various geopolymers 
were comprehensively reviewed and discussed. This 
review also covered the utilization of natural and 
synthetic geopolymer precursors, the mechanisms 
behind their removal, and the various environmental 
and economic benefits associated with their use. Fur-
thermore, the role clays-based geopolymer in climate 
change, SDGs, environmental pollution, and the cir-
cular economy were successfully presented. Finally, 
the clays-based geopolymer’s existing challenges and 
future outlook were presented.

Clays and clay minerals

Clays are hydrous aluminosilicates that combine 
fine-crushed clay minerals, mineral crystals, and 
metal oxides (Maged et  al., 2023). These clays are 
categorized into mica, smectites, vermiculite, kao-
linite, halloysite, pyrophyllite, serpentine, sepiolite, 
etc. (Ismael & Kharbish, 2013). Grim was the first to 
suggest the categorization of clay minerals, and then 
the delineating, terminology, and differences between 
several clay minerals were defined (Grim, 1962). Fig-
ure 2 demonstrates the classification of clay minerals 

according to Grim (Grim, 1962). According to Grim, 
most clays comprise one or more constituents of these 
three groups (Uddin, 2017).

Clays and clay minerals, in their primary forms 
or after modification, are known as essential materi-
als in the present century owing to their widespread 
applications and many advantages, like being plen-
tiful, low-cost, and eco-friendly resources (Wang 
et al., 2021b). Clay minerals are investigated by their 
cation exchange capacity (CEC) owing to their con-
stant negative charge on their surfaces. Clay miner-
als are also classified into several types such as 2:1 
type (vermiculite (Salih et  al., 2022) and smectite 
(Gamboni et al., 2022)), 1:1 type (halloysite (Abdol-
lahizad et al., 2022) and kaolinite (Al-Hussaini et al., 
2017)), and 2:1:1 type (chlorite (Xue et  al., 2021)). 
In the case of the 2:1 type, the negative charge is bal-
anced by cationic counter-ions occupying interlayer 
space. Other cations can exchange these counter-ions, 
resulting in superior adsorption efficiency for cationic 
contaminants. These contaminants may be inorganic, 
such as iodine (Lazaratou et  al., 2020), or organic, 
such as stains and pharmaceutical compounds (Jahan 
& Zhang, 2022). The use of clays as adsorbents dem-
onstrated many advantages compared to the other 
adsorbents, such as inexpensive, availability, great 
surface area, robust uptake capacity, zero-toxicity 
nature, and the ability for ion exchange. Scientists 
are currently interested in using native or altered 
clays as adsorbents for wastewater treatment (Uddin, 
2017). Recently, many studies reported different 
types of modified clays via the pre-treatment method 

Fig. 2  Classification of 
clay minerals according to 
Grim

Clay Minerals 

Amorphous Crystalline

Two-layer types
One layer of silica
tetrahedrons and one layer
of alumina octahedrons
make up sheet structures

Three-layer types
Two layers of silica
tetrahedrons and one
central dioctahedral or
trioctahedral layer make
up sheet structures.

Regular mixed-layer
Types

Stacking of alternating 
layers of several sorts in a 

specific order.

Chain-structure types 
Hornblende-like silica 

tetrahedron chains connected
by octahedral oxygen and

hydroxyl groups.
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to enhance the elimination capacity of some metals. 
This pre-treatment improves the surface area, pore 
size, and quantity of existing sorption locations on 
its external surface (Bentahar et al., 2016). The most 
common clay minerals used as adsorbents for vari-
ous contaminants present in the aquatic environment 
are bentonite, montmorillonite, attapulgite, zeolites, 
and kaolinite. These clay minerals are characterized 
by promoting surface area, excellent expanding capa-
bility, and high cation exchange capacity (Otunola & 
Ololade, 2020).

Authors reported that bentonite clay remarkably 
declined the movement of heavy metals in soil by 
75% (Usman et  al., 2004). Other researchers con-
firmed that bentonite adsorption rate can reach over 
99% by combining 1.0 g of bentonite with 50 mg/L 
of Zn(II), Cu(II), CO(II), Ni(II), and Pb(II) in 100-
ml solutions (Vhahangwele & Mugera, 2015). Fur-
thermore, zeolite is also used to treatment soils that 
are contaminated with Pb(II), Zn(II), and Ni(II), and 
the reported adsorption percentages were discovered 
to be in the following order Zn > Ni > Pb. Wahba 
et  al. (2017) demonstrated that introducing a known 
amount of clay minerals to soil might decline plant 
absorption of heavy metals up to 12% (Wahba et al., 
2017). Attapulgite (Palygorskite) is a 2:1 layered 
structure clay type with generally fibrous structures, 
which improves its sorption performance. Attapulg-
ite can eliminate heavy metals from polluted medium 
(Samara et  al., 2019). Zotiadis and Argyraki (2017) 
reported that the adsorption efficiency of attapulg-
ite was found to be 100% for Cd, 21% for Ba,100% 
for As, 100% for Pb, 88% for Zn, and 100% for Sb 
in a primary schoolyard (Otunola & Ololade, 2020). 
For contaminated solutions, Wang et  al. (2020) uti-
lized EDTA-modified attapulgite (EDTA-ATP) for 
the elimination of aqueous Cr(Ш). The characteriza-
tion of EDTA-ATP revealed that EDTA moieties were 
positively attached to the adsorbent surface. Moreo-
ver, the sorption of Cr(III) on to EDTA-ATP was 
found following to Langmuir model with the highest 
capacity record of 131.37  mg/g. XPS assessment of 
EDTA-ATP proved that the improved Cr(III) removal 
was attributed to the establishment of the stable 
complexes between functional (carboxyl and amino) 
groups of EDTA-ATP surface and Cr(III).

Sdiri et  al. (2016) examined the loading capacity 
of montmorillonite clay for the elimination of vari-
ous metal ions (Zn(II), Cu(II), Cd(II), and Pb(II)) in 

contaminated water (Sdiri et  al., 2016). The mont-
morillonite efficiency as an adsorbent was confirmed 
using batch experiments. The authors found that the 
highest sorption capability was up to 131.58  mg/g, 
with an adsorption rate greater than 95%. Their 
results suggest that montmorillonite clay could be 
effectively used as an adsorbent for various heavy 
metals from water and aqueous medium (Elsherbiny 
et al., 2018). Malima et al. (2021) utilized the physi-
cally (thermal treatment at 300 ℃) activated Malan-
gali kaolin clay (TAMK) to eliminate CO(II) and 
Cd(II) ions from artificially polluted water utiliz-
ing batch adsorption process. The used modification 
technique of the raw kaolinite effectively elevated 
its surface characteristics, such as surface area (from 
78.69 to 83.05  m2/g) and pore volume, and ampli-
fied significantly (from 0.45 to 0.81 cc/g). The results 
demonstrated that the removal of CO(II) and Cd(II) 
is greatly affected by the variance in the experimen-
tal conditions (i.e., aging time, initial pH, adsorbent 
amount, and pollutant concentration in the solution). 
The obtained results revealed that TAMK was appro-
priately fitted to the Langmuir model with the highest 
monolayer capacity of 1.19 and 1.15 mg/L for Cd(II) 
and CO(II), respectively (Malima et al., 2021).

Geopolymer and geopolymer types

In the 1970s, Prof. Joseph Davidovits launched the 
term “Geopolymer” to the world for the first time 
(Davidovits, 2020; Tan et  al., 2020). The prefix 
‘‘geo” represents the inorganic aluminosilicate origi-
nating from geological materials that reacted with an 
alkaline solution to form geopolymer from a poly-
condensation reaction (Liew et  al., 2016). Geopoly-
mers are mainly identified as amorphous substances 
with 3D alumina–silicate architecture (Açışlı et  al., 
2022). Geopolymers are comprised of  [AlO4]5− and 
 [SiO4]4− tetrahedral frameworks bounded together by 
sharing tetrahedral top oxygen atoms, further cations 
can be associated with the  [AlO4]5− groups such as 
Na(I), K(I), and Ca(II) ions to balance the charge (Liu 
et al., 2016).

Generally, geopolymer development reaction 
consists of non-crystalline silica and alumina-rich 
solids (aluminosilicate oxides) with enhanced con-
centrated alkaline solution to develop non-crystal-
line to semi-crystalline aluminosilicate inorganic 
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substances with the 3D polymeric structure of 
Si − O − Al bonds, with varying Si/Al ratios (1, 2, 
and 3) (Verma et  al., 2017). The three common 
types of geopolymers depend on the Si/Al ratio 
in the structural chains in the polymeric building 
units, which significantly conclude the geopoly-
mer materials’ final configuration. When the ratio 
between silica and aluminum equals 1, the obtained 
geopolymer is called PS (− Si − O − Al − O −), 
while it is called PSS (− Si − O − Al − O − Si − O −) 
when the ratio equals 2, and PSDS type (− Si − 
O − Al − O − Si − O − Si − O −) is given when the 
ratio equal 3 (Adewuyi, 2021; Gao et  al., 2014). 
The main principles for forming stable geopoly-
mers are that the raw materials should be greatly 
amorphous, have their own reactive glassy content 
sufficiently, have less water demand, and release 
aluminum easily (Singh et al., 2015). Natural mate-
rials (i.e., kaolin, metakaolin, and zeolites) and 
waste products (i.e., fly ash (Verma et  al., 2017), 
red mud (Wang et  al., 2021a), rice husk ash (Bar-
bosa et  al., 2018), and blast-furnace-slag (Luuk-
konen et al., 2016)) can be utilized in the geopoly-
mer preparations as the essential initial materials, 
manufactured via alkali or acid initiation reaction 
(Cong & Cheng, 2021). Figure  3 illustrates the 

simple synthesize process of geopolymer and geo-
polymerization process.

Commonly, geopolymers that can be used as adsor-
bents of hazardous pollutants from an aquatic envi-
ronment are categorized into three sections, porous 
geopolymers, pervious geopolymers, and traditional 
geopolymers. Conventional geopolymers are un-func-
tionalized geopolymers that include the alkalization 
of an aluminosilicate material such as metakaolin (El 
Alouani et  al., 2019), treated petroleum fly ash (Al-
Ghouti et al., 2021), and slag (Sarkar et al., 2017) with 
an activating solution such as NaOH and  Na2SiO3 fol-
lowing by grinding process to obtain the suitable size. 
Porous-type of geopolymers are considered traditional 
geopolymers after modification by porous reagents 
such as  H2O2 (Novais et  al., 2018), surfactants (Yu 
et al., 2020), alginate (Yan et al., 2019a), and polyeth-
ylene glycol (Novais et al., 2019). These applied modi-
fications resulted in a geopolymer with advanced per-
formance and higher surface area than the conventional 
geopolymers. Pervious geopolymers are distinguished 
by their greater porosity. This form of geopolymer can 
be utilized in electrical, heat isolation, sound applica-
tions, solid–liquid isolation, and water treatment. This 
type has a low adsorption performance, less resistant 

Filler

Aluminosilicate 
Sources

Alkali
Activator

Mixing Curing Geopolymer

Geopolymer
Powder

Fig. 3  The simple synthesize process of geopolymer
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in alkaline environments, and creates undesirable envi-
ronmental wastes (El Alouani et al., 2021).

Clays-based geopolymer

Clay is often chosen as the starting material to make 
geopolymers owing to its low-cost and accessibil-
ity in large quantities. Some noticeable research on 
clay-based geopolymer is focused on using kaolin-
ite that undergoes the pre-treatment process and the 
resulting calcined metakaolin as initial material for 
synthesizing geopolymer (Tahmasebi Yamchelou 
et al., 2021). The chemical structure of geopolymers 
is well-defined as follows (Eq. 1):

where w is the amount of water, n is the polymeriza-
tion degree, M+ is the alkaline ions  [Na+ or  K+], and 
z is the molar ratio of Si/Al, which can be 1–15 and 
even greater (Pourabbas Bilondi et al., 2018).

The geopolymer synthesis can be concluded as 
follows: First, aluminosilicate raw material dissolves 
by adding an alkali activation solution to produce 
silicate and aluminate monomers, and then filler can 
be introduced to strengthen the efficiency of the geo-
polymer. The appropriate initial materials must have 
amorphous features and the capability to release alu-
minum quickly. After curing at 20–100℃, the geo-
polymer three-dimensional network gel was achieved 
(Wan et al., 2017). Zhang et al. (2020) reported that 
increasing the curing temperature can accelerate the 
kinetics and geopolymerization process. The common 
aluminosilicate materials are fly ash and metakao-
lin, while alkali activators are generally a solution of 
KOH or NaOH and alkali metal silicate solution such 
as  Na2SiO3 and  K2SiO3, or a mixture of them (Ren 
et al., 2021).

The alkaline activator performs a crucial 
character in the generation of geopolymer. The 
 OH− ion can use as a catalyst in the reaction, and 
the metal cation balances the negative charge in the 

(1)M+[−(SiO
2
)z − AlO

2
− ]n.wH2

O

framework created by the tetrahedral aluminum. 
The smaller size and higher charge density of the 
 Na+ ion compared to the  K+ ion leads to a faster 
and more efficient migration through the gel net-
work, resulting in a greater dissolution capability of 
NaOH than that of KOH (Lemougna et  al., 2016). 
Consequently, these differences may change the 
assets of the developed geopolymers. Moreover, 
NaOH supports the construction of silicate mono-
mers and dissolution of the solid aluminosilicate 
precursor, along with the reaction rate enhance-
ment. In contrast, KOH can enhance the degree of 
polymerization (Rahier et  al., 2007). Additionally, 
 H2O2 is occasionally utilized as a foaming agent 
due to its thermodynamically changeable state. It 
readily degrades to oxygen and water, generating 
bubbles of gas that can be retained inside the paste 
and expanded to develop more homogenous holes 
in the matrix. It is worth noting that geopolymeric 
materials are formed in the same way as most zeo-
lites are created. However, the main distinction is 
that once the aluminosilicate powder is combined 
with the alkaline liquid, a slurry is created that rap-
idly transforms into a hard geopolymer (Khale & 
Chaudhary, 2007). Therefore, unlike in the formula-
tion of zeolites, there is not enough time or space 
for the gel or slurry to crystallize. Because geo-
polymers have a smaller setting and hardening time, 
the produced polycrystalline materials are closely 
arranged and have good mechanical strength than 
zeolites (Adewuyi, 2021).

Geopolymerization reaction is exothermic that 
can be separated into three main steps:

(1) The aluminosilicate materials dissolution in the 
concentrated alkali solution to produce available 
 SiO4 and  AlO4 tetrahedral groups.

(2) At this stage, water is released from the structure 
during the hydrolysis process, and then a con-
densation reaction of alumina and silica hydroxyl 
occurs to form the inorganic geopolymer gel 
phase (Eq. 2).

)n + n + 4n 
NaOH/KOH

(2)
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(3) As the gel phase hardens,  AlO4 and  SiO4 tetra-
hedral groups combine instead of develop poly-
morphic materials (-SiO4-AlO4-,SiO4-AlO4-, or 
-SiO4-AlO4-SiO4-SiO4-) by bonding all oxygen 
atoms among two tetrahedral units producing an 
amorphous to semi-crystalline geopolymer and 
the negative charge on Al is balanced by alkali 
metal cations (Eq.  3) (Cong & Cheng, 2021; 
Siyal et al., 2018).

Khan et  al. (2023) investigated a bentonite clay-
based geopolymer/Fe3O4 nanocomposite using 
advanced statistical and machine learning approaches 
to evaluate its adsorption capacity towards Navy 
blue dye. The authors performed the pre-treatment 
of bentonite clay to prepare the desired geopolymer. 
Thereafter, the synthesis of  Fe3O4 nanoparticles was 
conducted using the co-precipitation method (Khan 
et  al., 2023). Subsequently, the authors modified 
the prepared geopolymer using  Fe3O4 nanoparticles 
via the intercalation method as follows: (i) 0.4  g of 
geopolymer was combined with 20 mL of deionized 
water and vigorously stirred until a slurry solution 
was formed. (ii) Different concentrations of iron mag-
netite nanoparticles were incorporated into the geo-
polymer solution, and following 30  min of constant 
stirring, a homogeneous mixture was produced. (iii) 
The nanocomposite mixture was then dried in an air 
oven at 75 °C for 72 h. The authors summarized the 
synthesis and modification process of the obtained 
 Fe3O4/geopolymer nanocomposite in a flow diagram 
presented in Fig. 4.

Geopolymers characterization

Fourier transform infrared spectroscopy (FT-IR), 
X-ray diffraction (XRD), Brunauer–Emmett–Teller 
(BET), Barrett–Joyner–Halenda (BJH), and scanning 
electron microscope (SEM), transmission electron 
microscopy (TEM), thermogravimetric (TGA), and 

NaOH/KOH

Ortho (sialate-siloxoxo) (Na,K)-Polysialate-siloxoxo

(3)

differential thermal (DTA) analysis methods were 
extensively used to evaluate the functional groups, 
interlayer space, surface area, microstructure, struc-
ture, thermal behavior, and morphology of raw mate-
rials and geopolymers-based materials.

XRD analysis

XRD investigation was utilized to get insight into the 
structure of materials, whether crystalline or amor-
phous, prior and post-stimulation of raw materials 
through the geopolymerization process. Figure 5 dis-
plays the XRD patterns of kaolin, metakaolin, and 
metakaolin-based geopolymer. El El Alouani et  al. 
(2019) prepared a customizable metakaolin-based 
geopolymer and inspected its adsorptive capacity for 
methylene blue removal. The XRD patterns of kao-
lin, metakaolin, and geopolymer demonstrated that 
the precursor material was dominated by quartz and 
kaolinite. The dehydroxylation of the water mol-
ecules can expound the absence of kaolinite charac-
teristic peaks after the calcination process within the 
kaolinite structure in metakaolinite due to thermal 
treatment (El Alouani et  al., 2019). After proceed-
ing in the alkali activation and geopolymerization, 
the crystalline phases were solubilized in the basic 
solution, and the aluminosilicate phase was depos-
ited onto the metakaolin surface. These findings sug-
gested that a novel substance with a structure distinct 
from metakaolin had been synthesized (Fig.  5). Yu 
et al. (2020) performed XRD analysis for synthesized 
metakaolin-based mesoporous geopolymer in addi-
tion to the analysis for metakaolin and geopolymer-
CTAB (Yu et  al., 2020). Before geopolymerization, 
the ordinary MK consists of the main crystal phase, 
such as mullite, quartz, and kaolinite. After the geo-
polymerization step, the kaolinite peak decreases as 
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Fig. 4  (a) Flow diagram for the synthesis of  Fe3O4/geopoly-
mer nanocomposite, b) effect of different magnetic nano-
composites on decolourization of Navy blue dye (NB) (%) at 

fixed adsorbate dosage (0.1 g), pH (5.0), and treatment time of 
120  min, reused with permission from Elsevier (Khan et  al., 
2023)

Page 10 of 35693



Environ Monit Assess (2023) 195:693

1 3
Vol.: (0123456789)

the geopolymer was formed, the XRD patterns of the 
geopolymer and geopolymer–CTAB materials show 
a formless structure with a significant decrease in 
most of the reflection peaks (Yu et  al., 2020). Khan 
et  al. (2023) conducted XRD analysis for prepared 

bentonite-based magnetic geopolymer before and 
after Navy blue dye adsorption. The authors stated 
that the geopolymer showed an amorphous structure 
in 2θ range of 20°–37°, while the peaks at 29.2°, 
35.9°, 42.9°, 57.40°, and 63.16° are characteristics 

Fig. 5  XRD patterns of 
kaolin, metakaolin, and 
metakaolin-based geo-
polymer (El Alouani et al., 
2019)

Fig. 6  FT-IR spectrum 
of kaolin, metakaolin, and 
geopolymer (El Alouani 
et al., 2019)
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of crystalline peaks related to magnetite iron oxide. 
The observed sharp intensities of  Fe3O4 peaks were 
reduced in the composite due to the covering of the 
geopolymer (as Fe3O4 does not react during the geo-
polymerization). Furthermore, the authors confirmed 
that no differences in the XRD pattern were observed 
after dye adsorption, which suggests the stability 
of the synthesized geopolymer for the Navy blue 
removal process (Rossatto et al., 2020).

FT-IR assessment

FT-IR assessment is employed to identify the func-
tional moieties that appear on the substance surface. 
Usually, most bands related to geopolymers appear 
at a range of 1305–910   cm−1 because of the asym-
metric stretching modes of Si‒O‒Al. The asym-
metric stretching modes of Si‒O‒Si and Si‒O‒Al 
show bands in the 800–400   cm−1 region. The peaks 
are located within the range of 3500–3400  cm−1 and 
1670–1600  cm–1 due to stretching modes of OH and 
bending vibration of H‒O‒H, respectively (Rożek 
et  al., 2018). Additionally, FT-IR spectral analysis 
was performed for kaolin, metakaolin, and the pro-
duced geopolymer matrix (Fig. 6) (El Alouani et al., 
2019). In kaolin, the presence of weak signal bands 
around 1622 and 3350  cm−1 could be assigned to the 
deformation and stretching of the OH group, respec-
tively (Maged et  al., 2020b, 2023). The absorption 
band at 1436   cm−1 was designated to the O˗C˗O 
stretching vibrations, attributing to the atmospheric 
carbonation on the kaolin surface. A broadband sig-
nal at 1151 and 998   cm−1 intensively corresponds to 
the plane-stretching vibration of Si–O and stretching 
vibration of Si–O-Al, respectively. The additional 
band at 437   cm−1 refers to the bending vibration of 
the Si–O-Si group. Beyond the calcination process, 
no peaks were monitored in the analyzed range of 
3350 and 1622  cm−1, which firmly proposed that the 
heat treatment adequately transformed the kaolin pre-
cursor into metakaolin (El Alouani et  al., 2019). At 
the end of the geopolymerization process, the remark-
able shifting (decrement) of asymmetric stretching 
vibration peaks spectrum characterized to Si–O-T 
group from 988 to 979  cm−1, demonstrating the suc-
cess of poly(sialate-siloxo) chain assembly into the 
geopolymer structure (Chen et al., 2016).

Yu et  al. (2020) performed FT-IR analysis for 
Metakaolin, geopolymer, and geopolymer-CTAB. 

Because of the O–H stretching and the remaining 
adsorbed atmospheric water, all the samples had a 
broad band of around 3350  cm−1 and a narrow band 
of about 1640   cm−1. The existence of Si–O–Si, 
Al–O–Si, and Si–O–Al in the octahedral structure 
of metakaolin is indicated by absorption peaks at 
1052   cm−1, 714   cm−1, and 575   cm−1 in the geopol-
ymer during the polymerization stage. The charac-
teristics peaks at 2920   cm−1 and 2850   cm−1 in GP-
CTAB reveal the existence of –CHn, verifying the 
presence of quaternary ammonium salt cations (CTA 
+) when geopolymer and geopolymer–CTAB are 
aligned. At the same time, the geopolymer’s charac-
teristic peaks are still present in geopolymer–CTAB, 
as are the overall absorption peaks. Even if geopol-
ymer–CTAB adds CTA + during organic modifica-
tion, it is proved that it still belongs to the geopoly-
mer (Yu et  al., 2020). Khan et  al. (2023) performed 
FT-IR of synthesized geopolymer (bentonite-based 
magnetic geopolymer), showing that the bands at 
400–650  cm−1 are due to Si–O–Si bending vibration 
and octahedral vibration Al–O–Si bending. The char-
acteristics band at 947 and 1448   cm−1 demonstrates 
asymmetric stretching of Si–O-T (T: tetrahedral Al, 
Si) and the presence of carbonate, respectively. How-
ever, the bands at 1645   cm−1 show H–OH bending 
due to adsorbed water, while bands between 2900 and 
3250  cm−1 were related to the stretching vibration of 
the hydroxyl group.

Morphological assessment

SEM analysis offers complete details on the topo-
graphical structure of the as-employed adsorbents. 
Salam et  al. (2021) stated that the synthesized diat-
omite/kaolinite geopolymer appeared in the SEM 
image as ceramic-like martial (massive, irregular, 
and agglomerated forms without detection for cracks) 
(Fig.  7A). Also, the SEM magnification proved that 
the synthesized geopolymer had numerous nanopo-
res reflecting the effect of the diatomite porous frus-
tules (Fig. 7B). Additionally, the random distribution 
of numerous nano-nudes on the surface of the syn-
thesized geopolymer was a great benefit in increas-
ing the surface area and adsorption capability. How-
ever, the zeolitized geopolymer sample affirms the 
presence of various crystal shapes that are typically 
interlocked, indicating the zeolite crystal’s growth in 
relation to the polymeric matrix (Fig. 7C and D). The 
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interconnected arrangement of zeolite grains within 
the geopolymer matrix created a highly porous sur-
face with many interstitial nanopores, which greatly 
increased the surface area (Fig.  7C and D). Salam 
et  al. (2021) prepared kaolinite/diatomite zeolitized 
geopolymer and systematically inspected its retention 
efficacy towards Sr(II) ions through batch and con-
tinuous flow systems. HRTEM investigations were 
carried out to assess the prepared materials’ porous 
structure. As shown in Fig. 7 (E), the geopolymer has 
a massive and aggregated monopoly, which agrees 
with depicting SEM images (Salam et  al., 2021). 
Moreover, the monitored porous matrix of geopoly-
mer may be associated with the agglomeration of its 
constituents grains. Otherwise, the zeolitized geopol-
ymer appears to have a highly porous structure with 
multiple randomly dispersed nanopores. The syn-
thetic zeolite’s noticed pores may have developed as 
considerable functional pores for the formed synthetic 
zeolite or the junction among its crystals during their 
formation inside the matrix of synthetic geopolymer 
(Salam et al., 2021).

Yu et al. (2020) stated that the surface of metakaolin 
is uneven and loose under the SEM. The dissolution of 
metakaolin into microparticles, caused by the activating 

agent’s effect, results in the formation of a geopolymer 
with many fine particles after the polymerization stage. 
Aluminum and silicon tetrahedrons be present in a free 
form on the metakaolin surface, where two tetrahedra 
contribute to one oxygen atom. The Al–O–Si structure is 
then rapidly polymerized into an oligomer form, followed 
by the silicate on the surface of the sluggish coagulation 
process. Figures  7B and C illustrate the geopolymer’s 
resultant structure. The surface of the geopolymer is regu-
lar and compact compared to metakaolin, and geopoly-
mer–CTAB is more compact than geopolymer, possibly 
due to the presence of CTA + (Yu et al., 2020). Moreover, 
Khan et  al. (2023) stated that the fabricated  Fe3O4/geo-
polymer showed a sponge-like and porous morphology. 
The development of the geopolymer layer has reduced the 
visibility of  Fe3O4 nanoparticles. However, upon closer 
inspection, dark-bright regions indicate a core–shell mor-
phology, such as in a composite nanosphere. This sug-
gests that the geopolymer has effectively covered the sur-
faces of  Fe3O4 nanoparticles (Khan et al., 2023).

Surface area measurements

BET and BJH techniques were utilized to define 
the surface area, total pore volume, and average 

Fig. 7  SEM image of the synthetic geopolymer (A), SEM 
image for the oriented pores in the surface of the prepared geo-
polymer (B), SEM image of the synthetic Z/GP composite (B), 
SEM image for the porous matrix of Z/GP (D), HRTEM image 

of the prepared geopolymer (E), and HRTEM image of the 
synthetic Z/GP composite with its porous structure (F), reused 
with permission from Elsevier (Salam et al., 2021)
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pore diameter of any materials. The BET surface 
characteristics of the geopolymer and MGP are 
tabulated in Table  2. Al-husseiny and Ebrahim 
(2022a) mentioned that the geopolymer’s proper-
ties were improved when the nanoparticles were 
precipitated. MGP increased the pore volume by 
61% while increasing the initial geopolymer sur-
face area by 62%. Furthermore, the geopolymer’s 
adsorptive characteristics, such as pore surface 
area, improved after precipitation. These results 
provide the first evidence that MGP could be used 
as an adsorbent (Al-husseiny & Ebrahim, 2022a). 
According to its pore structure value, MGP has a 
mesoporous structure with widths ranging from 2 
to 50  nm. Al-husseiny and Ebrahim (2022b) have 

synthesized magnetite/geopolymer composite via a 
chemical co-precipitation strategy to remove cati-
onic methylene blue dye. Compared to the native 
geopolymer sorbent, the surface properties of mag-
netite-loaded geopolymer composite remarkably 
improved. The specific surface area increased by 
62.0% from 26.60 to 69.04  m2/g, and the pore vol-
ume (mesoporous and macroporous) enhanced by 
61.0% from 6.11 to 15.86  cm3/g. These advance-
ments are regarded as the first evident of the suc-
cess incorporation of magnetite particles into the 
geopolymer structure. Moreover, the resultant com-
posite has a mesoporous diameter ranging from 2.0 
to 50.0 nm (Al-husseiny & Ebrahim, 2022b). Khan 
et  al. (2023) evaluated the surface properties of 

Table 2  Surface and pore characteristics and measurements of various clay-based geopolymers employed in water treatment (spe-
cific surface area (SBET), total pore volume (VT), and average pore width (PW))

Material SBET  (m2 /g) VT  (cm3/g) PW (nm) References

Kaolin-based geopolymer 26.604 0.2372 35.66 (Al-husseiny & Ebrahim, 2022a)
Magnetite-kaolin-based geopolymer composite 69.04 0.2166 12.55
Bentonite-based geopolymer 44.13 0.093 9.01 (Khan et al., 2023)
Cetyltrimethylammonium bromide-modified geopoly-

mer (MGEO4)
34.900 0.138 11.69 (Açışlı et al., 2022)

Metakaolin-based geopolymer 26.4 - 30.30 (Bielecki et al., 2020)
Pyrophyllite clay 30.00 0.053 - (Ettahiri et al., 2023)
Pyrophyllite-GP4 geopolymer 86.58 0.086 -
Seawater-based geopolymer 11.85 0.025 - (Padmapriya et al., 2022)
Geopolymer-NaX zeolite (G-NaX) composite 343.0 0.221 300.00 Å (Candamano et al., 2022)
Geopolymer-NaX zeolite foamed variant (G-NaX-F) 

composite
752.0 0.331 500.00 Å

Geopolymer-NaX zeolite-activated carbon (G-NaX-
AC)

735.0 0.324 500.00 Å

Geopolymer-NaX zeolite-activated carbon foamed 
variant (G-NaX-AC-F) composite

693.0 0.358 above 30.00 Å

Geopolymer 1.13 0.004 14.28 (Maleki et al., 2019)
Geopolymer/Fe3O4 nanocomposite 2.32 13.76 0.01
Kaolinite 10.0 0.072 43.20 (Salam et al., 2021)
Diatomite 117.7 0.032 5.14
Diatomite/kaolinite-based geopolymer composite 89.4 0.039 11.60
Diatomite/kaolinite-based zeolite/geopolymer com-

posite
106.0 0.058 4.20

Pure geopolymer (KGP) 17.59 0.201 45.18 (Yan et al., 2019b)
Hollow gangue microspheres (GM) 6.03 0.043 28.39
GM/KGP 26.41 0.330 49.37
MK 3.11 0.015 1.56 (Yu et al., 2020)
GP 31.83 0.078 3.22
GP-CTAB 26.45 0.121 9.12
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the modified bentonite-based geopolymer compos-
ite via  N2-sorption/desorption technique using the 
BET isotherm. The authors reported that the exist-
ence of type IV isotherm where the H3 Hysteresis 
loop indicates the aggregation of particles with 
plate-like structure, while the vertical asymptotic 
profile for high P/Po values signifies the existence 
of mesoporous structures with the non-uniform 
size and slit-shaped pores. The BET method dem-
onstrated a surface area of 44.13  m2/g, an average 
pore size of 9.01  nm, and a total pore volume of 
0.093  cm3/g for the modified geopolymer (Khan 
et al., 2023). Ettahiri et al. (2023) conducted BET 
measurements for pyrophyllite clay and pyrophyl-
lite clay–geopolymer in addition to the adsorp-
tion–desorption isotherm curves as shown in 
Fig. 8. The authors stated that the specific surface 
area (SBET = 86.5  m2/g) and pore volume (Vp = 0.08 
cm3/g) for the synthesized geopolymer (PY-GP4) 
are both observed to be significantly greater than 
the values for the raw PY raw clay (SBET = 30.0 
 m2/g, Vp = 0.05  cm3/g) (Table  2). This implies 
that the geopolymerization process has success-
fully generated an increased specific surface area 
and developed new micro and mesoporous sites 

in the final material (Ettahiri et  al., 2023). Tang 
et al. (2015) produced low-cost, suitable, and eco-
friendly porous metakaolin-based inorganic poly-
mer spheres to remove heavy metals from aque-
ous solutions. The synthesis process of porous 
geopolymer spheres (PGS) included the optimal 
compositions: n(SiO2)/n(Na2O) = 1.6 in a sodium 
silicate solution, n(Na2O)/n(Al2O3) = 1, n(H2O)/
n(Na2O) = 16, sodium dodecyl sulfate  (K12) foam-
ing agent = 1.5 mass%. Tang et  al. (2015) stated 
that the formed geopolymer is characterized by a 
high surface area (53.95  m2/g) with a mesoporous 
nature (Tang et al., 2015, Yan et al., 2019a).

TGA/DTA analysis

TGA/DTA analysis is an essential technique for 
understanding the properties of clay-based geopoly-
mer adsorbents. It is used to characterize the thermal 
properties of the synthesized geopolymer by measur-
ing the temperature and weight changes during heat-
ing, which can reveal important information about the 
structural and thermal properties of the adsorbent. 
Moreover, TGA/DTA data can be used to determine 
the optimal conditions for synthesizing and activating 

Fig. 8  Nitrogen adsorp-
tion–desorption isotherms 
from the raw PY clay and 
the synthesized PY-GP4 
geopolymer sample reused 
with permission from Else-
vier (Ettahiri et al., 2023)
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the adsorbent and optimize the adsorption perfor-
mance. Therefore, TGA/DTA analysis is essential 
for designing and optimizing clay-based geopolymer 
adsorbents.

Ettahiri et  al. (2023) performed the TGA/DTA 
analysis data for the raw pyrophyllite (PY) clay and 
the synthesized pyrophyllite clay-based geopoly-
mer (PY-GP4) as a function of the heating tempera-
ture. The PY data indicates the occurrence of two 
endothermic transitions (Fig.  9). The first, detected 
between 50–110  °C, is connected to a 2.2% mass 
loss (Maged et  al., 2023). This can be attributed to 
the expulsion of water that had been adsorbed to the 
particle surfaces and pores of the clay minerals. The 
second endothermic transition, observed between 420 
and 915 °C (Fig. 9), is associated with a 5.5% mass 
loss and is attributed to the dehydroxylation of the 
pyrophyllite, kaolinite and muscovite clays minerals 
found in the raw sample (Erdemoğlu et al., 2020). The 
authors reported that the mass loss of physisorbed 
water in the PY-GP4 geopolymer was found to be 
4.7%, which was higher than that of the raw PY sam-
ple, suggesting that the geopolymer synthesis condi-
tions led to the development of porosity and perme-
ability (Fig. 9). The mass loss observed above 400 °C 

for the PY-GP4 geopolymer (0.4%) suggests a high 
degree of stability due to the utilization of PY-800 
(metapyrophyllite) as a precursor phase for the geo-
polymer formation (Ettahiri et  al., 2023). However, 
Khan et  al. (2023) conducted TGA analysis for the 
bentonite clay and  Fe3O4/geopolymer nanocompos-
ites (GFC) in terms of weight loss (%) at constant 
heating rate of 10 °C/min (up to 1000℃). The TGA 
analysis reveals that GFC exhibited two considerable 
mass decrease stages compared to bentonite clay. The 
authors stated that the initial 10% weight loss from 50 
to 125 °C in the sample evidenced a removal of mois-
ture and impurities, while the subsequent 28% loss 
between 130 and 850 °C is attributed to the decom-
position of carbonates in GFC  (2nd stage), resulting 
in a total weight loss of approximately 32% (Hajiza-
deh et al., 2020). Khan et al. (2023) reported that the 
weight loss analysis of GFC compared to bentonite 
clay in the temperature range of 50–125  °C demon-
strated that the polymeric structure of GFC has con-
siderable absorbency for water and impurities. None-
theless, a negligible weight decrease of the GFC was 
observed from 850 to 1000 °C, indicating that pyrol-
ysis took place in the examined temperature range 
(Khan et  al., 2023). Moreover, Ghani et  al. (2020) 

Fig. 9  TGA/DTA curves of 
PY raw sample and PY-GP4 
prepared geopolymer reused 
with permission from Else-
vier (Ettahiri et al., 2023)
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fabricated a novel geopolymer form activated later-
ite clay for the Ni(II) and Co(II) ions from aqueous 
solutions.

Application of clays and geopolymers in water 
treatments

Heavy metals removal

Cheng et al. (2012) reported that a metakaolin-based 
geopolymer formed from calcination of kaolinite clay 
at 650℃ mixed with an alkaline solution of NaOH 
and sodium silicate with a molar ratio of  SiO2/Na2O 
equivalent to 1.0. The authors examined the uptake 
efficiency of the geopolymer for numerous metals 
such as Cu(II), Pb(II), Cd(II), and Cr(III) in aque-
ous solutions under various experimental parameters. 
From the examined these metal ions, the results con-
firmed that the synthesized geopolymer could adsorb 
the targeted ions, and the best adsorption capacity 
(147.06  mg/g) was investigated for Pb(II) (Cheng 
et  al., 2012). Chen et  al. (2013) fabricated zeolite-
enhanced geopolymer material by using metakao-
lin and fly ash as raw materials for the elimination 
of Cs(I), Co(II), and Sr(II) from water by a static 
method. The uptake capacity of the developed geo-
polymer was affected by the solution’s ion concentra-
tion and pH value. Cs(I), Co(II), and Sr(II) desorption 
could be stimulated by immersing the adsorbents in 
low pH or high ionic strength solutions. The adsorp-
tion process of Cs(I), Co(II), and Sr(II) ions onto 
the obtained geopolymer was proved to be follow-
ing the first-order reaction. While the adsorption 
isotherm curves indicated that the Langmuir model 
was the best-fitted model for describing the process 
with maximum uptake capacity of 564.97, 152.91, 
154.32 mg/g for Cs(I), Co(II), and Sr(II), respectively 
(Chen et al., 2013).

Luukkonen et  al. (2016) studied metakaolin and 
blast-furnace-slag geopolymers along with their pre-
cursors for the elimination of Sb(III), As(III), and 
Ni(II) from spiked mine discharge. Based on the 
obtained adsorption results, Luukkonen et al. (2016) 
found that the blast-furnace-slag geopolymer is the 
highest uptake efficiency among the studied adsor-
bent materials with 3.74, 0.52, and 0.34  mg/g, for 
Ni(II), As(III), and Sb(III), respectively. The authors 
stated that although the adsorption capacities were 

comparatively modest owing to the complicated water 
matrix, a high elimination percentage (90–100%) of 
Sb(III), Ni(II), and As(III) was reached with increas-
ing the geopolymer dosage appropriately. Luukkonen 
et  al. (2016) concluded that geopolymer could turn 
blast-furnace slag into an efficient adsorbent mate-
rial with a particular application in the mining indus-
try (Luukkonen et  al., 2016). Novais et  al. (2016) 
reported a synthesis process of a novel porous bio-
mass fly ash–containing geopolymer monoliths using 
a mixture of metakaolin and biomass fly ash to deter-
mine the feasibility of employing these materials for 
the elimination of Pb(II) ions under various condi-
tions. The experiments showed that the adsorption 
capacity of Pb(II) ions was affected by the porosity of 
the geopolymer and the pH of the working solution. 
The maximum Pb(II) adsorption capacity extended 
between 0.95 and 6.34  mglead/ggeopolymer. These inno-
vative geopolymeric monoliths could be employed 
easily in packed beds (continuous flow mode), which 
can conveniently collect the spent adsorbent. This 
advantage significantly benefits the synthesized geo-
polymer monoliths over powdered adsorbents (Novais 
et  al., 2016). Furthermore, the fabrication process 
of this monolith incorporates the reuse of biomass 
fly ash, reducing the environmental impact of waste 
disposal and lowering adsorbent production costs 
(Novais et al., 2016).

Moreover, a novel geopolymer/alginate hybrid 
spheres (GAS) was formed from green fabricated 
metakaolin-based geopolymer combined with sodium 
alginate using an appropriate one-pot method to 
introduce negatively charged carboxyl groups (Ge 
et al., 2017). The authors assumed that the diffusion 
of positively charged metallic ions inside the adsor-
bent was enhanced by the negatively charged car-
boxyl groups immobilized onto the polymeric matrix 
through electrostatic attraction. The fabricated mate-
rial (GAS-4) was used as an adsorbent to uptake 
Cu(II) from an aqueous solution with 62.5  mg/g. 
The authors also applied geopolymer/alginate hybrid 
spheres in a dynamic mode for the continuous flow 
treatment of Cu(II) effluents. Ge et  al. (2017) stated 
that the GAS-4 would be eco-friendly and economi-
cal and could remediate heavy metals in water on a 
continuous flow system (Ge et al., 2017). Metakaolin-
based geopolymer (MKG) was fabricated by dissolv-
ing Mefisto L05 metakaolin in an alkaline solution of 
NaOH and sodium silicate with molar ratios of  Na2O/
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SiO2 = 0.2,  SiO2/Al2O3 = 3.2,  Na2O/Al2O3 = 0.7, and 
 H2O/Na2O = 13.8 (Kara et  al., 2017). The synthe-
sized geopolymer was fabricated to remove Zn(II) 
and Ni(II) ions from an aqueous solution. The authors 
stated that the adsorption system investigated the 
various parameters (i.e., initial pH, the quantity of 
adsorbent, contact time, and initial cation concentra-
tion on the metal removal efficiency of MKG) using a 
batch method at 25 °C. Kara et al., (2017) concluded 
that the adsorption capacity increases with increas-
ing contact time while the capacity decreases with 
increasing MKG amount. The obtained adsorption 
data were found following the Langmuir isotherm 
model with estimated maximum monolayer capaci-
ties of 7.26 ×  10−3 and 1.14 ×  10−4  mol/g for Ni(II) 
and Zn(II), respectively. Kara et al., (2017) also con-
ducted continuous flow adsorption mode and demon-
strated that the optimal flow rates for Ni(II) and Zn(II) 
were 1.0 and 2.0 mL/min, respectively. However, the 
breakthrough curve points were detected at 4.67 and 
2.50 h for Ni(II) and Zn(II), respectively. Kara et al. 
(2018) proposed removing manganese (Mn(II)) and 
cobalt (Co(II)) ions from aqueous solutions by fabri-
cating a low-cost metakaolin-based geopolymer with 
activating agent composed of a mixture of sodium 
hydroxide and sodium silicates. The fabricated geo-
polymer demonstrated maximum adsorption capaci-
ties of 1.32 ×  10−3  mol/g and 1.18 ×  10−3  mol/g for 
Mn(II) and Co(II) ions, respectively. The adsorption 
efficiency of the obtained geopolymer showed slight 
sensitivity toward temperature (below 30  °C) and 
ionic strength (> 0.04 mol/g), while pH was unneces-
sary to be adjusted (Kara et al., 2018).

On the other hand, green and inexpensive geopoly-
mer (GM/KGP) with hollow gangue microspheres 
present in the matrix produced for the elimination of 
heavy metal ions such as Cu(II), Cd(II), Zn(II), and 
Pb(II) from wastewater (Yan et al., 2019b). The effect 
of contact time, temperature, and geopolymer dose 
was investigated to evaluate the removal capacity. 
The authors mentioned that GM/KGP demonstrated a 
characteristic broad amorphous structure with a typi-
cal rich functional (O-containing) group on the geo-
polymer surface. Yan et al. stated that various adsorp-
tion mechanisms were ascribed for the adsorption 
process onto GM/KGP, including ion exchange, phys-
ical, chemical, and electrostatic attractions (Yan et al., 
2019b). The microspheres were regularly dispersed in 
the geopolymer matrix, leading to an increased BET 

surface area value of 26.41  m2/g. The results show 
the adsorption capacity of heavy metal ions was in the 
following order: Pb(II) > Cu(II) > Cd(II) > Zn(II) → 
138.89, 18.25, 17.58, 14.31  mg/g, respectively (Yan 
et al., 2019b). Maleki et al., (2019) utilized magnetic 
nanocomposite-based geopolymer for the removal of 
heavy metals such as Cu(II), Pb(II), Ni(II), Cd(II), 
and Hg(II) from industrial wastewaters. The authors 
used bentonite clay in the manufacturing process as 
it is naturally available, has a low-cost, high surface 
area,  Al2O3/SiO2 ratio, amorphous content, and is a 
chemically stable material. The synthesized geopoly-
mer was modified by adding  Fe3O4 nanoparticles. 
After that, the geopolymer/Fe3O4 nanocomposite was 
used to efficiently remove the targeted heavy metals 
from an aqueous solution. The obtained geopolymer 
exhibited 99%, 99%, 92%, 96%, and 92% elimination 
efficiency for Cu(II), Pb(II), Ni(II), Cd(II), and Hg(II) 
from industrial wastewaters, respectively. Maleki 
et  al. (2019) reported that the superior adsorption 
capacity was achieved in 2  min using 50  mg of the 
geopolymer nanocomposite.

Yu et al. (2020) utilized cetyltrimethylammonium 
bromide (CTAB) in a unique and easy synthetic 
pathway as an organic modifier for the production 
of metakaolin-based mesoporous geopolymer (GP-
CTAB) for the simultaneous removal of Cu(II) and 
Cr(VI) from water. The results indicated that GP-
CTAB could adsorb anions at the same time without 
losing the adsorption properties of heavy metal cati-
ons. The higher adsorption capacity of GP-CTAB for 
Cr(VI) and Cu(II) was 95.3 and 108.2 mg/g, respec-
tively. Interestingly, the authors mentioned that the 
presence of Cu(II) ions in the solution enhanced the 
adsorption of Cr(VI) (Yu et  al., 2020). Lan et  al. 
(2020) reported detailed steps for the synthesis of 
geopolymer with a specific surface area of 82.8 mg/
m2 by mixing coal fly ash as raw material (35 wt.%) 
and metakaolin (65 wt.%) for the uptake of Pb(II) and 
Cd(II) ions from an aquatic environment. The results 
confirmed that the formed geopolymer has a maxi-
mum removal capacity of 164.10 and 78.20 mg/g for 
Pb(II) and Cd(II), respectively. The authors also men-
tioned that the obtained geopolymer generates high-
performance adsorbent material and is a productive 
technique for using industrial waste resources (Lan 
et al., 2020).

Tan et al. (2021) reported another porous geopoly-
mer sphere produced to remove Ni(II) from wastewater 
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using fly ash and calcined kaolin as raw materials. 
Tan et  al. (2021) concluded that the Ni(II) adsorp-
tion capacity increases 3.4 times in the case of porous 
geopolymer spheres with contact time of 48  h and 
pH value of five compared to the non-foamed geo-
polymer. The enhancement in the adsorption capacity 
(19.94  mg/g) refers to the large pore size that allows 
easy diffusion of Ni(II). The authors confirmed that 
the obtained geopolymer sphere could be employed 
directly in fixed-bed (continuous flow) systems without 
any supporting medium (Tan et al., 2021).

The removal of Ni(II) ions and methylene blue 
by metakaolin-based geopolymer was reported by 
Jin et  al. (2021). The metakaolin-based geopolymer 
exhibited more negative charge adsorption sites after 
the pH adjustment, causing a quick removal of MB 
and Ni(II) ions. Desorption of Ni(II) ions was pro-
moted by decreasing the pH of the wash solution. 
Nevertheless, MB-loading geopolymer proved to be 
difficult for the desorption process. The authors gave 
a global reference and the prospect of quickly remov-
ing cationic dyes and heavy metal ions under rela-
tively mild conditions (Jin et al., 2021).

Diatomite/kaolinite-based geopolymer was pro-
duced and integrated into the zeolitization method by 
Salam et al. (2021). The authors examined the role of 
the zeolite materials in the adsorption of Sr(II) ions 
dissolved in water. Batch and fixed-bed column stud-
ies were used to compare the adsorption of Sr(II) ions 
using zeolite-based and original geopolymers. The 
results implied that the adsorption capacity of zeolite-
based geopolymer in the batch study was 193.7 mg/g, 
higher than the normal geopolymer (102 mg/g). Also, 
Salam et al. (2021) studied the possibility of recycling 
the formed geopolymers after usage. They found that 
zeolite-based geopolymers had more excellent stabil-
ity than normal geopolymers, with an adsorption effi-
ciency of over 90% for five use cycles. The adsorption 
reaction of Sr(II) ions is spontaneous and exothermic, 
stimulating the reaction to progress at a low tempera-
ture of 20 °C. The column studies also showed higher 
adsorption in the case of zeolite-based geopolymer 
(72.9%) with a saturation time of 27 h for treating a 
contaminated solution of 8 l (Salam et al., 2021).

Dyes removal

A study on the removal of methylene blue from 
wastewater was explored by Khan et al. (2015). The 

authors recommended the application of phosphoric 
acid in the synthesis of metakaolin-based geopoly-
mers. Two different phosphoric acid–based geopoly-
mers were synthesized with molar ratios (phosphoric 
acid: alumina) of 1:1 and 1.2:1. The highest sorption 
capacities of geopolymer-1  M and geopolymer-2  M 
were recorded to be 2.84 and 3.01  mg/g, respec-
tively. Phosphoric acid–based geopolymers could 
be restored by furnace treatment at 400  °C for 2  h, 
increasing uptake capacities up to 5.07 mg/g for five 
repeated cycles (Khan et al., 2015).

Zhang et al. (2016) investigated the use of 2-D gra-
phene (GR) and blast-furnace-slag-based geopolymer 
(ASG) initiated by alkaline solution for the synthesis 
of novel graphene/geopolymer nanocomposite (GR/
ASG) (Zhang et  al., 2016). The GR/ASG1 sample’s 
pore diameter distribution revealed that 89.59% of 
the pore volume was centered in the 2–50 nm range. 
Under UV irradiation, the photocatalytic degrada-
tion efficiencies of sorbents for methyl violet dye 
are in the order GR/ASG1 (91.16%) > GR/ASG2 
(86.12%) > ASG (80.48%). The maximum degrad-
ing efficiency (91.16%) was reached after 110 min by 
GR/ASG1 photocatalyst (Zhang et al., 2016).

Furthermore, the removal of methyl violet 10B dye 
from aqueous solutions was successfully achieved by 
using mesoporous geopolymer synthesized from a 
mixture of metakaolin and rice husk ash as alumino-
silicate source and soybean oil as a mesostructured-
directing agent (Barbosa et al., 2018). The experiment 
was conducted with a geopolymer sample with and 
without soybean oil. The mesoporous geopolymer 
was extensively characterized. The results displayed 
that the presence of oil is effective and vital, as the 
adsorption efficiency shows excellent performance 
with the existence of oil in the fabricated geopoly-
mer due to its greater pore properties. The maximum 
adsorption capacity of mesoporous geopolymer was 
reported to be 276.90 mg/g (Barbosa et al., 2018). El 
Alouani et  al. (2019) studied the capability of using 
geopolymer in the powder form produced by using 
metakaolin as raw material activated by  Na2SiO3 
powder and NaOH to remove the cationic dye, par-
ticularly methylene blue from water. The experimen-
tal data showed that geopolymer could effectively 
remove methylene blue at a high pH value, and the 
maximum adsorption was found to be 43.48 mg/g. the 
adsorption process occurs spontaneously as an endo-
thermic process (El Alouani et al., 2019).
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Hua et  al. (2020) studied using magnetic geopol-
ymer to remove dyes that polluted water, especially 
procion red and acid green. The investigational data 
implied that the sorption of acid green (186.18 mg/g) 
was higher than procion red (40.35  mg/g). The 
authors also studied the effect of temperature on the 
uptake capacity of geopolymer. They found that the 
temperature had little impact on the difference in 
adsorption capacity for both dyes. Hua et  al. (2020) 
stated that the adsorption energies implied that 
physical interactions were involved during the sorp-
tion mechanism of the targeted dye pollutants (Hua 
et  al., 2020). Rossatto et  al. (2020) synthesized a 
novel magnetic geopolymer/Fe3O4 composite using 
 H2O2 and soybean oil to create a geopolymer with a 
mesoporous structure from metakaolin, biogenic rice 
husk silica, and  Fe3O4. To maximize the adsorption 
effectiveness of the acid green 16 dye onto magnetic 
geopolymer, the experimental design was used to 
analyze the parameters such as geopolymer dose and 
initial pH. The data demonstrated that rapid adsorp-
tion and equilibrium were attained after 30  min. At 
328 K, a remarkable adsorption capacity of 400 mg/g 
was achieved. Moreover, despite numerous repeated 
cycles, the composite showed high reusability, indi-
cating that it could be applied as a sorbent to remove 
organic contaminants from liquid effluents (Rossatto 
et  al., 2020). Pimraksa et  al. (2020) described the 
process of geopolymers fabricated from metakao-
lin as an aluminosilicate source with a molar ratio 
of 2.5 related to  SiO2/Al2O3 in forming a geopoly-
mer–zeolite composite. Different quantities of zeo-
lite and  TiO2 were trapped in the geopolymer matrix. 
Pimraksa et al. (2020) stated that the results showed 
that the pulverized geopolymer composites with 40 
wt.%  TiO2-doped zeolite had better adsorption capac-
ity with 99.1% than geopolymer with 40 wt.% with-
out doped  TiO2 in their frameworks achieved 92.5% 
as the maximum uptake capacity for methylene blue 
removal (Pimraksa et  al., 2020). Furthermore, the 
continuous usage of geopolymer with  TiO2-doped 
zeolite as photocatalysts revealed superior stability. 
On the other hand, the pelletized geopolymer com-
posites had a low surface area which in turn reduces 
the efficiency of adsorption of methylene blue.

Moreover, Al-husseiny and Ebrahim (2022b) 
reported using metakaolin-based geopolymer to 
form magnetite/geopolymer composite via a chemi-
cal co-precipitation technique to remove methylene 

blue from water. To improve the removal efficiency 
of geopolymer, magnetite was precipitated on the 
surface of the geopolymer. The surface area, chemi-
cal resistance, pH, time of contact, and initial concen-
tration of methylene blue were all significant param-
eters in methylene blue removal from wastewaters by 
magnetite/geopolymer composite. The geopolymer 
and  Fe3O4/geopolymer composite surface areas were 
26.604 and 69.04  m2/g, respectively. The magnetite/
geopolymer composite showed much better adsorp-
tion efficiency than mesoporous geopolymers. A 
higher removal efficiency of over 95% was achieved 
when the geopolymer was mixed with 10%  Fe3O4 
(Al-husseiny & Ebrahim, 2022b).

Organic compounds removal

Pharmaceutical compounds

Only a few studies have been published using geo-
polymers and modified geomaterials to remove phar-
maceutical compounds from aquatic environments. 
Recently, magnetite/geopolymer composite was used 
as a new adsorbent of pharmaceutical compounds, 
especially antibiotic drugs (tetracycline) from waste-
water. Al-husseiny and Ebrahim (2022a) produced 
magnetite/geopolymer composite using a chemical 
co-precipitation technique. The surface area of geo-
polymer and magnetite/geopolymer composite was 
reported to be 26.60 and 69.04  m2/g, respectively. 
The authors studied the role of  Fe3O4 after precipi-
tating on the geopolymer surface. The authors found 
that magnetite/geopolymer composite with 10% 
 Fe3O4 had superior adsorption performance towards 
tetracycline, and the removal efficiency of the fabri-
cated geopolymer could reach over 90%, which was 
substantially higher than that of individual  Fe3O4 
and geopolymer (Al-husseiny & Ebrahim, 2022a). 
Furthermore, Wang et  al. (2022) innovated a modi-
fied metakaolin-based geopolymer microsphere using 
oleic acid aiming for a superior adsorption perfor-
mance for Tetracycline pharmaceutical compound 
from saline water. The authors stated that the oleic 
acid modification technique effectively enhanced the 
fabricated modified geopolymer’s surface area and 
pore volume. Moreover, the obtained geopolymer 
exhibited a maximum Langmuir uptake capacity of 
645.70  mg/g at 298  K. Additionally, the fabricated 
geopolymer showed an excellent uptake performance 
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in the saline medium and demonstrated the applica-
bility to be regenerated. Also, the innovative geopol-
ymer was successfully utilized in a continuous flow 
adsorption system. Wang et al. (2022) mentioned that 
ion exchange, electrostatic interactions, and hydro-
gen–bonding interactions were involved through the 
adsorption mechanism.

Surfactants

Recently, the existence of surfactants in global water 
resources has increased dramatically. Consequently, 
designing an appropriate adsorbent, such as geopol-
ymers, to eliminate these anionic surfactants from 
manufacturing and domestic effluents before their 
release into freshwater resources was of great interest, 
considering the concentration limits and high con-
sumption rate of these pollutants. Clay-based geopol-
ymers have not been identified in the literature to treat 
surfactants from aqueous solutions; however, other 
geopolymers have been demonstrated to remove these 
surfactants from water effectively.

Siyal et  al. (2019) reported an economical and 
straightforward process for fabricating fly ash–based 
geopolymer targeting the removal of sodium dodecyl 
benzene sulfonate (anionic surfactant) from an aque-
ous medium using a batch system. The morphologi-
cal analysis showed that the fabricated geopolymer 
possessed a surface area of 31.87  m2/g. Moreover, an 
adsorbent dosage of 1 g/L, contact time of 180 min, 
and solution pH ≈ 2 was enough to achieve the high-
est uptake capacity of 714.3 mg/g. Siyal et al. (2019) 
suggested that the adsorption process of sodium 
dodecyl benzene sulfonate was chemisorption and 
physisorption along with monolayer adsorbable cov-
erage based on the kinetics, thermodynamics, and 
isotherms studies. Additionally, electrostatic inter-
actions were the involved mechanism for sodium 
dodecyl benzene sulfonate onto the obtained fly 
ash–based geopolymer. Siyal et al. (2021) prepared a 
porous fly ash–based geopolymer to remove an ani-
onic surfactant (sodium dodecylbenzene sulfonate). 
The authors used the response surface methodology 
by changing the synthesis parameters of Si/Al, Na/Al, 
and water-to-solid (W/S) ratios and the removal effi-
ciency as the obtained response. The microstructural 
analysis verified the existence of rods, pores, and 
cavities in the fabricated geopolymers with a surface 
area of 59.51  m2/g. Siyal et al. (2021) stated that the 

synthesized geopolymer exhibited high uptake capac-
ity of 743.71 mg/g with total elimination efficiency of 
84.50% towards sodium dodecylbenzene sulfonate. 
Strozi Cilla et al. (2014) confirmed that the presence 
of anionic surfactant on the geopolymer significantly 
improves geopolymer chemistry and consequently 
enhances its surface area.

Clay-based geopolymers have been demonstrated 
to have a superior capacity for removing heavy met-
als, dyes, and pharmaceutical compounds from aque-
ous solutions. This is due to the high surface areas 
and adsorption capacities of geopolymer materials, 
resulting from their nanostructure and active func-
tion group, which provide a high affinity for the 
adsorption of such contaminants. Furthermore, the 
ability of clay-based geopolymers to undergo a pH-
dependent structural transformation, which increases 
their adsorption capacity, makes them particularly 
suitable for removing such compounds from aque-
ous solutions. In the case of heavy metals, laterite 
clay–based geopolymer showed the highest adsorp-
tion capacity (520.00  mg/g) compared to the other 
clay-based geopolymers found in the literature (Ghani 
et al., 2020). Also, the zeolite-enhanced geopolymer 
material demonstrated a maximum uptake capacity of 
564.97 mg/g for Cs(I) removal from an aqueous solu-
tion (Chen et  al., 2013). Moreover, the organically 
modified metakaolin-based mesoporous geopoly-
mer (GP-CTAB) revealed a high sorption capacity 
(164.10 mg/g) for Pb(II) ions (Lan et al., 2020). In the 
case of dye removal, the metakaolin-based geopoly-
mer (magnetic/zero-valent iron) showed a superior 
sorption capacity of 1814.0  mg/g towards Acid Red 
97 dye (Netto et  al., 2020). Also, the metakaolin-
based geopolymer (mixed with rice husk ash) has a 
good sorption capacity of 276.9 mg/g for Methyl vio-
let 10B dye (Barbosa et  al., 2018). Regarding phar-
maceutical compound removal, only a few studies 
were found in the literature. However, the metakao-
lin-based geopolymer microspheres (oleic acid modi-
fied) and kaolinite-based geopolymer showed a good 
adsorption capacity (645.7 and 329.7 mg/g) towards 
tetracycline (Wang et  al., 2022) and 5-fluorouracil 
drugs (Abukhadra et al., 2022), respectively.

Adsorption mechanism of clay-based geopolymers

Adsorption is essential in many industrial processes, 
and understanding and controlling any adsorbent’s 
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adsorption mechanism is vital to optimizing these 
processes. Adsorption is a physical and/or chemical 
process in which molecules of a substance, such as 
a gas, liquid, or solid, are attracted to the surface of 
adsorbent material. Understanding this mechanism 
is vital to designing effective adsorbent materials, 
characterizing adsorption processes, and develop-
ing adsorption-based separations and purifications. 
The adsorption mechanism determines the capacity 
of an adsorbent for a given substance, its selectivity 
for different substances, and the rate at which adsorp-
tion occurs. It also affects the equilibrium adsorption 
of a substance as a function of the adsorbate’s tem-
perature, pressure, and composition. An improved 
understanding of the adsorption mechanism of any 
adsorbent will allow for the design of more efficient 
adsorbents for a wide range of applications, such as 
water purification, environmental remediation, and 
separations and purifications in the food, pharmaceu-
tical, and biotechnological industries.

Clay-based geopolymers are attractive materi-
als for use as adsorbents due to their large surface 
area, porosity, and chemical stability. The adsorp-
tion mechanism of clay-based geopolymer materials 
is affected by several factors, including the surface 
chemistry, pore size and structure, and the interac-
tions between the adsorbent and adsorbate. The sur-
face of geopolymer materials can be either hydro-
philic or hydrophobic, and the nature of the surface 
will affect the type of adsorption mechanism that 
occurs (Tan et al., 2020). Based on the type of bonds 
formed between the adsorbate and adsorbent, two 
major adsorption mechanisms can be identified: phy-
sisorption and chemisorption. Physisorption involves 
physical forces such as van der Waals forces, while 
chemisorption is characterized by the formation 
of chemical bonds. Additionally, other adsorption 
mechanisms, such as ion exchange, ion pairing, elec-
trostatic attraction, hydrophobic bonding, hydrogen 
bonding, and dispersion forces, may also occur at 
solid–liquid surfaces (Siyal et al., 2018). It is believed 

Fig. 10  Possible adsorption 
mechanisms of clay-based 
geopolymers for heavy 
metals, pharmaceutical 
compounds, and dyes
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that a combination of physical and chemical interac-
tions, including hydrogen bonding and electrostatic 
forces, is responsible for the adsorption of molecules 
to the surface of geopolymer materials. The presence 
of functional groups, such as carboxylate, hydroxyl, 
and amine groups can further enhance the adsorption 
of molecules to the surface of geopolymer materi-
als. These functional groups can increase the affinity 
of the adsorbent for polar molecules and the adsorp-
tion rate. Figure 10 illustrates the possible adsorption 
mechanisms of clay-based geopolymers for heavy 
metals, pharmaceutical compounds, and dyes.

Many researchers investigated the nature of the 
interaction between adsorbent and targeted contami-
nates via applying well-known adsorption isotherms 
such as Langmuir, Freundlich, Sips, Redlich–Peter-
son isotherm models (Ismael et  al., 2016; Maged 
et al., 2021). Ge et al. (2015) stated that the isotherms 
results indicated that the Langmuir model provided 
a superior fit to the data than the Freundlich model 
when MK-based porous geopolymer sphere was uti-
lized to absorb Cu(II). This implies that the adsorp-
tion of Cu (II) by conventional geopolymer will likely 
be a single-layer process. Lee et  al. (2017) reported 
that removing Cs(I) by mesoporous geopolymer con-
taining nanocrystalline zeolite happened through 
physisorption and chemisorption mechanisms, and 
was achieved through multiple layers of adsorption. 
Moreover, the adsorption of Cu(II) on metakaolin-
sodium alginate hybrid geopolymer was facilitated 
by chemical bonding between Cu(II) and the utilized 

geopolymer (Ge et  al., 2017). Conversely, Cd(II) 
adsorption on zeolite-based geopolymer was due to 
chemisorption (Javadian et  al., 2015). The cationic 
dye removal observed in adsorption isotherms was 
attributed to the formation of a monolayer of chemi-
cal bonds on the surface of the geopolymer (Acisli 
et  al., 2020). The findings of Jin et  al. suggest that 
chemisorption is the mechanism controlling the meth-
ylene blue removal process, as evidenced by the ion 
exchange of  Na+ present in the synthesized geopoly-
mer and water in alkaline conditions, which exposed 
a high number of negative charges and was further 
confirmed by the pseudo-second-order kinetic model 
(Jin et al., 2021).

On the other hand, many authors used the charac-
terization techniques such as FT-IR, SEM, EDX, and 
XRD to get insight into the adsorption mechanism at 
the microscopic level for various geopolymers. The 
wavelengths ranging from 400 to 4000  cm−1 were fre-
quently utilized for FT-IR analysis. Jin et  al. (2022) 
conducted the FT-IR analysis of MB dye, 3D print-
ing geopolymer, and MB-loading geopolymer. The 
authors reported that the band at 1384.6  cm−1 belongs 
to the symmetric stretching vibration of C–N, indi-
cating MB adsorption. The asymmetric band around 
3581   cm−1 is ascribed to adsorbed water molecules. 
The observed shift in this band after the adsorption 
of MB and the subsequent increase in peak intensity 
can be attributed to the further adsorption of water 
molecules and the formation of hydrogen bonds 
between the nitrogen in the tertiary amine, silicon, 

Table 3  Summarizes the starting material for the utilized geopolymer, alkaline activator, targeted pollutant, and adsorption capacity 
(mg/g) of the most recent clay-based geopolymer published in the literature

Precursor Alkaline activator Targeted pollutant Adsorption 
capacity (mg/g)

References

Bentonite NaOH,  Na2SiO3 Navy blue dye 6.34 (Khan et al., 2023)
Metakaolin Mn(II) 72.34 (Kara et al., 2018)
Metakaolin, clinoptilolite Cr(III) 21.84 (Andrejkovičová et al., 2016)
Metakaolin Methylene Blue 43.48 (El Alouani et al., 2019)
Metakaolin Tetracycline 20.45 (Al-husseiny & Ebrahim, 2022b)
Pyrophyllite clay NaOH Cd(II) 7.82 (Panda et al., 2018)
Pyrophyllite clay Methylene blue 64.10 (Ettahiri et al., 2023)
Metakaolin Pb(II) 45.10 (Tang et al., 2015)
Silica, metakaolin Acid red 97 1814.27 (Netto et al., 2020)
Metakaolin, rice husk ash KOH Crystal Violet 276.90 (Barbosa et al., 2018)
Metakaolin KOH, silica fume Cu(II) 40.0 (Singhal et al., 2017)
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Table 4  Performance evaluation of clay-based geopolymers compared to commonly used adsorbents for similar adsorbates in the 
literature

Adsorbent Targeted pollutant Qmax (mg/g) References

Heavy metals
  Laterite clay-based geopolymer Ni(II) 520.00 (Ghani et al., 2020)
  Commercial activated carbon 185.18 (Karapınar, 2022)
  Modified red mud/chitosan 31.66 (Luu et al., 2023)
  Bacterial biomass (Cystoseria indica) 18.17 (Khajavian et al., 2019)
  Metakaolin-based geopolymer Pb(II) 519.50 (Wei et al., 2022)
  Melon peel biochar 188.7 (Ozdes & Duran, 2021)
  Intercalated kaolinite 46.45 (Maged et al., 2020b)
  Metakaolin-based geopolymer Zn(II) 74.53 (Kara et al., 2017)
  Brewed tea waste 1.46 (Çelebi et al., 2020)
  Metakaolin-based mesoporous geopolymer (organic modified) Cu(II) 108.2 (Yu et al., 2020)
  Melon peel biochar 106.4 (Ozdes & Duran, 2021)
  Cow manure biochar 70.420 (Zhang et al., 2021)
  Metakaolin-based geopolymer (mixed with coal fly ash) Cd(II) 78.2 (Lan et al., 2020)
  Metakaolin-based geopolymer (natural zeolite filler) 98.10 (Andrejkovičová et al., 2016)
  Shanghai silty clay 8.90 (Wang & Zhang, 2021)
  Metakaolin-based geopolymer Mn(II) 72.34 (Kara et al., 2018)
  Spirodela polyrhiza (L.) Schleiden 35.7 (Meitei & Prasad, 2014)
  Thermal–chemical–modified rice husk 1.29 (Hossain et al., 2022)

Dyes
  Pyrophyllite clay–based geopolymer Methylene blue 64.10 (Ettahiri et al., 2023)
  Acid-treated Plumeria alba 45.45 (Deka et al., 2023)
  Zeolite/activated carbon@MnO2 composite 67.56 (Shojaei & Esmaeili, 2022)
  Metakaolin-based geopolymer (rice husk ash) Methyl violet 10B 276.9 (Barbosa et al., 2018)
  α-FeOOH@Luffa composite 243.9 (Diaf et al., 2022)
  Modified fly ash via alkaline fusion 77.61 (Grassi et al., 2020)
  Metakaolin-based geopolymer (magnetic/zero-valent iron) Acid Red 97 1814.0 (Netto et al., 2020)
  Macro-fungal (Agaricus bisporus) wastes 372.69 (Drumm et al., 2021)
  Agaricus bisporus residue 352.15 (Aouaini et al., 2021)
  Metakaolin-based geopolymer (rice husk silica,  Fe3O4) Acid green 400.00 (Rossatto et al., 2020)
  Banyan (Ficus benghalensis) tree leaves 19.50 (Gul et al., 2023)
  Organic–inorganic hybrid clay 397 (Thue et al., 2018)

Pharmaceutical compounds
  Metakaolin-based geopolymer microspheres (oleic acid modi-

fied)
Tetracycline 645.70 (Wang et al., 2022)

Fe/graphene 422.00 (Alatalo et al., 2019)
  Activated bentonite 388.10 (Maged et al., 2020a)
  Scenedesmus quadricauda 295.34 (Daneshvar et al., 2018)
  Kaolinite-based geopolymer 5-Fluorouracil 329.70 (Abukhadra et al., 2022)
  MCM-48/biopolymer composites 191.00 (Abukhadra et al., 2020)
  Magadiite-CTAB 130.59 (Ge et al., 2019)
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and aluminum hydroxyls. Additionally, the lone pair 
electrons in [AlO4]5 − may form n-π interaction with 
delocalized π bonds in MB. The UV–Vis DRS has 
suggested the formation of an n-π interaction based 
on the emergence of an absorption band located at 
about 606  nm, which is likely due to n → π * elec-
tron transitions involving lone pair electrons in the 
 [AlO4]−5 ion (Zhang et al., 2017) of 3D printed geo-
polymer (Jin et al., 2022).

Comparative study for the performance of clay-based 
geopolymers

This comparative study was conducted to get insight 
into the performance of various clay-based geopoly-
mers compared to commonly used adsorbents for simi-
lar adsorbates. In this study, the maximum adsorption 
capacity was the comparison tool (Tables  3 and 4). 
Overall, the results from this study showed that clay-
based geopolymers have superior performance com-
pared to commonly used adsorbents based on various 
material sources. Specifically, clay-based geopolymers 
were found in the recent literature to have a higher 
adsorption capacity, faster adsorption rate, and higher 
selectivity for specific adsorbates. In addition, clay-
based geopolymer adsorbents have been found to be 
more stable under various environmental conditions 
and more resistant to chemical degradation. These find-
ings indicate that clay-based geopolymers are a supe-
rior choice for adsorption applications.

The laterite clay–based geopolymer possessed a 
superior sorption capacity (520.00  mg/g) for Ni(II) 
ions sorption (Ghani et  al., 2020), compared with 
various adsorbents even commercial activated carbon 
(185.18  mg/g) (Karapınar, 2022). Also, the perfor-
mance of clay-based geopolymer with evaluated via a 
comparison with various materials-based adsorbent 
such as calcined electroplating sludge waste (Peng 
et al., 2020), bentonite (Chang et al., 2020), powdered 
activated sludge (Aslan et al., 2018). Considering these 
adsorbents’ material and/or synthesis costs, clay-based 
geopolymers are the relatively best-selected sorbents 
material for eliminating heavy metals from an aque-
ous solution. In the case of dye removal, clay-based 
geopolymers showed a good performance; however, 
it was in the same adsorption capacities range of the 
other existing adsorbent. Nevertheless, the metakao-
lin-based geopolymer showed exceptional adsorption 
capacity for Acid Red 97 (1814.0 mg/g) and Acid green 

(400.00 mg/g) compared to the other sorbents for the 
literature (Netto et al., 2020; Rossatto et al., 2020). For 
pharmaceutical compounds, clay-based geopolymers 
demonstrated a high uptake capacity towards tetracy-
cline and 5-fluorouracil compounds compared to the 
other synthesized or activated sorbent materials as pre-
sented in Table  4. However, not enough studies were 
available to comparatively evaluate clay-based geopoly-
mers with other sorbents for the removal of pharmaceu-
tical compounds from aqueous medium.

Clays‑based geopolymer role in climate change, 
SDGs, and circular economy

According to the United Nations Framework Con-
vention on Climate Change (UNFCCC), the climate 
change phenomenon is commonly defined as a cli-
mate variation directly/indirectly caused by anthro-
pogenic activities. Water pollution can have a direct 
and indirect impact on climate change. As pollutants 
are released into water bodies, they can slowly accu-
mulate over time, increasing greenhouse gases in the 
atmosphere. This, in turn, can cause temperatures to 
rise, resulting in more frequent and intense weather 
events. Additionally, by depleting the water of oxy-
gen and other essential nutrients, water pollution can 
lead to an imbalance in the local environment, further 
contributing to the effects of climate change. Dra-
matic climate change was demonstrated by a number 
of objective indicators that were documented over the 
past several centuries, including an increment in the 
air and ocean temperatures, a rise in sea level, gla-
cier melting, growth in the frequency and strength 
of extreme weather events, changes in ocean salinity, 
wind patterns, and the annual distribution of rainfall, 
as well as an augmentation in the risks of hydrogeo-
logical hazards like floods, droughts, and fires (Abu 
El-Magd et  al., 2022; Patel & Kuttippurath, 2021; 
Talukder et al., 2022). Such phenomena have negative 
undesirable impacts on anthropogenic, biological, and 
ecological systems including variations in the physi-
ological responses, and alterations in the distribution 
assembly of different living species (e.g., migration, 
ecological communities change, geographical restruc-
turing, population growth, and extinctions) (Amer 
et al., 2021; Fattorini, 2021; Gonçalves et al., 2021).

Water treatment from various existing pollut-
ants is critical, as it helps protect public health and 
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the environment. The existence of these pollutants in 
drinking water can lead to adverse health effects, so 
it is critical to have efficient and reliable water treat-
ments in place. Furthermore, this process is directly 
linked to the sustainable development goals (SDGs). 
It contributes to achieving SDG 6.3 (Progress on 
Wastewater Treatment), which focuses on improving 
water quality and reducing water pollution. Treat-
ment of pollutants from water can also help support 
SDG 3: Good Health and Well-Being, as it eliminates 
potential health risks associated with these contami-
nates. In addition, it can help reduce the burden on 
healthcare systems by minimizing the number of 
people affected by water-borne illnesses. Water treat-
ment is also directly related to SDG 14: Life Below 
Water. Cleaning water from pollutants helps to reduce 
water pollution, which improves the health of aquatic 
ecosystems. It also helps to protect the biodiversity 
of marine and aquatic species and the habitats in 
which they live. We can protect our oceans and all the 
life they contain by ensuring that water is free from 
pollutants.

Over the past decades, the circular economy (CE) 
concept has gained popularity regarding traditional lin-
ear economies’ strains on natural resources. Besides 
the uncontrollable population growth and tremendous 
industrial progress, the conventional linear economy has 
exponentially consumed natural resources and produced 
massive waste (Sánchez Levoso et  al., 2020). Using 
clay-based geopolymer in water treatment is an effec-
tive way to help the circular economy. Geopolymers 
are made from clay and other natural materials and can 
adsorb and neutralize pollutants, making them ideal for 
water treatment. Geopolymers also have a longer shelf 
life than other materials, making them a sustainable 
option for water treatment. Additionally, geopolymers 
are usually less expensive than other materials, making 
them an attractive choice for water treatment. Using clay-
based geopolymer in water treatment is an effective way 
to reduce pollution and conserve resources, making it a 
viable option for helping to promote a circular economy.

Recently, the awareness of the environmental sustain-
ability for wastewater treatment has increased rapidly 
in quest of meeting the enormous global water demand 
coupled with the inherent depletion of water resources 
and the development of modern society. The only practi-
cal approaches are new sustainable materials and prod-
ucts, green production techniques, and precise life cycle 
management. In this regard, clays-based geopolymers 

have emerged as affordable, durable, and eco-benevolent 
materials for water and wastewater clean-up. They can 
be synthesized via facile and straightforward strategies 
with minimal running temperatures and low carbon foot-
print yields. They exhibited remarkable physio-chemical 
characteristics of admirable porous structure, chemical 
stability, ion exchange, and dielectric features (Luhar 
et  al., 2021). The exceptional clays-based geopolymers 
have significantly been touted as a keystone of wastewa-
ter treatment future entails. The integration of sustain-
able clay-based geopolymers in diverse industrial sec-
tors should be harmonically considered. Moreover, these 
eco-friendly adsorbents are believed to deepen insights 
into wastewater treatment processes as a groundbreaking 
aspect in accord with the waste-to-wealth concept toward 
broader sustainable development goals.

Challenges and future outlook

• The rapidly diminishing supply of clean water, the 
deterioration of water quality, and global warm-
ing significantly negatively influence the world’s 
water security and natural environment.

• This has prompted scientists globally to find new 
alternative eco-friendly wastewater treatment 
scenarios. Clays-based geopolymers have been 
regarded as favorable materials for wastewater rec-
lamation.

• To achieve the SDGs, great efforts should be for-
warded in this context for upcycling these abun-
dant, low-cost materials into beneficial products. 
The fundamental essence is to present greater 
attention to the most popular wastewater reclama-
tion methods to defeat their confronted challenges.

• Efforts should be made to develop more cost-
effective synthesis methods, so that the use of 
clay-based geopolymer in water treatment can 
become more widespread.

• New research for the elimination of surfactants 
from aqueous solutions using clay-based geopol-
ymer should be conducted as it has not yet been 
identified in the literature.

• Most experiments have only been conducted on a 
lab scale, making it evident that further research is 
required before using clays-based geopolymers as 
suitable materials for water decontamination.

• Additionally, it is essential to develop strategies 
for the safe disposal of clay-based geopolymers, as 
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they are not biodegradable and can create environ-
mental hazards if not disposed of properly.

• More mechanistic insight into recyclability/reval-
orization of the pollutants-laden materials is rec-
ommended because it is an important regulating 
factor for long-term economic viability and envi-
ronmental compatibility.

• One of the potential future possibilities to assure 
their viability could be by integrating wastewater 
management with data-driven technologies such 
as machine learning, artificial neural networks, 
techno-economic analysis, and life cycle assess-
ment for improving the process performance and 
simultaneously addressing better reusability and 
final product quality.

• Employing standard protocols with ongoing 
assessments for wastewater cleanup could be an 
effective solution for data quantification. Other-
wise, the competence of clays-based geopoly-
mers with other materials may potentially upgrade 
their activity towards different water pollutants. 
However, more studies should be economically 
inspected for large-scale industrial applications.

• Besides, The COVID-19 pandemic has also led 
to a rise in wastewater disposal. More attention 
should be paid to wastewater surveillance and 
recycling in line with the zero-liquid discharge 
concepts to realize a circular economy.

• Ultimately, assessing all the aspects related to 
clays-based geopolymers for wastewater treat-
ment, including raw feedstock, synthesis routes, 
modes of action, and performance findings, is of 
interest for their development in wastewater treat-
ment.

Conclusion

Clays/clays-based geopolymers have emerged as admira-
ble materials for wastewater treatment toward a more sus-
tainable environment to meet the uncontrollable shortage 
in the availability of water resources and deterioration 
in their quality. Remarkably, they offer distinct physico-
chemical properties of excellent stability, large surface 
area, and long-term durability. The current review article 
uniquely illustrates the most recent significant informa-
tion regarding clays/clays-based geopolymers, including 
the recent synthesis, modifications, and characterization 
strategies. They are regarded as alternative materials in 

accord with the sustainable circular economy concepts 
globally. The ingredients of clays and their based geo-
polymers have the potency to replace the conventional 
adsorbents currently employed in wastewater treatment. 
Economically, an adequate study of techno-economic 
analyses and life cycle assessment related to the com-
mercial scaling-up of clays and their based geopolymers 
should be systematically inspected. Besides, a more in-
depth analysis into the inexpensive clays/clays-based 
geopolymers manufacturing processes from natural 
resources should emphasize a more comprehensive 
future vision.
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