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Abstract 

Background: The water supplies are hindered because aquatic resources have constrained with natural and man-
made pollution activities in terms of releasing huge amounts of contaminants from different point and non-point 
sources across the globe. The industries like metal plating, batteries, paint, fertilizers, tanneries, textile industries, 
dyeing industries, mining operations, and paper industries discharge their effluents into the environment directly or 
indirectly, and hence, they are considered as the key sources of heavy metals contamination in water resources. Heavy 
metals are inorganic, non-biodegradable, persistent, and having a tendency to get accumulated in biotic and abiotic 
components of environment as compared to organic pollutants. Some heavy metal cations, for example, mercury, 
arsenic, cadmium, zinc, lead, nickel, copper, and chromium, are carcinogenic in nature and so, lethal. There are grow-
ing health concerns due to toxic impacts of heavy metals on every genre of ecosystem. To deal with the bottleneck 
situation, it is highly imperative to search a feasible solution for heavy metal remediation in water in context of pre-
venting amalgamation of noxious contaminants in food web. Different methods are exercised for the remediation of 
such impurities from its solutions. One method, i.e. adsorption is found to be the simplest, economical, efficient, and 
eco-friendly in this context.

Main body: Geopolymers exhibit heterogeneous amorphous microstructure and wide surface area. The compat-
ibility for depollution and the performance of these materials mainly depend upon their preparation methods, 
composition, and microstructure. Fly ash-based geopolymer may serve as a better alternate to various cost-effective 
adsorbents and it will be a proven environmentally viable, waste to money solution by consuming heaps of fly ash 
waste for the adsorbent modified by using fly ash. The possible utilization of wastes from several industries is a matter 
of concerned sustainability benefits. This study shows that fly ash-based geopolymers have the potential to cope up 
with the problems and risk factors associated with the fly ash waste management and it would be the utmost scien-
tific panacea in the field of removing toxins from aqueous medium and maintain environmental health in the future.

Short conclusions: The literature available in different databases is very limited pertaining to heavy metal remedia-
tion using fly ash-based geopolymers. Keeping all the factors in mind, this article is an attempt to summarize relevant 
informations related to work done on fly ash-based geopolymers for treating aqueous solutions comprising heavy 
metals.
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1  Background
The universal solvent water is a fundamental need for 
the survival of biotic and abiotic components of the 
ecosystem on earth. Rapid industrialization and devel-
opmental activities have accumulated various sub-
stances like heavy metals, dyes, paints, and pigments, 
surfactants, pharmaceuticals, pesticides, personal care 
products, etc. in water reservoirs and adversely affected 
the clean water supplies. The effluents discharged from 
paper, plastics, textile, tannery, steel, metallurgy, elec-
troplating, dyes and dyeing, petroleum, and battery 
industries are the chief sources of water pollution [1]. 
Heavy metals beyond the maximum permissible limits 
are detrimental to flora and fauna due to its toxic nature 
and bio-accumulation [2, 3]. The excessive amounts of 
toxic heavy metals, i.e. lead, arsenic, chromium, mer-
cury, cadmium, nickel, zinc, cobalt, manganese, copper, 
molybdenum, etc. in water attack on nervous system, 
damage to liver as well as kidney, and other prominent 
diseases [4, 5]. Arsenic toxicity causes skin lesions lead-
ing to hyperkeratosis, vomiting, abdominal pain, mus-
cle cramps, skin cancer, change in pigmentation and 
may be death in some extreme cases [6]. Chromium 
is a carcinogen and genotoxic in nature and it affects 
via inhalation route, causing lung and respiratory tract 
cancer [7]. Moderate concentration of copper causes 
gastrointestinal problems, higher concentrations of 
Cu cause Wilson disease and several other disorders 
in human body. It may lead to increase taste problems 
and liver damage [4, 8]. Antimony is also carcinogenic 
in nature. Lead damages the neurological system and 
disrupts vitamin D and calcium metabolism. [9]. Lead 
can cause loss of appetite, constipation, slurred speech, 
impaired consciousness, and brain damage [5, 10]. 
Excess manganese in drinking water can cause weak-
ness, fatigue, hallucinations, and severe neurological 
disorders [11]. Methyl mercury makes the skin pink in 
children and sometimes peels out the skin. Mercury 
causes Minamata disease that affects kidneys, nerv-
ous systems, colitis and haemorrhagic gastritis [12]. 
Molybdenum is deadly poisonous for bottle feeding 
new-borns [13]. Nickel is responsible to cause dermati-
tis and cancer [14]. Selenium poisoning is not good for 
nails, hair, and liver health [15]. Cadmium is carcino-
genic in inhalation, damages kidney and liver, retards 
growth, causes anaemia, itai-itai disease, chronic 
obstructive lung disease (pulmonary oedema) and renal 
arterial hypertension. Cobalt may cause vomiting, loss 

of hunger, ear ringing, and enlarges the thyroid gland 
[16].

A large number of methods like floatation, filtration, 
flocculation, coagulation, chemical precipitation, micro-
bial system, advanced oxidation process, ion exchange, 
reverse osmosis, electrodialysis, electrochemical process, 
desalination, adsorption, evaporative recovery, super-
critical fluid extraction, and membrane bioreactors have 
been used for removing contamination from wastewater 
with their own strengths and drawbacks [17–24]. Effi-
cacy, economic viability, and environmental friendliness 
screen the usage of some conventional techniques and 
draw the attention of researchers to explore the adsorp-
tion as a simple, effective, and economical procedure 
[25–29].

A number of variety of adsorbents like natural clays, 
natural and synthetic zeolites, activated carbon, biomass 
derived activated carbon, resins, chitosan, agricultural 
wastes, industrial by-products, carbon-based materials, 
nanomaterials, hydrogels, nanoparticles, nanocompos-
ites, spinel ferrite magnetic materials, etc. were used for 
wastewater treatment. The expensive synthetic proce-
dures and difficult regeneration set these adsorbents back 
in large-scale wastewater treatment [30–54].

Since high surface area, porous structure, durabil-
ity, easy regeneration, biodegradability are the basic 
requirements of a good adsorbent for significant decon-
tamination, therefore, to deal with the limitations of the 
above-stated adsorbents, an extensive list of sequential 
naturally occurring, synthesized, and waste products 
with high removal efficiencies has been used as adsor-
bents. One of the waste products of thermal power 
plants is fly ash; fly ash is generated by coal-ignited elec-
tric and steam producing plants as a by-product. It  is 
usually stockpiled at thermal power plants or disposed 
of in landfills. Nowadays, it is used in hydraulic cement 
and concrete production. The substantial need of the 
hour is to recycle the waste materials and convert them 
into economically feasible valuable materials for future 
applications.

Due to chemical composition and recycling of this 
waste material collected from electricity generating 
thermal power plants, several researchers are seeing fly 
ash as viable future solid raw component for separating 
contaminants in commercial wastewater treatment. It 
is a low-cost aluminosilicate source to produce effective 
microporous adsorbents like zeolites. The best approach 
to consume fly ash waste is the modification of fly ash 
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into an effective geopolymeric material in heavy metal 
remediation and other water contaminants [55–67]. The 
current and emerging environmental applications pre-
sent geopolymers as a

• Binder, sustainable repair material due to its low 
shrinkage and high resistance to thawing and freez-
ing, composites for infrastructures repair and 
strengthening,

• Construction material (potential substitute of Port-
land cement), cements and concretes,

• Carbon capture material owing to its good acid 
resistance, high mechanical strength, durability and 
low permeability,

• Resins for coating material,
• Ceramic material,
• Decorative stone artefacts,
• Sealing material for toxic waste residues from indus-

tries, radioactive and toxic waste containment, waste 
encapsulation,

• Mitigation component for pollution and climate 
change related issues,

• Bio-technologies (materials for medicinal applica-
tions), drug delivery carrier,

• Fire-resistant materials, thermal insulation, foams,
• Thermal shock refractories (thermal insulation),
• High-tech lightweight carbon fibre composite mate-

rials used inside and outside of aircraft,
• High-tech composites for automobiles,
• Environmentally friendly adhesive for wood-based 

panels and modern biotechnology, and
• Dielectric materials for electronic packaging and 

molecular sieve catalysts material.

Geopolymer comprises a polymeric silicon (Si)–oxygen 
(O)–aluminium (Al) three-dimensional network with 
alternating Al and Si tetrahedral attached altogether by 
sharing all oxygen atoms as similar to zeolites. The key 
specification of geopolymers over zeolites is the amor-
phous structure instead of crystalline [68, 69].The avail-
ability of literature in this research domain is very small 
and comprehensive reviews on heavy metal removal 
using fly ash-based geopolymeric adsorbents are very 
limited. Thus, our study reviews the fundamental con-
ceptual model for designing geopolymers with their 
characterization and the potential exploration of fly 
ash-based geopolymers in heavy metal remediation like 
arsenic, copper, lead, zinc, nickel, chromium, caesium, 
magnesium, cobalt, cadmium, ammonium, etc. from 
solutions. The structural modification provides a more 
number of accessible sites by inducing the creation of 
open-framework like structure which can store a large 

amount of heavy metal cations via adsorption from aque-
ous solutions.

2  Main text
2.1  Geopolymers
Prof. Davidovits, in 1972, submitted application for pat-
enting the use of geopolymer as construction material. 
He, then, proposed a term Polysialate (Polysilicon-oxo-
aluminate) to define a series of aluminosilicate binders 
activated with alkaline solutions at IUPAC conference, 
and finally, a denotation geopolymer was coined to Poly-
sialate [70–72]. Geopolymers have been prepared using 
precursors like feldspar; red mud, clays (laterite, illite, 
and smectite), natural zeolites, kaolinite, metakaolin, and 
mineral rock powder, wastes from mining, industrial, and 
agricultural industries for example, bottom ash, rice husk 
ash, volcanic ash, silica fume, fly ash, granulated blast 
furnace slag (GBFS), palm oil fuel ash, sludge, iron ore 
tailings, and waste glass [73–75]. Geopolymers are inor-
ganic polymers, which can be synthesized using reactive 
precursors rich in aluminosilicates, e.g. fly ash and alka-
line activators i.e.  Na2SiO3,  K2SiO3, NaOH and KOH.

As per reported work, ultrasonification in ultrasonic 
bath can better dissolve the aluminosilicate components 
present in fly ash in caustic soda medium. The curing 
of geopolymer is done at room or slightly higher tem-
peratures below 100  °C, ranging from 20 to 100  °C. The 
resultant product is procured for few days at room tem-
perature to gain strength and stability. This process is 
called as geopolymerization (Fig. 1) [57]. When a precur-
sor is geopolymerized, dissolution, precipitation, reor-
ganization, gelation, condensation and polycondensation 
occur simultaneously to form a geopolymers (Fig. 2) [62, 
76]. The key mechanism of geopolymerization involves 
three stages. Initially, in dissolution process, alkali liqui-
fies the aluminosilicate source minerals and produces 
free tetrahedral monomeric units of aluminates  (AlO4) 
and orthosilicates, the basic unit structure of silicates 
 (SiO4) in the solution (alkaline digestion and hydrolysis). 

Fig. 1 Synthesis of geopolymer adsorbent [57]



Page 4 of 29Gupta et al. Beni-Suef Univ J Basic Appl Sci           (2021) 10:89 

The empirical chemical formula for representing geopol-
ymer is  Ma[–(SiO2)y–AlO2]a·zH2O, where a is the degree 
of polymerization, y is molar mass ratio of Si/Al, M is a 
cation  (Na+ or  K+), and z is no. of attached water mol-
ecules [77–82]. In the second step, aluminium and silicon 
cations are interchanged into oligomers, and then one gel 
like formation with vast molecular networks is produced 
through condensation. This emerging gel like formation 
reorganizes itself, and finally, an aluminosilicate frame-
work, amorphous in nature, is obtained via polyconden-
sation (Fig. 3) [83, 84].

The tetrahedral silicon [Si(OH)4−] and aluminium 
[Al(OH)4−] combine for formulating a multifunctional 
closed cage cavity like ring chain structures which are 
bonded alternatively via shared oxygen atom, which 
finds suitable applicability in heavy metal immobiliza-
tion, nuclear waste management, processing of construc-
tion materials, and industrial manufacturing of inorganic 
membranes. The geopolymers can be classified on the 
basis of starting material used which is given in Fig.  4 
[76].

Nowadays, trends in recycling and converting coal fly 
ash wastes into useful and valuable products are find-
ing pace [23]. Disposal of huge fly ash mountains has 
attained a serious concern of scientists as well as admin-
istrative authorities [8]. An approach for dealing with the 
problems associated with the fly ash management issue 
is the conversion of fly ash into geopolymer, which may 
be effectively employed in heavy metal remediation. Fly 
ash is familiar, complex, and abundant anthropogenic 
material which can be efficiently geopolymerized and 
used as adsorbents for removing impurities from differ-
ent environments. The solid fly ash waste is potentially 
generated from burning of coals in thermal power plants. 

Fig. 2 Conceptual model for geopolymerization [62, 76]

Fig. 3 Reactions involved in geopolymerization [83, 84]

Fig. 4 Classification of geopolymers [76]
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It has been reported in several studies that geopolymer 
synthesized using fly ash as starting material followed by 
alkaline activation and curing at room temperatures can 
be employed in effective remediation of heavy metals 
in aqueous solutions via adsorption because it contains 
sufficient amounts of silica and alumina which play an 
eminent role as precursors for geopolymers. However, 
fly ash has shown its relevance in context of water treat-
ment but if it is alkaline-treated or activated, it can show 
better adsorption capacities. The alkaline-activated fly 
ash is called as geopolymer. These amorphous geopoly-
mers are quite similar to zeolites in terms of composition 
and structure. Zeolites are the best feasible option used 
in industrial wastewater treatment. These zeolites can be 
replaced by fly ash-based geopolymers in future which 
may render commercial compatibility due to the growing 
reliance on inexpensive and profusely obtainable fly ash 
waste as principal feedstock.

2.2  Fly ash‑based geopolymers
The second most natural fossil fuel source, i.e. coal is 
abundantly used for producing energy. Approximately 
1000 billion tonnes availability of coal in approved 
reserves make it consumable for electricity production 
to fulfil the demands and supplies globally. More demand 
for energy, more extraction of coal from coal mines, and 
finally more generation of coal ash. Upon combustion 
of coal in many power plants, 80% of coal-fired fly ash 
and 20% of coal-fired bottom ash are produced which is 
disposed of in either open area or landfills which causes 
adverse effects on each and every element of the ecosys-
tem. Fly ash is chemically composed of oxides in different 

amounts, such as  Al2O3,  SiO2,  Fe2O3, MgO, CaO,  Na2O, 
 K2O, and  TiO2 with some proportions of trace metals 
(e.g. Cd, Cr, Se, As) which make it potentially toxic. The 
compositions of fly ash collected from some different 
sites are depicted in Table 1.

It is a pozzolanic material with alkaline nature and 
negatively charged surface which makes it suitable for the 
adsorption of trace metals from aquatic environments. 
Furthermore, due to being a cheap and rich source of 
aluminosilicate, fly ash has drawn the attention of the 
chemists for reforming this industrial waste into useful 
adsorbents. Figure 5 [84] displays a few prevalent applica-
tions and characteristics of fly ash material. The produc-
tion rate of fly ash increases when the energy demands 
increase. Moreover, there is no comprehensive strategy to 
recycle fly ash into value-added products. Now investiga-
tors are exploring the new dimensions in water treatment 
by converting fly ash into zeolites, catalysts, photocata-
lysts, and geopolymers and analysing the feasibility as a 
substitute for costly commercial products.

This development will not only help consumers with 
efficient low-cost product availability but also waste gen-
erators by increasing their incomes and resolving the fly 
ash management issues with maintaining the aesthetic 
values of nature [84].

The schematic diagram of different stages of geo-
polymerization by using fly ash is shown in Fig. 6 [91]. 
Geopolymers are eco-friendly, inexpensive, ubiquitous, 
green materials with microporous 3-D structure and 
better applicable for adsorption processes. The phys-
ico-chemical characteristics of the geopolymers depend 
upon starting materials as precursors, mixture ratio, 
and curing conditions. Geopolymers due to diverse 

Table 1 Composition of chemicals (%) for raw fly ash by X-ray fluorescence (XRF) spectrometer collected from different sites

Compounds Composition of chemicals for raw fly ash (%)

Al2O3 51.72 35.84 28.87 28.73 30.51 18.50 19.1–28.6 12.5–35.6

Cao 5.21 2.99 1.73 11.54 0.83 19.80 1.4–22.4 0.5–28.9

Fe2O3 2.25 4.24 11.93 18.07 5.71 16.80 6.8–25.5 2.6–21.2

K2O 0.35 0.74 0.34 1.26 2.90 0.9–2.6 0.4–4

MgO 0.15 1.39 1.79 0.59 1.89 0.7–4.8 0.6–3.8

MnO 0.03

Na2O 0.05 0.30 0.29 0.19 1.14 0.3–1.8 0.1–1.9

P2O 0.42 0.1–0.3 0.1–1.7

SiO2 29.47 55.54 50.73 37.88 57 29.80 37.8–58.5 28.5–59.7

SO3 0.35 0.38 0.14 4.85 0.1–2.1 0.1–12.7

TiO2 1.83 1.23 1.41 1.61 1.1–1.6 0.5–2.6

Source Coal-fired 
power plant

Coal-fired 
power plant, 
China

Rajhi cement 
plant, Jordan

Alborzsarghi coal 
company, Iran

Coal-fired 
thermal power 
plants

Power 
plant, 
Thailand

Coal-fired 
power plant, 
U.S

Coal-fired 
power plant, 
Europe

References [85] [86] [87] [88] [89] [90] [60] [60]
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Fig. 5 Prevalent applications and properties of coal derived fly ash [84]

Fig. 6 Schematic diagram of different stages of geopolymerization of fly ash [91]
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advantages (Fig.  7) [94] have been used as adhesives, 
construction material, drug delivery agents, fire and 
chemical resistance applications, catalysts, precursors 
of advanced ceramics, coatings, hydrogen storage, oxy-
gen carriers and other diverse applications [92, 93].

Recently, geopolymers have effectively been devel-
oped and utilized as adsorbents for adsorption of heavy 
metals like cadmium, chromium, nickel, boron, lead, 
fluoride, copper, phosphate, mercury, zinc, barium, 
cobalt,  NOx, some radionuclides, e.g. 137Cs and 90Sr as 
well as dyes from wastewater. The high surface area, 
porosity, chemical resistance, tunable nature for modi-
fications, mechanical strength, durability and negative 
charge on aluminium attribute a significant mecha-
nism for removal of impurities by attracting cations. 
Although aluminosilicate materials are itself good 
adsorbents, geopolymerization increases their capa-
bilities and efficiencies for better adsorption of heavy 
metals from aqueous medium via ion exchange process. 
The incorporation of nanomaterials to geopolymers, 
such as graphene, nano-clay, nano-SiO2, and carbon 
nanotubes, can alter the characteristics of concrete’s 
geopolymer. The equal distribution of nano-sized 
materials in geopolymers is the most crucial parts for 
enhancing their catalytic performance. The structure 
of geopolymer remains stable and intact even under 
extreme vigorous conditions. This salient feature makes 
geopolymer compatible to use in a number of scientific 
fields [76, 95–97].

Some factors which monitor the geopolymerization 
process [91] are discussed as follows:

• Selection of type of aluminosilicate containing raw 
materials

• Surface area and glassy content of solid raw materials
• Sufficient amounts of aluminium (Al) and silicon (Si)
• Presence of natural calcium, iron, and inert parti-

cles in Fly ash
• Physico-chemical modification
• Optimization of curing temperatures and pressures
• Time duration and curing mode

• Selection of alkaline concentrations
• Alkali to precursor ratio
• Water content to  Na2O molar proportion and geo-

polymeric solids proportions
• Na2O to  SiO2 and  SiO2 to  Al2O3 ratio.

2.3  Characterization of fly ash‑based geopolymers
Characterization of a developed material is a very signifi-
cant step to elucidate its properties. It is generally carried 
out by performing a number of analyses using various 
instruments. The chemical composition analysis of fly ash 
was done after geopolymerization using XRF Spectrom-
eter and the amounts of chemical solids were found in 
following proportions:  SiO2 39.90%,  Al2O3 19.70%,  Fe2O3 
7.50%, CaO 2.43%, MgO 1.13%,  K2O 1.08%,  Na2O 11.72%, 
 TiO2 0.50%,  SO3 0.25%, and loss on ignition (LOI) 14.69% 
[85]. It was found that the amounts of sodium content 
and loss on ignition (LOI) was substantially more than 
it observed in the raw sample of fly ash, which indicates 
that  Na+ and  OH− group are now the structural constitu-
ents of synthetic geopolymer [98].

X-ray diffraction (XRD) sequence of both raw fly ash 
and fly ash-based geopolymer as shown in Fig. 8 [87] sug-
gests that both the ash sample has amorphous structure 
which imparts reactivity to fly ash and approximately all 
the crystal lattice phases present in raw fly ash were dis-
appeared during geopolymerization.

It was identified that geopolymer also contains 
nanocrystalline zeolites but XRD is unable to detect 
these small sized zeolite crystals. Mineral phase analysis 
of geopolymer was performed which showed the loss of 
all recognized minerals in the raw sample [87].

Some chemicals for example, soyabean oil, cetyltri-
methylammonium bromide (CTAB),  Fe2O3, surface 

Fig. 7 Advantages of geopolymers [94]

Fig. 8 XRD sequence of untreated fly ash (a) the synthesized 
geopolymer (b) (H, Hematite; M, Mullite; Q, Quartz; Plag, Plagioclase; 
Zeo, Zeolite) [87]
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foaming agents (SDS), and stabilizers  (H2O2) have 
been used for modification of the  geopolymers to 
improve the adsorption rates of heavy metal cations by 
increasing surface area, pore size and  volume  of geo-
polymeric adsorbents. The pore size, pore volume and 
geopolymer adsorbents have a surface area that varies 
between 16.2–216  m2g−1, 2–50 nm (mesoporous mate-
rials), and 0.05–0.36  cm3g−1, respectively. Geopolymer 
microstructure and geopolymer with porous structure 
were analysed using Optical microscope which con-
firmed that the addition of  H2O2 increased the surface 
porosity 27.9% to 74.6% in porous geopolymer [81, 85, 
99]. This increase in porosity was also supported by 
the results obtained from mercury intrusion porosim-
etry and SEM as shown in Fig. 9a–c [85]. Figure 10i–ix 
[84] demonstrates the change in microstructures using 
detailed microscopic studies using SEM images of geo-
polymers activated with different alkalis with varying 
concentrations and curing temperatures [91, 100].

BET surface area analysis concluded that the fly 
ash that has been sieved using 200 mesh sieve having 
12.141  m2/g surface area and the surface area of the 
fly ash-modified geopolymer that passed through a 50 
mesh standard sieve was 27.205  m2g−1 [98].

Fourier transform infrared spectroscopy (FTIR) elu-
cidates bonding nature between atoms. Difference in 
spectra of raw fly ash and synthesized fly ash-mod-
ified geopolymer can be detected by comparing both 
of them. FTIR analysis of developed fly ash-based 
geopolymer showed main band peak 1015.33   cm−1 
as configured in Fig.  11a [101]. New bands appeared 
in all geopolymeric materials at 1653.01   cm−1 and 
3456.22   cm−1 which were assigned to deformation 
vibrations (H–O–H) and compressing-stretching 
vibrations (–OH, H–O–H). The FTIR spectra of geo-
polymer activated with different concentrations (6 M, 
8 M, 10 M) of alkaline sodium hydroxide (NaOH) and 
cured at 60  °C as shown in Fig.  11b [84, 100]. FTIR 
peaks at 460   cm−1 and 550   cm−1 observed, which are 
attributed to deformation vibrations of Al–O/Si–O. 
Geopolymer activated with 8  M sodium hydrox-
ide showed a broader band, which can be assigned 
to indicative presence of structural water in large 
amounts (Fig. 11b) [84, 100].

3  Research trends
This manuscript presents literature review on fly 
ash-based adsorbents in scientific fields of impor-
tance. Valid databases like WoS, Elsevier, Scopus, and 
Research gate were searched for collecting different 
sources and information. The paper was structured to 
focus on problems related to fly ash, possible solutions, 

geopolymerization of fly ash, characterization and 
finally performance for depollution. The analysis of 
evolution trends by mapping the key searches in this 
research field is given in Fig. 12 [102] and Fig. 13 [103].

4  Fly ash‑modified geopolymers for heavy metal 
remediation

Geopolymers structure is supposed to be an alkali-based 
aluminosilicate hydrate with a 3-D network and consist 
units of silicate and alumina in tetrahedral form attached 
altogether through covalent bonding, negatively charged 
cations that are connected with the tetrahedral  Al3+ 
charge and are balanced by alkaline cations. When heavy 
metals are immobilized in geopolymers, the adhesion 
process for heavy metals is essentially the substitution 
of alkaline cations, with the heavy metal cations bonding 
to and immobilizing in the aluminate tetrahedral units 
of the geopolymeric structures. Hydrochloric acid (HCl) 
treatment of fly ash followed by washings with distilled 
water cleans the adsorbent and improves its adsorption 
capacity by removing impurities.

Alkali activation is a typical chemical treatment for fly 
ash that is used in a variety of applications. The fly ash 
is mixed with alkaline solutions and allowed to cure at a 
high temperature to generate amorphous solid materi-
als, which are referred to as fly ash-based geopolymers. 
They have a porous structure that is both linked and 
open, as well as a net negative charge, which are both 
significant advantages for adsorption operations. Fly ash-
based geopolymers are considered to be environmentally 
acceptable, effective, and low-cost adsorbent materials 
because of their low cost and high effectiveness. As a 
result, they have been successfully used for the adsorp-
tion of heavy metal cations, such as  Cu2+,  Pb2+,  Zn2+, 
and  Cd2+, among others. When fly ash is transformed 
into geopolymers, it is subjected to a series of simulta-
neous processes, including hydrolysis and condensation. 
Under alkaline conditions, hydrolysis reactions catalysed 
by hydroxyl ions would result in the breakage of Si–O–
Si and Si–O–Al bonds, resulting in the formation of free 
SiO4 and AlO4, as well as dimeric, trimeric, and oligo-
meric (alumino)silicates. Concurrently, condensation 
processes, which are also accelerated by hydroxyl ions, 
will take place to build the three-dimensional polymeric 
structure of new Si–O–Si and Si–O–Al links. There are 
at least four common alkali kinds, namely NaOH, KOH, 
NaOH +  Na2SiO3, and KOH +  Na2SiO3. The first two are 
commonly used in the preparation of geopolymers as 
adsorbents, while the last two are used in the construc-
tion industry [87, 90, 104].

Microstructural analysis like scanning electron micro-
scope (SEM) illustrates about the texture of surface par-
ticles and morphology of the compound (Fig. 14) [104]. 
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The surface properties are a deciding factor which affects 
the adsorption rate and capacity.

Geopolymers have been used in the form of powder, 
granules, monoliths and spheres. Geopolymers followed 

by treatment with water, sodium chloride, hydrochlo-
ric acid, sulphuric acid, acetic acid, nitric acid, sodium 
hydroxide and potassium hydroxide have been used in 
immobilization of manganese, zinc, nickel, cadmium, 

Fig. 9 SEM micrographs of a fly ash and b fly ash-based geopolymer [85]. c SEM micrographs of fly ash at different magnification values [85]
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tin, copper, chromium, lead, barium, calcium, arsenic, 
caesium, cobalt, magnesium, ammonium, and sulphate 
from aqueous solutions. Figure 15 [104] illustrates a dia-
grammatic depiction of the substitution process between 
heavy metals and alkali cations. The removal efficiencies 
of the alkali-activated fly ash-based geopolymer adsor-
bent were much higher than those of fly ash. Geopoly-
mers based on fly ash have a larger porous surface area 
than fly ash itself, making them more porous.

A significant amount of potential exists for the attrac-
tion and capture of cations or heavy metal ions on the 
surface of aluminium due to the negative charges present 
on it.

The highest adsorption of copper was observed using 
amorphous geopolymer due to dissolved glass phases of 
fly ash and it showed better adsorption capacities than 
raw fly ash. Parameters like adsorbent/adsorbate pro-
portion, dose of adsorbent, temperature, contact dura-
tion and initial conc. of adsorbate (Co) were optimized, 
and the highest sorption efficiency was found to be 
152 mg/g at 45 °C with adsorbent dosage of 2 g/L for 2 h 

[87]. Onutai et al. discussed about fabrication of geopoly-
mer–polymer composite fibre. Using the phase inversion 
technique, these fibres were created by combining pow-
dered geopolymer with a solution of Polyethersulfone 
(PES)-N-Methyl-2-pyrrolidone (NMP), and extruding 
the resulting slurry, which resulted in the transforma-
tion into a pervious fibre (BET surface area, 168.30  m2/g). 
The geopolymer composite fibre followed the order of 
 Ni2+  <  Cd2+  <  Cu2+  <  Pb2+ [90].

Another alkali-activated fly ash-based geopolymer was 
formulated using 10 N NaOH and sodium silicate solu-
tion. It was applied for treating  Cu2+,  Fe2+,  Mn2+,  Zn2+ 
in aqueous solutions and concentrations were quantified 
using AAS [98].

Fly ash was activated with sodium hydroxide solu-
tion to prepare fly ash-based geopolymer and examined 
for copper removal from aqueous solutions. The results 
obtained confirm the suitability of fly ash-based geopoly-
mer for heavy metal removal [101].

Fly ash-modified geopolymers are prepared and uti-
lized as adsorbent for heavy metal remediation in 

Fig. 10 FA-modified geopolymers SEM images i 6M27; ii 6M45; iii 6M60; iv M27; v 8M45; vi 8M60; vii 10M27; viii 10M45; ix 10M60 [84]
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aqueous environment. Fly ash is activated with alkali 
using a number of  Na+ or  K+ enriched compounds. The 
influence of alkali enrichment on structural modification 
and its effect on the adsorption capacity of geopolymer 
as an adsorbent were investigated in this study. Accord-
ing to Darmayanti et al. [104], geopolymers with sodium 
ions are observed to be more organized in comparison to 
that activated with potassium ions based alkali systems. 
Furthermore, the addition of silicates also improves the 
structure. This study focuses on design and fabrication 
of geopolymer adsorbent for heavy metal remediation 
[104].

A synthesized fly ash-based geopolymer obtained 
adsorptive efficiency of 118.6 mg/g through equilibrium 
time achieved in 1 h 30 min for lead [105].

The literature reviewed by Rasaki et al. gave an insight 
about geopolymers which offers feasible solutions to 
world’s environmental problems and challenges related 
to wastewater treatment, energy production and slag 

management. Its porosity and chemical composition 
similar to zeolites is an ultimate solution for wastewater 
treatment [106]. Wang et al. [107], Al Zboon et al. [108], 
and Javadain et  al. [109] performed studies on removal 
of copper, lead and cadmium ions, respectively using 
fly ash-based geopolymers. Table  2 shows heavy metal 
removal using fly ash-based geopolymer adsorbents.

5  Other adsorbents based heavy metal adsorption
There are a variety of adsorbents available for heavy metal 
clean-up that are not based on fly ash. Modification in fly 
ash-modified geopolymers also resulted in good sorption 
of heavy metals. The metakaolin and alkali solution were 
mixed and condensed at room temperature, and then, the 
adsorption efficiency was examined by using obtained 
geopolymer for different heavy metal cations (i.e. lead, 
chromium, copper, and cadmium) in aqueous medium 
under varying experimental conditions. The optimum 

Fig. 11 a FTIR pattern of the raw FA and modified FA geopolymer [101]. b FTIR spectra for geopolymer sample [84, 100]
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adsorption was found to be for lead. The data fitted with 
both pseudo-second-order and Langmuir equations [68].

Composites of Alginate-chitosan geopolymer pro-
duced using metakaolin for the modification of geopol-
ymer and mix of sodium alginate liquid with chitosan 
for lead treatment in wastewater. The results showed 
high adsorption capacity (120.45–142.67  mg   g−1) for 
lead at pH 5 and 25 °C [110].

Red mud (RM), a sort of alkaline solid waste gener-
ated from industries, can be a great source as a starting 
material for geopolymers with GBFS that can have the 
capabilities for purification of water systems and helps 
in heavy metal remediation [111].

Due to their large surface area, high pore volume, 
enhanced adsorption capacity in comparison to the 
zeolites, support and strength from the geopolymer 
matrix, geopolymer–zeolite hybrid composites have the 
potential to be used as adsorbents and membranes in 
separation, purification, and pervaporation methods. 
The usage of industrial leftovers for the development of 
new ideas may also be beneficial economically (waste to 
wealth) [112].

The development of a low-cost metakaolin-based geo-
polymer for the removal of manganese, Mn(II), and 
cobalt, Co(II), from aqueous medium was accomplished. 
At 30  °C, the experiments were carried out in batch 
to determine the effects of various factors such as pH, 
adsorbent dose, duration of contact, and metallic  ion 
concentration at starting  on the metal removal perfor-
mance. Mn(II) and Co(II) adsorption were shown to fol-
low a pseudo-second-order kinetic model, based on the 
results of the kinetic investigations. Also discovered was 
that no pH modification was required to enhance adsor-
bent efficiency, and the adsorption capacity was observed 
to be slightly responsive to temp. and ion strength [113].

Mine waste- and pyrophyllite-modified geopoly-
mer showed 98–99% adsorption for cobalt, cadmium, 
nickel and lead in aqueous medium at initial conc. of 10 
 mgL−1, pH 7.8 at 343 K temperature [114]. A metakao-
lin-based geopolymer modified using cetyltrimethylam-
monium bromide surfactant adsorbed  Cu2+ ions with 
removal efficiency of 40  mg/g [115]. A two-step prepa-
ration of geopolymer from kaolin was performed and 
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Fig. 14 SEM views of i FA, ii Na-GP, iii K-GP, iv NaSil-GP, and v KSil-GP [104]
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it was used as a water softening agent for treatment of 
hardness causing calcium and magnesium (Ca(II) and 
Mg(II)) as of water [116]. At pH 4 and a contact duration 
of 24  h, a fly ash/slag-modified  geopolymer produced 

by hydrothermal process demonstrated an adsorp-
tion capacity of 15.24 mg/g for the removal of Cs + ions 
(96%) from wastewater [117]. The adsorption capa-
bilities of zinc and nickel cations for metakaolin-based 

Fig. 15 Heavy metal and alkali cation substitution [104]

Table 2 Removal of heavy metals by fly ash-based geopolymer (FAG) adsorbents by adsorption process from aqueous solutions

S. No Type of 
adsorbent

Adsorbate Initial 
concentration 
(mg/L)

Temp (°C) pH Adsorption capacity References

1 FAG Cu2+ 100–160 25–45 6 152.3 mg/g [87]

2 FAG Ni2+ – 25 5 approx. 16% [90]

3 FAG Pb2+ – 25 5 approx. 80% [90]

4 FAG Cu2+ – 25 5 approx. 29% [90]

5 FAG Cd2+ – 25 5 approx. 21% [90]

6 FAG Cu2+ – – – 40 mg/g [104]

7 FAG Pb2+ 100–600 – 3 24.6–118.6 mg/g [105]

8 FAG Cu2+ – 30–40 – 90–92 mg/g [107]

9 FAG Pb2+ 100 20–45 and 2 h 5 174.34 mg/g (90.66%) [108]

10 FAG Cd2+ – – – 26.246 mg/g [109]
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geopolymers were 74.53  mg/g and 42.61  mg/g, respec-
tively. [118]. It was observed that the adsorption was 
greater at 25  °C. This study investigated the effective-
ness of a slag-based geopolymer synthesized from LD 
slag (Linz Donawitz converter slag) for nickel removal. 
It was shown to be more efficient than raw LD slag 
(14.72 mg/g), with an adsorption capacity of 85.29 mg/g. 
The optimal adsorption rate was achieved with an ini-
tial  Ni2+ concentration of 175 mg/L at 318 K and pH 10 
[119], and the conditions were as follows: Using metaka-
olin and sodium alginate (1:0.16), a geopolymer hybrid 
sphere with an interior honeycomb structure was cre-
ated, and it demonstrated enhanced adsorption capacity 
of geopolymers (60.8 mg/g) for  Cu2+ ions [120]. A fly ash 
geopolymer monolith was synthesized by using 67% of 
metakaolin and 33% of biomass fly ash illustrated sorp-
tion capacity of 6.3 mg/g for lead. It was also concluded 
that porosity greater than 78.4 per cent may improve the 
removal effectiveness and rate of adsorption [121]. The 
metakaolin and natural clinoptilolite zeolite were used in 
different proportions to prepare MK 100 (100% metaka-
olin), MK 75 (3:1 ratio of metakaolin with zeolite), MK 
50 (1:1 ratio of metakaolin with zeolite) and MK25 (3:1 
ratio of metakaolin with zeolite) geopolymers for heavy 
metal remediation. The MK100 and MK75 showed bet-
ter removal of Pb(II) and Cd(II) than MK50 and MK25 
[122].  Cu2+,  Pb2+, and  Ca2+ were removed with sorption 
efficiencies of 34.5, 45.1, and 24.0 mg/g by using metaka-
olin-modified porous geopolymer produced by solidi-
fication of suspension [123]. The fly ash geopolymer via 
fly ash with zeolite was employed and for the removal of 
cadmium with capacity of 26.246  mg/g [109]. Metakao-
lin geopolymer impregnated with nanoporous iron-oxide 
 (Fe2O3) showed good adsorption efficiency of 95 μg/g for 
arsenic as of groundwater [124]. A geopolymeric mem-
brane was developed and used for remediation of heavy 
metals as well as some more impurities from waste-
water [125]. Metakaolin geopolymer was prepared by 
metakaolin and fume of silica and tested for the elimi-
nation of single with multi-components of heavy metals 
containing solutions [126]. Metakaolin-fly ash geopoly-
mer illustrated sorption efficiency of 85.68, 58.76, and 
113.26  mg/g for Co(II), Sr(II) and Cs(I) as of aqueous 
solutions [127].

By employing a unique synthesis method including 
the use of cetyltrimethylammonium bromide (CTAB) 
as an organic modifier, a metakaolin mesoporous geo-
polymer (GP-CTAB) for copper and chromium cat-
ion removal was investigated. The exclusion of metal 
cations and anions by GP-CTAB in an aqueous solu-
tion was investigated using this catalyst. The findings 
revealed that GP-CTAB outperforms other geopoly-
mers that have been employed in the previous studies. 

For Cu(II) and Cr(VI), the highest adsorption capac-
ity of the GP-CTAB was determined to be 108.2 mg/g 
and 95.3  mg/g, respectively, in a binary system [128]. 
The elimination of ions of heavy metal using adsor-
bents other than fly ash-based geopolymers is given in 
Table 3.

However, these geopolymers showed less potential 
for some metallic cations but structural modifications 
and optimization of experimental conditions can help 
in achieving the best results. If we compare the values of 
adsorption capacities in Tables 2 and 3, it is observed that 
fly ash-based geopolymers exhibit comparable removal 
efficiencies to other adsorbents used in water treatment 
processes. Fly ash geopolymers have proved its efficacy 
for the removal of lead, copper, zinc, nickel, etc. Since fly 
ash-based geopolymers are easy to synthesize, conveni-
ent to handle, low in cost, non-toxic to environmental 
components, and better substitutes to expensive zeolites 
and resins. Thus, fly ash-based geopolymers may serve as 
a better choice in the said field by exploring more capa-
bilities for the heavy metal removal and other impurities 
also.

6  Mechanism of adsorption using isotherms, 
kinetics and thermodynamics

Based on the nature of the bonds between the adsorb-
ate and the adsorbent, there are two types of adsorption: 
physisorption and chemisorption. Physical forces and 
chemical bonds bind the adsorbate to the adsorbent sur-
face via physisorption and chemisorption, respectively. 
Ion exchange, complexation, electrostatic attraction, 
chelation, microprecipitation, hydrophobic bonding, 
ion pairing, hydrogen bonding, and dispersion (Van der 
Waals) forces are among the mechanisms used to adsorb 
substances on solid–liquid interfaces [82]. Heavy metal 
cations are being linked to aluminate tetrahedral units 
and thus immobilized in the structure of geopolymers via 
chemical bonding, which is primarily dependent on the 
replacement of alkali cations.

The adsorption of  SO4
2− ions employing geopolymer 

took place in two steps; (a) adsorption on external sur-
face (b) low diffusion of adsorbate from surface towards 
inner pores of adsorbent [82]. The adsorption of nickel 
ions on LD slag-based geopolymer occurred due to 
generating a large number of calcium ions on the sur-
face of geopolymer adsorbent via direct ion exchange 
with  Ni2+ ions through chemisorption, whereas phys-
isorption also contributed in adsorption process. The 
surface adsorption of nickel cations was a rate limiting 
step which may be attributed to chemisorption [82]. 
The lead adsorption is chemisorption occurred via 
sharing of electrons between adsorbate and adsorbent 
[105]. The adsorption of cadmium ions on zeolite-based 
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geopolymer (ZFA) took place through chemisorption 
mechanism [109]. The removal of Cs(I) ions employ-
ing mesoporous geopolymer consisting nanocrystalline 
zeolite took place via both modes, i.e. physisorption 
and chemisorption well fitted for multilayer adsorption 
[117]. Adsorption of copper cations Cu(II) on metaka-
olin-sodium alginate hybrid geopolymer happened 
through chemical bonds formation between adsorbent 
and adsorbate [120].

Adsorption isotherms are the parameters which gives 
information about the interactions between the con-
taminated solution (adsorbate) and the material used as 
an adsorbent and removal efficiencies [131, 148].

Understanding adsorption kinetics is crucial for 
determining the rate of adsorption. To investigate the 

sorption mechanism, many kinetic models have been 
employed to analyse experimental results. The adsorp-
tion kinetics are calculated using a number of models, 
including pseudo-first order, pseudo-second order, 
intra-particle diffusion model, and Elovich models. 
The adsorption rate is proportional to the number of 
active adsorption sites on the adsorbent in the pseudo-
first-order model, which assumes physisorption. The 
pseudo-second-order model assumes the chemisorp-
tion and covers the rate-determining phase of the 
adsorption process as well as the nature of the bonds 
that exist between the adsorbate and the adsorbent. 
The Langmuir isotherm model with pseudo-second-
order kinetics best fits the adsorption of heavy metals 

Table 3 Heavy metal removal by using other adsorbents

Adsorbent Adsorbate Surface 
area  (m2/g)

Pore size (nm) Pore 
volume 
 (cm3/g)

Adsorption 
capacity (mg/g)

Ref

Fly ash/iron ore tailing-based geopolymers Cu2+ – – – 113.41 [85]

Metakaolin geopolymer Co2+ 39.24 – – 69.23 [113]

Mn2+ 72.34

Metakaolin-based geopolymer modified with CTAB Cu2+ 216 6 0.22 40 [115]

Fly ash/slag-based geopolymers Cs+ 114.16 8.98 0.267 15.24 [117]

Metakaolin geopolymer (MKG) Zn2+ – – – 74.53 [117]

Metakaolin-based geopolymer Zn2+ 39.24 – – 74.53 [118]

Ni2+ 42.61

Geopolymer/Alginate hybrid Cu2+ – – – 60.8 [120]

Metakaolin-clinoptilolite zeolite-based geopolymer (MK75) Pb2+ – – – 261.2 [122]

Geopolymer microspheres Pb2+ 100.99 7 – 629.21 [123]

Rice husk/metakaolin-based geopolymer Cs+ – – – 50.8 [126]

Metakaolin geopolymer spheres Cu2+ 53.95 5.38 0.061 52.63 [129]

Metakaolin geopolymers NH4
+ 22.4 30.97 0.173 21.07 [130]

Metakaolin geopolymer NH4
+ 19.3 30.3 0.147 19.7 [131]

Acid-treated fly ash Cu2+ – – – 207.3 [132]

Multiwalled carbon nanotubes Cu2+ – – – 50.3 [133]

Activated carbon Cu2+ – – – 43.47 [134]

Composite Chitosan Ni2+ – – – 78.10 [135]

Orange peel Ni2+ – – – 62.89 [136]

Natural Bentonite Ni2+ – – – 50.00 [137]

Na–P Zeolite NH4
+ – – – 73.8 [138]

Zeolite X NH4
+ – – – 24.30 [139]

Natural Bentonite Zn2+ – – – 52.91 [140]

Acid-treated coconut shell activated carbon Zn2+ – – – 45.14 [141]

Geopolymer microspheres Pb2+ – – – 629.21 [142]

Sepiolite Pb2+ – – – 185.2 [143]

Algae marine, non-living biomass Pb2+ – – – 126.5 [144]

Montmorillonite-prussian blue hybrid Cs+ – – – 57.47 [145]

Surface-modified sewage sludge molten slag Cs+ – – – 52.36 [146]

Concn. nitric acid-modified bamboo charcoal Cs+ – – – 45.87 [147]
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utilizing geopolymers, whereas the other models fit in 
an average manner [149].

Adsorption of heavy metal cations employing geopoly-
mers is a chemisorption or/and physisorption, sponta-
neous, endothermic, and entropy driven process. The 
variation of ΔG° with increase in temperature determines 
the temperature effect on adsorption process [82].

6.1  Adsorption isotherms
Langmuir and Freundlich adsorption isotherm models 
are used to optimize and evaluate adsorption behavioural 
processes and circumstances.

• The Langmuir model predicts the presence of 
homogeneous adsorption sites and the formation of 
monolayers devoid of any interactions between the 
adsorbed substances on their own heavy metal cati-
ons. [149]. The relative parameters of this model are 
calculated using the following equation:

where Qe (mg/g) is amount adsorbed at equilibrium, 
and

 Ce (mg/l) is equilibrium concentration.
A linear plot of Ce/Qe against Ce confirms the validity 

of Langmuir isotherm model for each metal cation. The 
maximum amount of adsorption capacity, Q0 (mg/g), and 
energy of adsorption b are Langmuir constants are esti-
mated as the slope and intercept of the plots, respectively.

The dimensionless constant separation factor RL calcu-
lated from the equation given as follows:

where C0 is the ionic concentration capacity.
RL is the essential characteristics of Langmuir iso-

therm with the value in between 0 and 1 envisages the 
spontaneity of the adsorption process [114]. The dimen-
sionless separation factor RL has the following four key 
inferences. When 0 < RL < 1, it represents a favourable 

Ce/Qe = Ce/Q0 + 1/Q0b

RL = 1/ (1+ bC0)

isotherm connoting successful and efficient interaction 
between adsorbate and adsorbent. If RL > 1, it depicts 
unfavourable isotherm. When RL = 0, it embodies an irre-
versible isotherm, and finally, when RL = 1, it shows a lin-
ear isotherm.

• In the Freundlich model, adsorption occurs on a het-
erogeneous surface adsorbent with uneven distribu-
tion of active sites for adsorption [108, 149], and the 
adsorption process is described as follows: In non-
ideal adsorption processes, active sites with non-
equivalent energies and the formation of multilayers 
on the surface of the adsorbent material are charac-
teristics that can be described. [117].

The linearized form of Freundlich isotherm model is 
represented by the following equation:

where Qe (mg/g) and Ce (mg/L) stand for adsorption 
capacity of adsorbent and concentration of adsorbate, 
respectively, at equilibrium. The n and KF are Freundlich 
model constants indicative of intensity and adsorption 
capacity, respectively, where n represents the surface het-
erogeneity or magnitude of adsorption driving force. A 
plot of log Qe versus log Ce would result in a straight line 
with a slope of (1/n) and intercept of ln KF. When 1/n > 1, 
co-adsorption ensues while a normal L-type is epito-
mized when 1/n < 1 [114].

lnQe = ln KF + 1/n ln Ce

Table 4 Langmuir model adsorption isotherm parameters for 
 Cu2+ [104]

Samples Alkali activation Adsorption 
capacity
qmax (mg/g)

KL (L/mg) Langmuir (R2)

FA – 7 0.14 0.990

Na-GP NaOH 30 3.18 0.992

K-GP KOH 16 4.11 0.991

NaSil-GP NaOH +  Na2SiO3 40 0.69 0.994

KSil-GP KOH +  Na2SiO3 28 0.76 0.993

Table 5 Freundlich model adsorption isotherm parameters for 
 Cu2+ [104]

Samples Alkali activation n KF ((mg/g)
(L/mg)1/n)

Freundlich (R2)

FA – 3.03 1.73 0.867

Na-GP NaOH 4.22 16.81 0.866

K-GP KOH 6.29 9.58 0.865

NaSil-GP NaOH +  Na2SiO3 2.44 14.74 0.973

KSil-GP KOH +  Na2SiO3 3.15 11.41 0.942

Table 6 Temkin model adsorption isotherm parameters for  Cu2+ 
[104]

Samples Alkali activation BT (J/mol) AT (L/g) Temkin (R2)

FA – 1.49 0.35 0.920

Na-GP NaOH 4.71 18.66 0.921

K-GP KOH 1.75 10.29 0.892

NaSil-GP NaOH +  Na2SiO3 1.75 10.29 0.892

KSil-GP KOH +  Na2SiO3 5.1 12.57 0.975
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• Tables  4, 5 and 6 contain the isotherms and their 
fitted models, as well as the parameters that were 
derived from them [104]. R2 was found to be the 
greatest (closest to unity) correlation coefficient for 
each of the isotherms, indicating that each isotherm 
preferred the Langmuir model. The highest adsorp-
tion capabilities of the geopolymers were found to be 
in the following order: 40 mg/g (NaSil-GP) > 30 mg/g 
(Na-GP) > 28  mg/g (KSil-GP) > 16  mg/g (K-GP) and 
7 mg/g (K-GP), respectively (FA).

According to the results, the adsorption of  Cu2+ from 
wastewater on geopolymer adsorbent based on fly ash 
followed the Langmuir isotherm with a separation factor 
smaller than one, which was determined to be favourable. 
The monolayer adsorption was carried out in accordance 
with a pseudo-second-order model, with chemisorp-
tion serving as the rate-determining step. The Langmuir 
model was tested at three different temperatures (25, 35, 
and 45 °C), and at pH levels ranging from 4 to 6. The val-
ues of correlation coefficients (R2) were observed between 
0.973 and 0.994, and the highest adsorption capacity was 
152.3 mg/g (2.38 mmol/g) at pH 6 and 45 °C. The values 
of R2 for Freundlich model were between 0.944 and 0.993 
at the conditions used in Langmuir model [87].

As a result of the high fitting coefficients, both the Fre-
undlich and the Langmuir models were able to accurately 
predict the adsorption behaviour of copper ions from 
wastewater utilizing fly ash-iron ore tailing-based porous 
geopolymer. At 40  °C and pH 6, the maximum adsorp-
tion capacity and correlation coefficient values were 
0.9897 and 113.41 mg/g, respectively [85]. In this study, 
the Langmuir and Freundlich models for understanding 
cadmium adsorption behaviour on fly ash-based geo-
polymer were evaluated to see how well they performed. 
Using adsorbate starting concentrations ranging from 10 
to 120 mg/L, the Langmuir and Freundlich models were 
tested at 25  °C and pH 5. 0.970 and 0.916, respectively, 
for the Langmuir and Freundlich equations in terms of 
the correlation coefficient (R2), the findings indicated 
that Langmuir model is more accurate for the monolayer 
adsorption of cadmium on geopolymer than the Freun-
dlich model for this application. From high R2 values, 
both Langmuir and Freundlich models could describe 
the adsorption of  Cd2+ on geopolymer adsorbent parti-
cles. Adsorption capacity of geopolymer particles made 
from fly ash was 9.017 mg/g for the  Cd2+ ions, which was 
the highest value found in the study. Furthermore, n > 1 
exhibited preferential adsorption on an adsorbent [90, 
150].

Using aqueous solutions, researchers investigated the 
adsorption of lead, discovering that the greatest adsorp-
tion capacity was 6.34 mg/g. Using adsorption behaviour 

of lead from aqueous medium as a starting point, it was 
discovered that lead ions were removed at a considerable 
rate of 97.7%. For explaining the adsorption mechanism 
of  Pb2+,  Cd2+,  Cu2+, and  Ni2+ ions, the Langmuir model 
performed better than the Freundlich model, with cor-
relation coefficients above 0.960, 0.985, 0.982, and 0.927, 
respectively. It was discovered that monolayer adsorp-
tion, comprising chemisorption mechanisms and elec-
trostatic attractions, was constrained by the acquired 
findings [150].

As a result of the better fit of the Langmuir model 
obtained in majority of the studies, it can be inferred that 
heavy metal ion adsorption onto the geopolymer adsor-
bent is classified as monolayer.

6.2  Adsorption kinetics
Adsorption kinetics gives an insight to comprehend the 
adsorption rate. Models as pseudo-first order, pseudo-
second order, Elovich models and so on are examples of 
these types of models and intra-particle diffusion model 
have been used for determining the kinetics involved 
in adsorption. According to pseudo-first-order model, 
adsorption rate is directly proportional to the number of 
active adsorption sites available on the surface of adsor-
bent. This model, known as the pseudo-second-order 
model, focuses on the rate-determining phase of adsorp-
tion as well as the several kinds of chemical bonding 
between the sample adsorbate and the synthesized adsor-
bent. The linearized forms of pseudo-first-order (PFO) 
and pseudo-second-order (PSO) kinetic equations are 
given as follows:

where Qe and Qt represent metal ion adsorbed per unit 
weight of adsorbent (in mg/g) at equilibrium at time t, 
respectively, and k1 and k2 stand for PFO and PSO rate 
constants, respectively [114].

With respect to adsorption of toxic heavy metals uti-
lizing various geopolymers, the Langmuir model with 
pseudo-second-order kinetics is usually more accurate 
than other models [119, 130]. According to another 
study, nonlinear regression was used to evaluate Lager-
gren pseudo-first-order, pseudo-second-order (Ho), and 
Elovich models using nonlinear regression techniques. 
The Ho model, which was evaluated in order to explain 
the adsorption of copper from wastewater samples using 
a fly ash-based geopolymer, had the best match of all the 
kinetic models studied. It was stated that the values of 
correlation coefficients (R2) in the Ho model were greater 
than those in other models that were used to describe the 
adsorption of copper on fly ash-based geopolymer, which 
was a pseudo-second-order process [101].

ln (Qe − Qt) = ln Qe − (k1/2.303)t PFO kinetic equation

t/Qt = 1/k2.Q
2
e + (1/Qe)t PSOkinetic equation
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Sample adsorbate is immobilized onto surface of adsor-
bent, physical forces are involved in physisorption, and 
chemical bonds are involved in chemisorption. Electro-
static attraction, ion exchange, ion pairing, hydrophobic 
bonding, hydrogen bonding, and dispersion (Van der 
Waals) forces are involved in physisorption and chem-
isorption, respectively. [151]. The adsorption mechanism 
of lead (Pb(II)) is a chemisorption occurring via sharing 
of electrons between adsorbate and the adsorbent surface 
[142]. This study summarized adsorption behaviour of 
heavy metal ions using alkali-activated fly ash-based geo-
polymers. It was concluded that experimental findings 
fitted best in the pseudo-second-order model because its 
R2 values were closer to unity in comparison to pseudo-
first-order model. So, adsorption followed the pseudo-
second-order model in which the chemisorption is the 
key driven force (Table 7) [104].

6.3  Adsorption thermodynamics
Thermodynamic functions like enthalpy or heat of 
adsorption (ΔH°), Gibbs free energy of adsorption (ΔG°), 
and standard entropy changes (ΔS°) describe about 
adsorption and disorderness or randomness of the sys-
tem at liquid–solid interface and are calculated using the 
following equations:

where Kc is the thermodynamic equilibrium constant, ΔG 
is the Gibbs free energy change, ΔS is the entropy change 
(J/mol), ΔH is the enthalpy change (J/mol), R is the uni-
versal gas constant (8.314 J/mol K) and T is the absolute 
temperature in Kelvin (K). The slope and intercept of the 
plot of ln KC versus 1/T give ΔH° and ΔS° [114].

The positive (+ ve) and negative (−  ve) values of ΔG° 
showed about the spontaneity and nonspontaneity of the 

(a)Kc = C0 − Ce/Ce

(b)�G
◦

= −RT lnKc

(c)
lnKc = −�G

◦

/RT

lnKc = �S
◦

/R− �H
◦

/RT

adsorption reaction. The enthalpy (ΔH°) values, less than 
and greater than 21 kJ/mol, describes physisorption and 
chemisorption [105]. The entropy (ΔS°) values with plus 
sign are indicative of increase in disorder at the inter-
face during adsorption. Thermodynamic functions are 
determined by using three constants such as partition 
constant, distribution constant, and isotherm constant. 
The positive values of ΔH° and ΔS° indicate adsorption 
as endothermic and irreversible [114, 152]. As a result, 
heavy metal adsorption on geopolymers is found to be 
chemisorption or physisorption, spontaneous, endo-
thermic, and entropy driven process. The varying ΔG° 
values with increasing temperature are a deciding fac-
tor for optimization of adsorption rate in heavy metal 
remediation.

The ΔG°, ΔH° and ΔS° values for adsorption of lead 
ions on porous geopolymer microspheres at 25  °C were 
found to be − 20.138 kJ/mol, 23.86 kJ/mol K, 0.15  J/mol 
[142]. The ΔH° and ΔS° values for copper adsorption 
were found to be positive while ΔG° values decreased 
with an increase in temperature, which suggested endo-
thermic behaviour of adsorption. The negative values 
of ΔG° at different temperatures attributed spontaneity 
to the adsorption. The ΔS° positive values indicated the 
increased disorderness of the system because adsorption 
of copper ions on the surface of geopolymer led to the 
separation of hydrated water molecules prior they bind to 
the adsorbent surface thereby increased randomness of 
the system (ΔG° −  23.09 kJ/mol, ΔH° 39.49 kJ/mol, ΔS° 
196.78 J/mol K, R2 0.984 at pH 6 and 45 °C) [87].

The values observed for thermodynamic parameters 
and correlation coefficient were ΔG° −  26.70  kJ/mol, 
ΔH° 40.38  kJ/mol, ΔS° 205.92  J/mol  K, R2 0.9823 at pH 
6 and 45  °C for copper adsorption from wastewater on 
fly ash-iron ore tailing-based geopolymers. The copper 
adsorption on alkali-activated geopolymers was endo-
thermic in nature assigned to positive values of standard 
enthalpy. The positive values of standard entropy indicate 
the rising disorderness on solid–liquid interface and all 
geopolymers displayed negative values of ΔG° affirming 
spontaneous adsorption of copper ions (Table 8) [104].

Table 7 Parameters of  Cu2+ adsorption kinetics [104]

Samples Pseudo‑first order Pseudo‑second order

qe (mg/g) k1 (per min) R2 qe (mg/g) k2 (g/mg/min) R2

FA 8.31 0.35 0.952 8.49 0.07 0.994

Na-GP 29.95 0.23 0.930 32.39 0.01 0.990

K-GP 23.97 0.07 0.960 27.29 0.03 0.995

NaSil-GP 34.33 0.55 0.911 35.96 0.03 0.991

KSil-GP 27.67 0.32 0.959 29.5 0.02 0.992
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In accordance with the review of literature available, 
it may be stated that Langmuir’s isotherm models and 
Freundlich’s isotherm models better represented the 
sorption process, signalling monolayer and multilayer 
sorptions. Both exothermic and endothermic processes 
showed the nature of the thermodynamic process dur-
ing sorption, and the pseudo-second-order (PSO) model 
offered the best suited way of explaining the kinetic 
process.

7  Factors affecting adsorption process of heavy 
metals using fly ash‑based adsorbents

Adsorption process is influenced by some factors 
such as pH, adsorbent dosage, temperature, contact 
time, IConc, amount of volume treated, particle size, 
adsorption system type, and co-existing ions, and the 
physico-chemical characteristics of absorbent (like 
chemical, biochemical, and functionality. These param-
eters greatly affect the performance of adsorbents while 
removing heavy metal ions.

According to Darmayanti et  al. [104], pH of a solu-
tion has an effect on the surface charge of the solution, 
the degree of ionization, and the adsorbate species pre-
sent in solution. The majority of the metal adsorbed 

increases with rising pH of the solution until a certain 
point, beyond which it decreases if the pH of the solu-
tion is increased further. When it comes to pH, the 
equation may be expressed as:

where  [A−] and [AH] indicate the concentration of 
deprotonated and protonated surface groups, and the 
equilibrium constants matched those of the carbonyl 
groups, respectively.

The findings indicated that the adsorption efficiency 
improves from 4.9 to 93.5% when the pH is changed 
from 1 to 5, but decreases when the pH is increased to 6. 
Therefore, pH 5 is denoted as a charge with no positive 
or negative ions (Table  9) [85]. In general, it is believed 
that geopolymer FA is efficient across a broad pH range, 
which may be attributed mostly to the porous nature of 
the material, as previously stated. Excess positive  H3O+ 
species are accessible in the solution at low alkalinity (low 
pH values), and these positive  H3O+ species compete 
with heavy metal positive ions for available adsorption 
sites on the surface of porous geopolymer. A decrease 
in  H3O+ availability occurs as a result of increasing pH, 

pH = pka− log
[

A−
]

/[HA]

Table 8 Parameters of  Cu2+ adsorption thermodynamics [104]

Samples Alkali activation Temperature T (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol K)

FA – 298  − 32.00 6.18 128.11

313  − 34.51

333  − 36.49

Na-GP NaOH 298  − 39.38 8.12 159.39

313  − 42.57

333  − 44.96

K-GP KOH 298  − 37.31 8.05 152.20

313  − 40.35

333  − 42.63

NaSil-GP NaOH +  Na2SiO3 298  − 36.57 9.97 156.15

313  − 39.69

333  − 42.03

KSil-GP KOH +  Na2SiO3 298  − 36.37 8.16 149.42

313  − 39.36

333  − 41.60

Table 9 Langmuir model parameters at varied temperatures and pH [85]

T (°C) pH 4 pH 5 pH 6

qm (mg/g) KL (L/mg) R2 qm (mg/g) KL (L/mg) R2 qm (mg/g) KL (L/mg) R2

20 63.36 0.058 0.9882 69.11 0.049 0.9859 81.55 0.60 0.9936

30 65.80 0.066 0.9850 83.31 0.055 0.9915 93.50 0.069 0.9950

40 79.31 0.064 0.9793 100.82 0.069 0.9890 113.41 0.073 0.9897
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which allows heavier metal ions to more readily reach 
heavy metal adsorbents [104].

From different reported researches, it is ascertained 
that the solution of pH has a noticeable impact on heavy 
metal adsorption on various adsorbents along with geo-
polymers. Within specific pH range, adsorption of heavy 
metals upsurges with increasing pH values up to a opti-
mum mark but after then adsorption efficiency reduces 
with a further rise in pH value. Hence, pH effect could 
also be defined in terms of pH at point of zero (nil) 
charge, at which charge on the surface of the adsorbent is 
at nil charge [118].

Kara et  al. [113] investigated the influence of pH on 
geopolymer metal adsorption capability. The adsorption 
yield of Mn(II) and Co(II) ions onto geopolymer rose fast 
when the pH value increased from 2.0 to 3.0. The adsor-
bent’s metal adsorption performance did not alter much 
after that. This finding suggested that pH might have a 
significant impact on the adsorption of Mn(II) and Co(II) 
ions onto geopolymer. The zeta potentials at different 
pHs aids in demonstrating the effect of pH on geopoly-
mer adsorption ability. Due to high amounts of  H+ ions, 
the geopolymer surface was positive at low pH. The posi-
tive feature of geopolymer became neutral or negative 
when the pH value was increased. Then, the positive sur-
face diminished electrostatic interactions with metal cati-
ons. The repulsive interactions between the geopolymer 
surface and metal cations enhanced the adsorption yield 
of geopolymer as pH rose.

The isoelectric point (IEP) of metakaolin-based geo-
polymer adsorbent is the solution pH at which the overall 
surface charge on geopolymer adsorbent is zero and ana-
lyzed by measuring zeta potentials of metakaolin-based 
geopolymer at varied pH values of aqueous suspension. 
IEP of metakaolin-based geopolymer was observed < pH 
2.0. Above pH values of IEP, the geopolymer surface is 
negatively charged and thus it electrostatically interacts 
with metal cations. It was also indicated that “all of the 
surface charge of metakaolin-based geopolymer in both 
metal ion solutions was more negative than surface 
charges measured in aqueous medium at the investi-
gated pH interval. On the other hand, more negative zeta 
potentials for metakaolin-based geopolymer were meas-
ured in Mn(II) ion solution. This finding could also be an 
explanation for slightly higher adsorption yield of Mn(II) 
ions than Co(II) ions” [113, 118].

Investigations on intra-particle diffusion have dem-
onstrated that particle dimension of adsorbents appar-
ently influences the degree of adsorption especially for 
heavy metal cations. Reduction in particle size results 
in increasing surface area and finally a rise in adsorp-
tion possibilities at external surface of the adsorbents. 
There is also an opportunity for intra-particle diffusion 

from the external surface of adsorbent into the pores 
of substance. The adsorption capacity depends on the 
available specific surface area for the solute interaction 
of the surface. Many studies have demonstrated that 
adsorption capacity enhances with a larger surface area. 
Though conversely, minor particle size upsurges the 
adsorption capacity. Darmayanti et al. [104] optimized 
the effect of adsorbent dose on  Cu2+ ions removal and 
concluded that adsorption efficiency increased from 
24.90 to 93.90% for the first FAG and 29.30 to 56.70% 
for second FAG upon elevating the adsorbent dose 
amounts from 1.00 to 10.00  g/L, respectively. The 
upsurge was attributed to the rise in surface area and 
the accessible adsorption sites of FAG. With increas-
ing adsorbent dose, the accessible locations for binding 
copper  (Cu2+) ions increase and hence the adsorption 
efficiency improves.

Onutai and his associates studied the effect of con-
tact time on  Cd2+ adsorption and observed that adsorp-
tion was increased with a rise in contact time from 0 to 
200 min (76.33% in 120 min) [90, 150].

For a given initial concentration of adsorbate compo-
nents, geopolymer dose is an important factor because 
it decides adsorbent capacity to uptake adsorbate. When 
geopolymer dose was increased from 0.02 to 0.14  g, a 
notable increase in removal efficiency was observed from 
33.51 to 84.4%. Increase in dose of geopolymer adsor-
bent rendered more surface area and adsorption sites 
for adsorption of  Cd2+ ions, resulted in more adsorption 
capacity [90, 150].

After increasing initial concentration from 10 to 
120  mg/L, higher removal efficiency was seen (70%) 
at < 20 mg/L or ppm due to sufficient available pores and 
space to adsorb  Cd2+ ions in solution. When the initial 
concentration of adsorbate increases, inadequate avail-
ability of binding sites indicates the achievement of satu-
ration level of adsorbent for no more adsorption of heavy 
metals. Thus, there are still ions which remained in the 
solution and unable to adsorb onto the surface of adsor-
bent [90, 150].

When pH value was increased from 1 to 5, the adsorp-
tion efficiency increased from 0 to 76.33%. The excess of 
positive  H3O+ ions in the solution at low pH values could 
competition with cadmium ions on available geopolymer 
surface. Therefore, the adsorption capacity had the low-
est value at pH 1–2, but a significant height in adsorption 
capacity was observed at pH 3–5. Temperature was also 
found to be having the relevant effect on adsorption of 
heavy metals using geopolymers. The removal per cent of 
 Cd2+ ions was noted as 76.33, 80.69, and 82.85% at 25, 35 
and 45 °C, respectively. At high temperature, the vapori-
zation of water occurred with improved micro-cavities 
geopolymer sample hence increased adsorption capacity. 
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It can be further explained with the help of adsorption 
thermodynamics. When temperature increases, the ther-
modynamic parameters, enthalpy (ΔH°) and entropy 
(ΔS°) are + ve while ΔG° is − ve. This implies that endo-
thermic sorption process occurred and is favourable at 
higher temperature [90, 150].

It was also found that powdered porous geopolymer 
exhibited a much higher removal efficiency (90.7%) in 
comparison to powdered conventional geopolymer. It 
might be attributed to higher porousness of porous geo-
polymer resulting in more available binding sites.

Pb2+was adsorbed the most, among other heavy metal 
cations like cadmium (4.26  Å, −  429.8  kcal/mol), cop-
per (4.19  Å, −  496.9  kcal/mol), and chromium (4.61  Å, 
−  1005.5  kcal/mol). This could be attributed to the 
smaller radii (4.01 Å) and higher free energy of hydration 
(− 357.2 kcal/mol) of  Pb2+. Larger the radius of hydrated 
metal ion, higher the free energy of hydration, and thus 
more difficulty for the metal cations to be adsorbed, and 
vice versa.

The binding force of the adsorbate and adsorbent dur-
ing the adsorption process of heavy metal cations using 
FA-based adsorbent or other adsorbents is affected by 
the co-existing ions/ionic strength of a solution. The co-
existing ions affect the potential and width of the inter-
face of the dual-layer round the adsorbent. The removal 
effectiveness of heavy metal cations is degraded signifi-
cantly with persisting co-existing positively charged ions. 
Therefore, it is necessary to target particular heavy metal 
cation for its selective removal efficiently.

It is concluded from different studies that the removal 
efficiency increased with a rise in geopolymer dosage, 
pH, contact time, temperature and a decrease in  Cd2+ 
initial concentration and co-existing ions.

8  Fly ash toxicity and heavy metals leaching in its 
remediation

Fly ash is a hazardous waste product that is generated 
as a by-product of coal combustion in power plants. It 
has capability to adsorb heavy metal ions, and it is cur-
rently being investigated for this purpose. The adsorption 
ability of fly ash to adsorb  Pb2+,  Cu2+, and  Zn2+ from 
wastewater is depending on the varied circumstances 
of contact duration, pH, and temperature used. It has 
been discovered that the absorption of metal ions by fly 
ash increases with increasing pH [153]. According to the 
findings, the effluent from wastewater treatment plants 
that was treated with fly ash had lower heavy metal con-
tents than the control effluent. It was observed that fly 
ash treatment may reduce metal concentrations by up to 
60%, therefore lowering the toxicity of the effluent and 
reducing the amount of pollution. When coal is burned, 
fly ash is produced as a waste product [154]. However, it 

has been proven to be beneficial in the removal of metals 
from wastewater.

8.1  Heavy metal leaching in fly ash
Fly ash contains heavy metals such as As, B, Cd, Cr, Co, 
Mo, Hg, Se, Mn, Ni, Pb, V and Zn, contained in either 
free-form, surface-linked or complexion-shaped alu-
minosilicate matrix. Elements have a lower leaching 
potential than those of surfactant particles [155]. Metal 
leaching is impacted by pH, leachant type, mixing cir-
cumstances, leachage length, temperature and particle 
size distribution in presence of aqueous medium [156]. 
It is also thought that significant elements like Ca, K, 
Mg, Al are more acidic than Ba, Cd, Co, Cr, Cu, Fe, Na, 
Mn, Mo, Pb, Th, Ni, U, V, and Zn [157]. The release of 
cationic species relies on the quantity of Ca. The higher 
the calcium content, the more acid and the time period 
for the release of metals will be necessary. Cationic spe-
cies release relies on the quantity of Ca concentration. 
The higher the calcium content the more acid is needed 
and the longer it takes to liberate metals [158]. The main 
components of fly ash in nature have been Ca, Mg, Si, P, 
Al, Fe, Ti, Na and K. Ca and P have been shown to have 
more leaching capacity, whereas K, Fe, to produce insolu-
ble stable oxides, has been less leaching [159].

8.2  Heavy metal leaching with fly ash geopolymeric 
adsorbents

Fly ash that has been submerged in water for an extended 
period of time contains partially seeped agglomerated 
grains with a bimodal size distribution, according to the 
findings. For 30  min, grinding of pond ash, an alkaline 
activation of this material results in the formation of a 
geopolymer-type binder with high compression strength. 
In addition to the enhanced reactivity of the finer parti-
cles in milled pond ash, there has been an increase in the 
content and density of the resulting geopolymer binder, 
which has resulted in increased compression strength. 
In leaching studies, it has been shown that the presence 
of hazardous elements (As, Cr, Pb and Cr, and Sr) in the 
original pond ash does not result in the release of harm-
ful heavy metals from the product under consideration. A 
further benefit of the combination of grinding and alkali 
treatment is that it prevents the discharge of dangerous 
heavy metals from the product, making it appropriate for 
use in building applications [160].

9  Regeneration and desorption/recovery studies
From an economic and environmental standpoint, regen-
eration is a critical feature of adsorption. It truly answers 
a variety of queries and concerns about what happens to 
the adsorbent after adsorption so that the results are not 
thrown out because the adsorbent may contain harmful 
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adsorbates. One of the issues involved with adsorp-
tion techniques is adsorbent disposal. Regeneration can 
lessen the requirement for new adsorbent while also 
alleviating the problem of adsorbent waste. Around the 
world, say, over 500 million tonnes of fly ash are released 
each year. Approx. 20% of total discharged fly ash, used 
as building materials, because fly ash possesses a poz-
zolanic property after lime-reaction. In the manufac-
turing of Portland cement concrete, fly ash serves as a 
supplementary cementitious material (SCM). Since, fly 
ash comprises fine structure and hazardous ingredients, 
therefore it  is  usually disposed in landfills, which may 
further  pose  serious threats to  different ecosystems. Fly 
ash disposal is a global issue that has shifted to the top of 
the priority list. Fly ash received after its usage in efflu-
ent treatment plant is usually rich in organic content. Fly 
ash is presently easy to dispose of in slurry form in fly 
ash ponds. The increase in organic components in sur-
face and groundwater is the most serious environmental 
issue caused by fly ash dumping, discharge, and disposal. 
Unless fly ash ponds are properly sealed, fly ashes pre-
cipitated from the air via rain tend to find their way into 
surface waters. However, regeneration efficiency depends 
upon solubility of adsorbed constituents and pressure 
impact on carbon’s chemical structure. Additionally, the 
procedure becomes quite costly because of the substan-
tial investment in high-pressure equipment. As a result 
of these significant limitations, a variety of regeneration 
strategies are currently being researched. Some of these 
procedures can be used in  situ and have the benefit of 
oxidizing organic pollutants in the anode while also 
allowing the active adsorbing site of drained activated 
carbon to be recovered. Several authors have agreed that 
increasing the regeneration time and usage of current led 
to increase in regeneration efficiency [161].

Recently, researchers are focusing on improving fly ash 
efficiency to boost its adsorption rate through appropri-
ate modification and regeneration procedures. The use 
of inexpensive, effective, and widely available fly ash as 
adsorbents can replace the usage of commercially sup-
plied activated carbon for the removal of contaminants. 
More research is needed to better understand the pro-
cess and mechanics of using low-cost adsorbent mate-
rials in order to effectively demonstrate the technology. 
The disposal of pollutant-laden industrial waste material 
is once again a major issue. If this is not executed prop-
erly, a major question such as what happens to the ash 
after adsorption would arise, rendering the entire study 
worthless because, it contains hazardous adsorbates, and 
it may worsen the situation more. The polluted ash can 
still be utilized in cement or concrete manufacture, brick 
manufacturing, and as a filler in road construction or 
for other reasons; a worthwhile valorization. As a result, 

more concrete study on the different ways for ensuring 
environmentally friendly, safe disposal and optimization 
of used up adsorbent portion of pollutant laden adsor-
bents should be undertaken. According to reviewed lit-
erature, the adsorption method is regarded as an effective 
treatment for removing emerging pollutants from water. 
It facilitates higher percentage removal efficiency. Being a 
physical method in nature, it does not produce by-prod-
ucts that might be more hazardous than the parent ones. 
The adsorption process, of course, is part of an integrated 
treatment system that takes into account a variety of 
parameters such as space availability for treatment facili-
ties, waste disposal restrictions, required water quality, 
and capital and operational expenses. Fly ash activated 
carbons are prepared using industrial solid wastes. This 
is a sustainable renewable approach for adsorption of 
harmful contaminants and is of immense significance 
for pollution abatement and environmental management 
[161].

Adsorption is the process of removing metal ions from 
solid surfaces. Adhesion forces are formed between 
metal ions and mesopores for evident adsorption pro-
cess. Mesoporous surfaces are also necessary for desorp-
tion processes that affect the adsorbents’ regeneration 
and reusability. Simple cleaning through washing, steam 
washing, chemical treatment, or heat treatment is fre-
quently used to accomplish this process. As the geopol-
ymer dose, contact duration, and temperature rise, the 
removal efficiency improves. This means that the geo-
polymer’s adsorption active sites do not get saturated 
immediately, and a steady rise in metal ion transfer onto 
the geopolymer’s surface is seen until the equilibrium 
position is reached. This is owing to the geopolymers’ 
high density of adsorptive sites. As a result, this reveals 
that geopolymers may be used as a wastewater purifier 
in bed filter systems (heavy metal getters) for real-world 
applications.

The majority of heavy metal cations have been consid-
erably desorbed in acidic solutions such as HCl,  H2SO4, 
and  HNO3 as stripping agents, implying that FA-based 
adsorbents may be successfully regenerated, rejuvenated, 
and further re-used, according to the reviewed desorp-
tion experiments. As current literature suggests that fly 
ash-based adsorbents for heavy metals may be success-
fully regenerated and re-used, thus more research and 
development in this area is recommended to be encour-
aged and enhanced [162].

10  Future prospects
Geopolymers are performing excellent role in heavy 
metal remediation from contaminated solutions. Geo-
polymers may be prepared as per the requirements of 
the specific applications using a variety of precursors 
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and development conditions. Different physico-chemical 
modifications need more investigations for the proper 
use of the geopolymerized materials in treatment of real 
wastewaters with multi-component systems for unin-
terrupted operations on commercial scale. The perfor-
mances of geopolymers should be optimized with the 
enhancement in adsorption capacities and adsorption 
rate. Furthermore, research on various aspects of the 
effects of geopolymers on human exposure must be car-
ried out. Geopolymers are most suited for heavy metal 
removal from wastewater samples due to constituents 
of geopolymers bearing negative charge. Some more 
adsorbates such as anionic-based pollutants, pharmaceu-
ticals, agricultural pollutants, dyes, pigments, radionu-
clides, phenolic substances and micro-pollutants should 
also be tested and analysed on geopolymers. Further 
investigations on the probable aluminosilicate sources 
can also be done for the bulk synthesis of geopolymers.

Hybrid, advanced, and composite geopolymers in asso-
ciation with nanomaterials should also be developed 
for better removal of impurities from polluted water. 
Recently, geopolymers have been used in batch experi-
ments with one component on laboratory scales. Appro-
priation for treating the multicontaminants needs to be 
addressed and this upcoming work will not only empha-
sis on suitability but also the selectivity of contaminants 
for particular type of geopolymeric adsorbent. In the 
future, these investigations will assist in validating the 
findings on industrial wastewaters and will progress to a 
continuous process dealing with systems including single 
and multiple components. In addition, a comprehensive 
assessment and analysis of waste geopolymers contain-
ing aluminosilicate minerals should be conducted, and 
a comprehensive strategic plan should be developed to 
ensure that these materials are re-used, reduced, recy-
cled, and disposed of in a productive and efficient man-
ner. The available studies containing relevant analysis 
of fly ash-based geopolymers employed for heavy metal 
removal are very few, so this area needs to be explored 
with single or combination of toxic heavy metals present 
in aqueous solutions.

11  Conclusions
The significant amounts of aluminosilicate present in 
different types of materials would serve as a source to 
produce useful valuable products for various industries. 
Recent developments in replacing or incorporating con-
crete and substrates with geopolymers have paved a way 
to use them for removal of lethal and toxic pollutants 
from environmental surroundings. Current global sce-
nario demands reduce, re-use and recycling of waste or 
by-products, and in this context, geopolymers are con-
sidered to be the next revolutionary engineering material. 

The efficiency, stability, mechanical strength, environ-
mental friendliness, and inexpensiveness have drawn the 
curiosity of the environmentalists towards the explora-
tion of geopolymers as adsorbents in water treatment 
processes. Geopolymers exhibited its potential, compati-
bility and good performances in heavy metal remediation 
processes. Specific parameters such as amorphousness, 
surface area, surface texture, porosity, orientation, dis-
persion, durability, surface pH, chemistry involved in 
chemical modification, immobilization of pollutants, cost 
efficiency, eco-friendly preparations and treatments must 
be tailored to harness the full potential of advantages of 
geopolymers. This article throws light on possible uti-
lization of geopolymers for heavy metal removal from 
aqueous solutions. Several findings of different research-
ers showed that alkali-activated geopolymers work effec-
tively in heavy metal removal like other adsorbents used 
in previous researches performed due to being amor-
phous in nature and porous structure. They can be exten-
sively studied for the removal of other contaminants also. 
Geopolymers require improvement in adsorption rates 
being examined on industrial effluents containing multi-
components system for continuous operations. Finally, 
it is concluded that fly ash-based geopolymers offer an 
adequate economical method which proposes a solution 
for accumulated mountains of fly ash solid waste material 
and depollution of environmental dimensions.
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