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Metakaolin is a commonly used aluminosilicate material for the synthesis of geopolymer
based adsorbent. However, it presents characteristics that restrict its uses such as weak
rheological properties brought on by the plate-like structure, processing challenges, high
water demand and quick hydration reaction. Industrial waste, on the other hand, contains
a variety of components and is a potential source of aluminosilicate material. Geopolymer
adsorbent synthesized by utilizing industrial waste contains a wide range of elements that
offer better ion-exchangeability and increase active sites on the surface of geopolymer.
However, limited studies focused on the synthesized of geopolymer based adsorbent by
utilizing industrial waste for heavy metal adsorption in wastewater treatment. Therefore,
this paper reviews on the raw materials used in the synthesis of geopolymer for waste-
water treatment. This would help in the development of low cost geopolymer based
adsorbent that has a great potential for heavy metal adsorption, which could deliver double
benefit in both waste management and wastewater treatment.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The rapid industrialization and urbanization in recent de-
cades affect the quality and quantity of water supplies.
Particularly, the uncontrolled discharge of untreated indus-
trial wastewater causing serious environmental damages
including heavy metal pollution. Heavy metal ion refer to the
metallic element that has atomic weight in the range between
63.5 g/mol and 200.6 g/mol and specific gravity of more than
5.0 g/cm? [1-4]. According to the United States Environmental
Protection Agency (US EPA), the most toxic heavy metal in-
cludes arsenic (As), copper (Cu), mercury (Hg), nickel (Ni),
cadmium (Cd), lead (Pb) and chromium (Cr) [5,6]. Industrial
processes like metal plating, fertilizer manufacture, petro-
chemical, paper making, and mining operations have signifi-
cantly increased the mobilization of the heavy metals [3]. A
serious threat is posed to plant, animal, and human life due to
the non-biodegradable, bioaccumulation and toxicity proper-
ties of heavy metals even at low concentration [4,7—9]. Serious
hazard such as cancers, cardiovascular, brain tumor, nerve
damage problems are brought on by heavy metal ions after
entering into human bodies. Therefore, decontamination of
heavy metals from aqueous solution is crucial to protect
public health and the environment.

A number of techniques have been available to remove
heavy metal ions from wastewater prior to being released into
the environment. Elimination of heavy metals can be ach-
ieved through various methods including membrane filtra-
tion, ion exchange, chemical precipitation, electrocoagulation
and adsorption [1,3,10,11]. Sludge generation, maintenance,
equipment cost, energy consumption, low efficiency, and time
consuming methods are all disadvantages of most of the

techniques mentioned [10,12,13]. By contrast, adsorption is
regarded as the most effective physicochemical technique for
heavy metal removal because of its ease of handling, low
capital cost, high efficiency, and suitability for both batch and
continuous processes [1,14,15]. The examples of adsorbents
are activated carbon (AC), biochar (BC), clay mineral, chitosan,
lignin, and geopolymer [16—18].

Among various type of adsorbents, geopolymer has gained
great interest among researchers due to its excellent immo-
bilization effect. Geopolymer is an inorganic polymer with a
three-dimensional (3D) polymeric structure and pores formed
by the condensation of aluminosilicate mineral powder being
added into an alkali solution at temperatures below 100 °C,
which was invented by Joseph Davidovits in 1970 [19-21].
Similar zeolite structure of geopolymer provides excellent
adsorbent properties, which can aid in heavy metal removal
from wastewater. Geopolymer has similar properties to
zeolite and has a high capacity for cation exchange and a
strong affinity for cationic heavy metals with the presence of
Al in the geopolymer matrix [19,22,23]. In addition, geo-
polymer can be synthesized by using geological origin such as
kaolin, metakaolin and dolomite and industrial waste such as
slag, fly ash (FA) and sludge as an aluminosilicate precursor.

Metakaolin (MK) is a commonly used aluminosilicate ma-
terial for the synthesis of geopolymer based adsorbent as it
offers unique adsorption properties such as different struc-
tural selectivity, optimal sorption capacity and cation
exchangeability for various metal cations, which can be used
to optimize the process design of wastewater treatment [24].
However, it presents characteristics that restrict its uses such
as weak rheological properties brought on by the plate-like
structure, processing challenges, increased cost, high water
demand, quick hydration reactions, and high heat gain in the
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Fig. 1 — Graphical illustration of geopolymer synthesis for heavy metal adsorption.


https://doi.org/10.1016/j.jmrt.2022.11.100
https://doi.org/10.1016/j.jmrt.2022.11.100

128 JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;22:126-156

Table 1 — Toxic heavy metals in industrial wastewater [10].

Heavy Manufacturing industries Toxicity to human health Maximum

metals contaminant level
(mg/L)

Cu Electrical, plating, rayon Gastrointestinal, liver or kidney damage 0.25000

Ni Electroplating, steel Dermatitis, nausea, chronic asthma, coughing, human 0.20000

carcinogen
Hg Chlor-alkali, chemical, scientific instruments Causes damage to nervous system, kidney and vision 0.00003
As Phosphate fertilizer, metal hardening, paints Causes damage to skin, eyes and liver 0.05000
and textile

cd Electroplating, phosphate fertilizer, pigments Kidney damage, carcinogenic 0.01000

Pb Battery, paints Kidney problems and diminished neuronal development 0.00600

Cr Metal plating, tanning, rubber, photographic Allergic, dermatitis, diarrhea, nausea and vomiting 0.05000

initial phases [25]. On the other hand, MK as an industrial
waste is a potential aluminosilicate material as it contained a
wide range of components contributed to improved adsorp-
tion efficiency of geopolymer adsorbent depending on the
processing and raw material properties [26,27]. The presence
of metal oxide and inorganic salts in the industrial waste
increased the active sites on the surface of geopolymer and
offer combined contribution of cation exchange, ion precipi-
tation and ion complexation with heavy metal [27—29]. How-
ever, limited number of studies focused synthesized of
industrial waste based geopolymer adsorbent for heavy metal
adsorption in the wastewater treatment. Thus, this paper re-
views the diverse material used for serving wastewater
treatment as illustrated in Fig. 1. Additionally, this paper re-
views the mechanisms involved in the heavy metal adsorp-
tion and also studies the important parameters such as
concentration of alkaline activator, alkaline activator ratio,
solid-to-liquid ratio and curing temperature on the geo-
polymerization process. Besides, the environmental ap-
proaches to modify the physical properties of geopolymer
adsorbents is also provided in this work. Hence, this review
would guide in clean production of cost-effective adsorbent,
which could provide double benefit in waste management and
wastewater treatment.

most toxic heavy metal includes As, Cu, Hg, Ni, Cd, Pb and Cr
[5,6,37]. These ions do not disintegrate naturally due to the
inorganic structure, and are thus stable in the environment,
posing a risk of accumulating as hazardous and carcinogenic
substances in living organisms through the food cycle [38,39].
Therefore, these heavy metal ions need to be removed from
the wastewater prior to being disposed into the ecosystem.
There are several existing methods for removing heavy metals
from wastewater that have been used in the past.

The existing methods for heavy metal removal include
membrane separation, electrocoagulation, adsorption,
chemical precipitation, biological treatment and ion exchange
[10-12,40,41]. Some techniques are extremely effective at
removing heavy metal ions, but these techniques do not
appear to be feasible in industrial applications due to the high
cost, high energy consumption, sludge generation, chemical
usage and low removal rate [11,12,42]. One of the most cost-
effective methods is adsorption, which has been reported to
be an effective method for heavy metal removal from waste-
water based on certain specific criteria such as cost, operation,
chemical used and sludge generation [10,11,40,42]. There are
two forms of adsorption: physisorption and chemisorption
based on the type of bonding between the adsorbent and the
adsorbate.

2. Heavy metal ion

Heavy metal ions have been extensively exploited and used in
various fields due to their excellent physicochemical and
diverse electronic properties, resulting in large number of
heavy metal ions being discharged into air, water and soil
causing serious environmental issues [30—32]. Toxic heavy
metals in industrial wastewater are as tabulated in Table 1.
Heavy metal ions can be categorized into essential ions and
non-essential ions. Essential ions such as cobalt (Co), Cr, Ni,
zinc (Zn), iron (Fe) and manganese (Mn) are also known as
trace elements and are required by the organism and micro-
nutrient to stabilize the molecules through electrostatic in-
teractions, and are involved in redox processes, used as
catalysts in enzymatic reactions, and also in maintaining the
osmotic balance [33,34]. On the other hand, non-essential ions
such as Cd, Hg and Pb have no biological responses and are
harmful to the organism even at very low concentration
[10,35,36]. As aforementioned, according to the US EPA, the

3. Types of adsorptions

The nature of the interactions between the adsorbate and the
adsorbent determines how adsorption and desorption pro-
cesses are classified, which can be categorized into two types:
chemical adsorption and physical adsorption which are also
known as chemisorption and physisorption respectively
[42—46]. These two mechanisms can be distinguished in terms
of specificity, bonding, enthalpy, surface area, molecular
layer, and temperature of the process. Chemisorption is the
attraction between the adsorbate and adsorbent caused by the
chemical reactions occurring between the adsorbate and the
adsorbent, which create covalent or ionic bonds such as the
adsorption of oxygen and hydrogen with metals to form metal
oxides hydride [44,47,48]. The types of adsorption forces and
desorption capability of an adsorbent are determined by
chemical structures, primarily functional groups [44,49,50].
While, physisorption can be determined when the relatively
weak electrostatic interactions are the main interaction
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Table 2 — Comparison between chemisorption and physisorption.

Aspects Chemisorption Physisorption
Nature Irreversible Reversible
Adsorption layer Monolayer Multilayer
Temperature High temperature Low temperature
Specificity Specific Non-specific
Force of attraction Specific forces (Ionic or covalent chemical bond) Universal weak forces (van der Waals force)
Enthalpy High enthalpy (80—240 kj/mol) Low enthalpy (20—40 kJ/mol)
Activation energy Needs high value Not needed
Example Ionic interactions Van der Waals interactions
Hydrophobicity
Hydrogen bonding

m-7 interactions

between the adsorbate and adsorbent and the accessibility of
an adsorbent for heavy metals is determined by physical
structures, specifically surface area and pore size [49,51-53].
The comparisons between chemisorption and physisorption
are tabulated in Table 2.

Chemical and physical structures of adsorbents will
aid in the adsorption process by influencing the
adsorbate—adsorbent interaction. The removal efficiency and
adsorption capacity of heavy metal ions from aqueous solu-
tion by prepared adsorbents will be evaluated by conducting
adsorption test either in batch system or fixed-bed columns
[54,55]. Various materials, such as zeolite, activated carbon,
resin, chitosan, and others, have been discovered and used for
water remediation for decades [16,17,56,57] with activated
carbon being the benchmark for adsorbent material due to its
unique adsorption capacity [17,58]. However, due to the high
cost of carbon material, low cost geopolymer adsorbent has
attracted the researcher's interest in water treatment appli-
cation as it is composed of zeolite like structure and expected
to have unique adsorption properties as well as zeolite [58,59].

4, Geopolymer

Geopolymers are a class of inorganic materials and amor-
phous 3D aluminosilicate binder materials that can be pro-
duced in the temperature range of 20—100 °C through alkaline
activation of aluminosilicates [54,60—62]. Geopolymerization
enables the production of low-cost, low dense, porous
ceramic-like inorganic self-supporting membranes and filters
with the absence of sintering [63,64]. The polymeric bonds of
geopolymers are composed of polysialates (Si—O—Al). The
sialate network structure contains tetrahedral [SiO4]*"and
[AlO4]°", sharing oxygen atoms [65,66]. During the reaction, Al
undergoes changes from an octahedral (VI) to a tetrahedral
(IV) coordination. Thus, in order to neutralize the negative
charge of the tetravalent (Al), cations of Na*, K*, Li*, Ca*"
must be present in the voids of the polysialate [65,66].
Therefore, the following empirical formula was proposed for
polysialates:

Mn[(—SiO,)z — AlO;Jn.w H,0 (1a)

Whereby M is alkali cation, n is the degree of poly-
condensation, and z is the Si/Al ratio on the basic silico-
aluminate unit of the polysialate.

Moreover, geopolymer is widely used in construction in-
dustry and also in innovative applications such as bio-
materials, catalysis, pH buffering and filtering [67—69]. A 3D
and tetrahedral structure of Si—O—Al, with negatively charged
sites is capable of attracting positively charged solutes
[59,70,71]. In addition, geopolymer should have similar prop-
erties to zeolite with to the presence of polymeric Si—O—Al
framework in geopolymer, which is comparable to that found
in zeolites. However, the main difference between the geo-
polymers structure and zeolites is that it is amorphous at
ambient temperature [72]. Apart from that, geopolymer has a
significant amount of mesoporosity with sizes ranging from
10 to 50 nm and can restrict the mobility of heavy metal ions
when entering into the framework [73,74]. Additionally, the
surface properties of adsorbents have a significant impact on
the adsorption rate and capacity [75]. Geopolymers are well
known materials which often consist of high pore volume and
large surface area [75]. FA-based geopolymer adsorbent with
surface area and pore volume of 56.0 m?/g and 0.14 cm®/g was
produced by solid fusion of FA at 550 °C for the removal of
methylene blue (MB) and crystal violet (CR) dyes [68]. Besides,
the porous geopolymer spheres made from slag and designed
to remove Pb”>" have a surface area of 100.99 m?/g. Other than
that, geopolymers are made up of cyclic molecular chains
composed of a “crystal-like” structure. Closed cage-like cavity
generated by the conjunction of ring molecules can aid in the
removal of heavy metals or other pollutants by fixing it in the
cavity [22,76,77].

In addition, the main ingredients used to produce geo-
polymers are aluminosilicate source and alkaline activator,
such as sodium hydroxide (NaOH), potassium hydroxide
(KOH), sodium silicate (Na,SiOs), and potassium silicate
(K2Si03) [78,79]. The starting ingredients for the synthesis of
geopolymers can be synthetic, natural aluminosilicate min-
erals, or industrial aluminosilicate wastes such as slags, waste
glass, FA, orrice husk ash. The raw materials and the activator
media are typically blended for 10—15 min before being put
into a mold. The geopolymer pastes are then cured at a tem-
perature between 20 and 100 °C [20,80]. The resulting material
is washed with distilled water, until the washing water has a
neutral pH, and then treated at a temperature below 100 °C in
order to prevent the precipitation of hydroxides. The pro-
duced geopolymer is then grounded and sieved to a specific
size to be used as an adsorbent material. Furthermore, during
the geopolymerization process, the mechanisms such as
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Fig. 2 — Schematic representations of geopolymer [83].

dissolution, gelation, and condensation reactions occur
simultaneously to produce geopolymer materials [81,82]. First
of all, the aluminosilicate parent mineral is broken down
through alkaline digestion and hydrolysis processes and the
formation of aluminate and silicate monomers is aided by the
dissolution [83] as expressed in Fig. 2. Then, the Al** and Si**
species are transferred into geopolymer material condense to
form a gel with relatively large networks. Finally, the growing
gel causes polycondensation processes that result in the
development of an aluminosilicate network [83].

Besides, geopolymers have a quick setting time with a high
resulting strength, excellent thermal and chemical resistance,
high thermal shock resistance, and low permeability. Other
than that, due to its low manufacturing temperature, lower
energy consumption and low CO, emissions, geopolymer
materials are considered environmentally benign [84—87].
Geopolymers have remarkable advantages such as low cost,
facile synthesis and local availability of raw materials [22,88].
The geopolymer production technique in an aqueous media
allows for custom-tailored porosity. It tends to have a porous
and open microstructure, especially when it has high alkali
content and low calcium content [89,90]. However, brittleness,
efflorescence, and excessive drying shrinkage of the hardened
geopolymer are limitations of the geopolymer [91]. The high
alkali content in the pore solution, as well as the weak binding
of Na* in the geopolymer structure, caused an increase in the
Na mobility in the pore solution, resulting in severe geo-
polymer efflorescence [89,92]. The advantages and disadvan-
tages of the synthesized geopolymer are tabulated in Table 3.

Geopolymers have been utilized successfully for the
adsorption of heavy metal ions such as Cd?*", Ni**, Pb?*, Cu?*,
and Ni?*, boron, fluoride, phosphate and radionuclide and
dyes such as MB, congo red, methyl violet and methyl orange
from wastewater [82,99,100]. Recently, Li et al. [101] used
synthesized electrolytic Mn residue-based geopolymer
adsorbent to immobilize Pb®>* and Cd?*. Besides, Zhang et al.
[102] utilized Pb, Zn slag-based geopolymer to immobilize Pb**
and Zn?". The non-bridging oxygen bonds and bridging oxy-
gen bonds that are present in the Sisources include Si—O—CH,
Si—0—Na, OH—Si—0O—Al—-OH and Si—0O-Si, while bonds that
are present in Al sources are Al-OH and OH—-Si—O—AIl-OH.

Si—OH, Al-OH, and OH—Si—0O—Al—OH are some of the ligands
that can be employed to activate the functional adsorption
groups by coordinating with heavy metals [103]. Meanwhile,
the ion exchange mechanism between heavy metal ions and
Na™ units in Si—O—Na is another possible interaction [103].
The Si—O—Si unit does not have an adsorption function, but it
serves as the adsorbent's skeleton and strengthens the geo-
polymer adsorbent. However, the mechanisms involved in the
adsorption process of heavy metals by geopolymer adsorbents
still not yet fully understood.

4.1. Adsorption mechanism on geopolymer based
adsorbent

Immobilization of heavy metals by geopolymer can be clas-
sified into two categories. The first type is heavy metal-
containing waste mixed with geopolymer precursors to pre-
vent heavy metals from leaching from the waste. The second
type involves mixing geopolymer precursors with highly
water soluble heavy metal salts to investigate the interaction
between heavy metal ions and the geopolymer framework
[86,87,94]. The preparation of highly soluble form of heavy
metal salt or real wastewater is required to conduct the

adsorption experiment for the second type. Previous

Table 3 — Advantages and disadvantages of synthesized

geopolymer.

Advantages Disadvantages

e Excess alkali metal

Low cost and a wide range of re-

sources [22,93] [89,92]
e Simple and feasible [90,94] o Efflorescence [89,92]
o Tunable properties [89,90] e Degradation of
geopolymer [89,92]
e Low carbon footprint [85,95] o Brittleness [91,96]
e Reduction in greenhouse emission e Shrinkage after rapid
[84,85] drying [64,91]

Less energy consumption [97,98]
Low permeability [45]
Resistance to acid attack [45]

o Cage-like structure [23,76]
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researchers claimed that geopolymers are effective in the
removal of heavy metals and other pollutants such as harmful
organic and inorganic leachates/effluents from industry and
landfills through ion exchange between the solution and the
adsorbent, surface complexation, or surface precipitation of
low solubility chemicals [87,94,103,104].

Ion exchange is a removal technique in which an ion
entrapped on the adsorbent surface is replaced by a similarly
charged metal ion in a solution to maintain the electro-
neutrality between solid and solution [28,105]. A study by
Blackford et al. [106] found that heavy metals are replaced
with Na™ in the geopolymer to maintain the charge balance of
the geopolymer by observing the increment in the Na*
leaching. In addition, Van Jaarsveld and Van Deventer et al.
[107] claimed that Pb>" might exchange with Na * due to its
larger ionic radius (0.119 nm) than Na™ (0.102 nm). Ion ex-
change interaction is not a single mechanism, while other
removal mechanisms, such as surface complexation and
surface precipitation occur together with this adsorption
process as shown in Fig. 3 [105]. In chemisorption, surface
complexation involves chemical interaction between heavy
metal with the functional groups on the adsorbent surface
[28,105,108]. The displacements in the peak of Fourier trans-
form infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS) spectra indicate that functional groups are
involved in the formation of complexes. In addition, surface
precipitation is another process that has been widely reported
[28,105,108]. The presence of soluble mineral components on
the adsorbent surface permits the heavy metal ions to form
insoluble metal oxides and hydroxides, resulting in surface
precipitation. On the other hand, according to Long et al. [109],
the environment for geopolymer polymerization contains a
variety of Si and O elements that can react with Pb to produce
Pb3SiOs.

Table 4 presents the summary of adsorption mechanism
on geopolymer adsorbent. In 2019, Yan et al. [97] investigated
the adsorption performance of heavy metal ions by

geopolymer incorporated gangue microspheres. Based on
FTIR results, after the integration of the gangue microsphere,
the adsorbents' surfaces were characterized by rich functional
groups, which facilitated the removal of heavy metal ions
from wastewater as expressed in Fig. 4. Even after adsorption,
this adsorbent retains a large number of functional hydroxyl
groups such as—OH, —SiOH, and —AIOH which aid in the
chemical bonding between adsorbent and heavy metal ions.
Heavy metal ions that are positively charged at pH in the
range 2—6 resulted in repulsion forces and electrostatic
attraction forces between functional groups of the adsorbents
and heavy metal ions. Besides, the optimization of porous
structure by the addition of gangue microspheres enhances
the adsorption performance of adsorbents. Nevertheless, Yan
et al. [97] study failed to discuss on the effect of different
gangue microsphere contents in the synthesis of geopolymer
and also in the adsorption performance of heavy metals.

Moreover, Yu et al. [111] developed a mesoporous geo-
polymer from MK as an aluminosilicate material and cetyl-
trimethylammonium bromide (CTAB) as an organic modifier
for the adsorption process of Cu®* and Cr®* from aqueous
solution. In a binary system, the removal efficiency and
adsorption capacity of modified geopolymer for Cr®" are
higher than in a single system. The adsorption of Cu®?" in the
binary system was reduced slightly by the actions inter-
fering ions, which encouraged the adsorption of Cr®" by the
formation of electrostatic shield against the electrostatic
repulsion forces between Cr®" cations as shown in Fig. 5.
This is because, when Cr®* aggregates around the adsorption
site, it attracts Cu?" in the solution to maintain electric
neutrality. In addition, for certain concentrations of K* or
Na* solution, the adsorbed geopolymers will undergo ion
exchange again at which K* exchange Cu®" and the initially
adsorbed ions will be desorbed. Thus, energy dispersive X-
ray spectroscopy (EDX) analysis should be conducted in this
study to identify the compositional elements in the adsorbed
geopolymer.
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Table 4 — Adsorption mechanism of geopolymer adsorbent.

Author Heavy Source materials Mechanisms Findings
metal ions
Yan et al. [97] o Cu? e Coal gangue microspheres e Physical e Porous structure of geopolymer was
o Cd*" e Chemical improved by the addition of gangue
e Zn?* o Electrostatic microspheres
o Pb%* ¢ Ion exchange e Pb”" has the highest adsorption capac-
ity compared to other metal ions
Yu et al. [111] o Cu”" e MK e Electrostatic shield o Addition of CTAB improves geopolymer
o Cr® e CTAB e Ion exchange properties
e Decrease in surface area with the addi-
tion of CTAB due to the attachment of
CTA*
Niu et al. [28] o Cs™* e MK ¢ Ion exchange e K* leaching was unaffected by the type
o ST7* e Surface complexation of MK used
o Co?* e Precipitation e Cs' removal never changed the surface
charge of geopolymer whereas Sr*" and
Co?" does
Yan et al. [104] o Pb%* e Carbon nanotube e Ion exchange e CNT addition affected the microstruc-
o Ni%* e FA o Electrostatic interaction ture, surface area and pore volume of
e Slag e Hydrolysis the geopolymer
o Flocculation e The removal efficiency of Pb** was
e Complexation greater than Ni*"
Ma et al. [112] o Pb%* e Foundry dust e Coordination e Addition of H,0, provides more
o Ni** e Ion exchange adsorption sites for heavy metal ions
o Electrostatic attractions e Adsorption capacity of Ni** by geo-
polymer hinder by Pb**
Su et al. [103] o Cd%* e Slag o Inter-particle diffusion e Dynamic adsorption has high adsorp-
e Macromolecular e Coordination tion capacity than static
dithiocarbamate e Chelation o Grafting of MDTC significantly

improved structural properties with no
phase changes

Similarly, Niu et al. [28] examined the adsorption behavior
of radionuclide cations (Cs*, Sr** and Co®") and anions (I°,
10%7, Se0s*~ and Se0,?") by two types of MK-based geo-
polymer. During the adsorption process of Cs™, the main

Fig. 4 — Adsorption mechanism of heavy metal in gangue
microspheres based geopolymer.

mechanism involved in the removal process was one-to-one
ion exchange mechanism between K' and Cs*. Whereas,
one-to-one or one-to-two ion exchange and surface
complexation mechanisms such as STOH" and CoOH" were
involved in the adsorption process of Sr’* with additional
precipitation mechanisms such as formation of cobalt blue
(CoAl,04) in Co®>". Sr** binding can be thought of as pure ion
exchange at low concentration at which one mole of Sr**
adsorption releases two moles of K*. On the other hand, at
higher concentration of Sr*>*, more ions are entrapped due to
one-to-one ion exchange and surface complexation. The
leaching of Al from the geopolymer structure is required for
the creation of cobalt blue, which could affect matrix stability.
However, geopolymer lacks the capacity to directly absorb
anions and thus further studies are required for the develop-
ment of geopolymer on anions adsorption efficiency.

Other than that, Yan et al. [104] evaluated the influence of
carbon nanotube (CNT) on the phase formation, porous
structure and adsorption mechanism of Pb®", Ni*" and MB
using spherical porous CNT-based geopolymer by employing
FA and MK as the aluminosilicate materials. Upon geo-
polymerization, the geopolymer showed amorphous peak,
which indicated that FA and MK may react with the activated
solution while addition of CNT had no impact on the geo-
polymerization process of the geopolymer matrix. CNT did not
participate in the geopolymerization reaction while the
enhancement in the surface area and porous structure
through the addition of CNT had aided in the physical
adsorption mechanism. The adsorption process is further
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Fig. 5 — Shielding effect on the repulsion force between Cr®* [111].

influenced by the cation exchange between cations in the
solution and K" and Ca”" in the geopolymer structure. The
high adsorption capacity of the geopolymer spheres was also
aided by the protonation and deprotonation of SiOH and AIOH
groups. Specifically, Pb®* has a substantially larger adsorption
capacity than Ni**, owing to differences in hydrated ion size,
free energy of hydration, and comparable atomic radii. How-
ever, in Yan et al. [104] study, the difference in the hydrated
ion size, free energy of hydration and atomic radii between
Pb*" and Ni** were not discussed in detail.

In contrast, Ma et al. [112] synthesized porous foundry dust
based geopolymer with and without the addition of hydrogen
peroxide (H,0,) to observe the adsorption capacity of Pb®* and
Ni** from aqueous solution. The adsorption capacity of both
metal ions by synthesized geopolymer with the addition of
H,0, was greater than without H,0,. In addition, the negative
charge on the surface of geopolymer due to presence of sig-
nificant amount of [A(OH),]", [SIO(OH)s] and [SiO,(OH),]* was
responsible for the electrostatic attraction between geopolymer
and metal ions. Furthermore, after adsorption, the displace-
ment of peaks corresponds to 1027 cm ™" to higher wavenumber
and 458 cm ' to lower wavenumber indicates the coordination
reaction of Si—O—Al functional group with metal ions which
changes the surface charge. Besides, a drop in the Na content at
time after adsorption demonstrates the ion exchange mecha-
nism between Na't of geopolymer and Pb** and Ni**. Never-
theless, it will be more understandable if this study could
provide a schematic diagram, which can illustrate the mecha-
nisms occurring during the adsorption of Pb** and Ni**.

In comparison, Su et al. [103] produced slag based geo-
polymer microsphere composite by grafting macromolecular
dithiocarbamate (MDTC) in it to investigate the removal effi-
ciency of Cd**. The Cd** concentration on the external surface
of geopolymer composite was greater than inside of the geo-
polymer composite, demonstrating the involvement of the
inter-particle diffusion process during adsorption. After
adsorption by geopolymer composite, the peak at 1465 cm™*
which corresponds to N-CS, was displaced at 1418 cm~™
indicating formation of strong heavy metal-ligand bond

1

between geopolymer and Cd*". Prior to MDTC grafting, the
adsorption capacity of geopolymer depends on Si and Al hy-
droxyls present in the geopolymer. After grafting of MDTC, the
Si—0-Si unit which acts as a skeleton of the adsorbent and
does not exhibit adsorption effect was converted into active
functional groups for adsorption as illustrated in Fig. 6. The
grafting of MDTC could activate the Si—O—Si unit present in
geopolymer by connecting the elements in between geo-
polymer and MDTC. However, the ion exchange mechanism
between Si—O—Na unit and Cd*" during the adsorption pro-
cess was not clearly discussed by Su et al. [103].

The wastewater can be easily treated using geopolymer as
a purifier with appropriate usage of precursors and synthetic
techniques. Many materials that are rich in silicon (Si) and
aluminum (Al) can be used in order to synthesize geopolymer.
Based on the previous studies, geopolymer can be synthesized
using raw materials which have high amount of Si and Al
compounds such as MK, FA, slag, silica fume (SF), rice husk
ash (RHA) and red mud (RD) [22,54,88,93,113]. Extending raw
material resources for geopolymer synthesis and conducting
additional research on its application in heavy metal pollution
treatment are important for energy savings, waste reduction,
resource recovery, and environmental protection [114—116].

4.2. Raw materials for geopolymer synthesis

Synthesis of geopolymer involves several steps such as prep-
aration of alkaline solution, mixing of aluminosilicate sources
with alkaline activator and curing process of prepared geo-
polymer paste as illustrated in Fig. 7 [60,117]. Therefore, the
hardened paste will be crushed and sieved into the required
particle size. Dissolution of Si and Al from the aluminosilicate
sources, diffusion, reorientation of precursor ions, polymeri-
zation and condensation are the mechanisms involved in
alkaline activation process [55,64,117,118]. The formation of
geopolymer structures such as polysialate (PS), poly (sialate-
siloxo) (PSS) and poly (sialate-disiloxo) (PSDS) based on the Si/
Al ratio of the geopolymer matrix are formed depending on
the SiO, to Al,O5 ratio of the raw material [55,119] as shown in
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Cd(II) adsorption on MDTC

Cd(I) adsorption on SGM

Fig. 6 — Adsorption mechanism on MD-Geopolymer composite [103].

Fig. 8. Si/Al ratio is a key consideration when choosing the
right application for geopolymers. Si/Al adjustment is crucial
to balance the mechanical strength and thermal behavior of
geopolymer. This is because, when Si/Al = 1,2 and 3, it will
form ceramic-like properties, adsorbent material and thermal
protection material respectively [65,120,121]. Thus, the choice
of appropriate precursor is crucial for efficient geo-
polymerization process as the mole ratio of Si to Al is an
essential parameter in the synthesis of geopolymer.
Kaolinite is the most common mineral in the kaolin group,
which also includes dickite, nacrite, and halloysite [124,125].
Kaolin has low reactivity in alkali activation due this struc-
tural make up [126,127]. On the other hand, MK is a type of
synthetic pozzolanic material which has high reactivity than
kaolinite and has high purity than other clays [128,129].
Generally, MK is mainly composed of 50-55% SiO, and
40—45% Al,03 [130,131]. MK, is made using heat treatment of
kaolin [Al,Siy(OH)4], one of naturally occurring clay minerals
in the earth's crust, to temperatures between 600 and 850 °C.

This is an endothermic reaction at which significant amount
of energy is required to remove chemically bonded hydroxyl
(OH"). This heat treatment degrades the kaolin structure by
removing the bonded OH™, resulting in a disordered structure
[93,132]. Dehydroxylation of kaolinite results in structural
transition of highly reactivity MK from a pseudo-hexagonal or
octahedral to a tetrahedral shape. MK is frequently used in the
alkali activation process [76,128,133]. MK based geopolymers
offers unique adsorption properties such as different struc-
tural selectivity, optimal sorption capacity and cation
exchangeability for various metal cations which can be used
to optimize the process design of wastewater treatment [24].
Other than that, MK based geopolymer has the ability to
adsorb heavy metal ions through ion exchange mechanism
and it also offers various kinds of binding sites for adsorption
[89,113]. Nevertheless, layered structure of MK limits particles
mobility during mixing and this make the reaction system of
less workable [134]. Thus, MK based geopolymer necessitates
low S/L ratio to obtain a homogenous reaction mixture.

Aluminosilicate

precursors
| | '
: NaOH, KOH
Natural Industrial : ,
u' ndustrial waste - Na,Si0;, K,Si0;
Kaolin F
: Fly ash
Perlite ilica fi
Wl Silica fume
() cdnllu slag Red mud
Illite
Gibbsite Cuting e
eopolymer
9 T o g

Alkaline solution

Fig. 7 — Steps of alkaline activation process [122].


https://doi.org/10.1016/j.jmrt.2022.11.100
https://doi.org/10.1016/j.jmrt.2022.11.100

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;22:126-156

135

Poly(sialate)

(-Si-O-Al-0)
(0]
Poly(sialate-siloxo) S
(Si-0-Al-0-Si-0) \I
(0]

Poly(sialate-disiloxo)
(-Si-0-Al-0-Si-0O-Si-0)

\ \
NN AN
N A AN A

00— Si—0— Al—O0— g —0—-5si >0

VNN

0—Al — O0—ssi —0

VY

(0]

Fig. 8 — Types of geopolymer based in Si/Al ratio [123].

Dolomite CaMg(COs), is a naturally occurring mineral rock
made up of layers of calcium carbonate (CaCOs) and magne-
sium (MgCOs) carbonates [135—137]. Dolomite is a valuable
mineral with good properties due to the presence of CaCO3
and MgCO; plates in the crystal structure [138]. The concen-
tration of CaO is highest in dolomite (33.4%), followed by MgO
(17.1%), while SiO, and Al,O5 are slightly lower at about 2.5%
and 0.7%, respectively [139,140]. Dolomite has excellent
adsorption capacity than other mineral rocks such as sand-
stone [138,141]. Sorption of heavy metals on dolomite are
controlled by kinetic reactions by the dissolution of dolomite.
The dissolution of dolomite increases the pH of wastewater,
which will be more effective for adsorption through the for-
mation of bicarbonate ions [138,141]. Furthermore, dolomite
has been discovered as a low-cost adsorbent for heavy metal
ions with unique properties such as high surface area, cation
exchangeability, and chemical alteration that can improve
some of the natural material's undesirable characteristics.
However, dolomite is rarely utilized in geopolymers because
of its lower Si and Al content [142]. This is because Si and Al
are the major constituents in the raw materials that will be
used to develop geopolymers.

Besides, FA is a solid residue made up of small particles
that are ejected from the boiler. According to the American
Society for Testing and Materials (ASTM C618) [143] and the
European Standard (EN 197-1 [144], FA can be classified as
Class C or Class F based on the calcium oxide level. FA is pri-
marily composed of high amount of 52.8% of SiO,, 23.5% of
Al,03, 7.2% of iron oxide (Fe,03) and 2.4% of CaO and has a
high pozzolanic activity [117,118,145,146]. Besides pozzolanic
properties, Class-C FA possesses some self-cementing

qualities due to presence of its CaO concentration [75,92]. The
presence of various metal oxide phases plays a significant
function in this system since it leads to the increase in specific
surface area [75]. As by product of coal combustion, FA are fine
and glassy particles that can be collected in a variety of in-
dustrial processes. FA is dust that is expelled from the flue and
gathered by the dust collector when raw coal is burned at
extreme temperatures [147,148]. When coal is used as a fuel in
the majority of industries, more FA is produced, causing
numerous problems such as increasing land occupation while
degrading the ecosystem and ecology [147—149]. FA as a filler
increases the compressive strength, surface area, and cata-
lytic sites of geopolymers [75,92]. Furthermore, the toxic metal
ions are removed in large quantities from water through ion
exchange and precipitation by metal complexation mecha-
nisms due to the presence of oxygen atoms in the geopolymer
matrix.

The main chemical compositions of slag are 55.1% of CaO,
22.8% of SiO,, 10.6% of Al,05; and 4.1% of MgO, making it an
ideal raw material for geopolymer fabrication [150]. Slag can
be divided into three types depending on the formation pro-
cess, which are blast furnace slag (BFS), basic oxygen furnace
slag (BOFS) and electric arc furnace slag (EAFS) [75]. BFS is the
byproduct from Fe production. It is typically available in
granulated, foamed, and pelletized forms depending on the
cooling process. Ground granulated blast slag (GGBS) is
initially in amorphous state when molten slag quickly solid-
ifies during manufacturing process of pig Fe [148,151]. This
substance is produced at temperatures of about 1500 °C and is
fed with a carefully monitored blend of Fe ore, coke, and
limestone [152]. When Fe ore is converted to Fe, the remaining
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elements form a slag that floats on top. This slag is tapped off
as a molten liquid and rapidly cooled in vast quantities of
water. Amorphous surfaces are commonly found on unstable
face and the bonding has short range order and is unevenly
formed, with each of the atomic species’ positions is not
randomly distributed in 3D orientation. Therefore, GGBS is
highly reactive in the alkaline activation process [148,151].
GGBS is a good candidate for geopolymer production as it is
made up of microscopic particles with high specific surface
area. In addition, GGBS exhibits both cementitious (latent
hydraulic activity) and pozzolanic (ability to react with
Ca(OH),) properties [75,135].

In addition, sludge is a complicated substance that includes
pathogens, organic contaminants, heavy metals, organic ma-
terials, and inorganic minerals [153]. Sludge also contains high
concentrations of inorganic salts including inorganic ions
(CO%~, PO3~, SOZ~ and NO3) and other elements such as (Si, Al
K, Na, Ca and Mg) [27,28]. In addition, sludge contains minor
toxic heavy metal such as Zn, Pb, Ni, Cd and etc [154]. The
chemical composition of sludge depends on the industrial

process. This is because, the geothermal sludge contains 75.9%
of Si0,, 2.6 Al,03and 0.4% of Fe,O3 [155], while tannery sludge is
composed of 28.70% of Fe,03, 4.5% of SiO, and 3.72% of Al,05
[156]. In addition, sewage sludge has the main compositions of
Si0, (52.8%), Al,O5 (18.5%) and Fe,05 (11.2%) [157]. SiO,, Fe,0s,
and Al,O; are the main inorganic components of sludge, which
gives it the potential to be exploited as a renewable energy
source [153]. Major limitations of sludge utilization are related
to the potential of secondary pollution from heavy metals and
also the high level of moisture [153]. But Li et al. [158] demon-
strated that, although sludge materials are rich in heavy metals
it is still considered as non-hazardous material. This is due to
low leachability, mobility and accessibility of heavy metals
from sludge before adsorption process. However, after
adsorption process the leachability of heavy metal from sludge
increased and thus it is considered hazardous material [29].
While, utilization of sludge based geopolymer in the adsorption
might reduce the leaching of heavy metal from sludge. This is
because, toxic elements from sludge can chemically bonding
into amorphous 3D network of geopolymeric matrix [159].

Table 5 — Advantages and disadvantages of raw material for geopolymer synthesis.

Raw materials

Advantages

Disadvantages

Stable structure
High crystallinity
Lightweight

Kaolin [123,167,168]

Metakaolin [24,75,84,134,151,168,169]

materials
Mesoporous
High purity

High surface area

L]

Dolomite [141,170,171]

L]

Abundant
Flexible operation

Fly ash [92,95,172]

Fine powders

density
Highly reactive
Stability

Granulated blast furnace slag [75,95]

Hydrophilicity

Sludge [27,160,173]

aluminosilicates

Reactive

Different structural selectivity
Optimum sorption capacity
Best binding affinity

Multiple types of binding sites
Reduction of efflorescence
Excellent sorption capacity

Increase specific surface area
Good composite for geopolymer
More catalytic sites

02-anionic endpoints with a high

Regeneration ability

Rapid geopolymerization

More heavy metal binding sites
Closely resembles natural

High concentration of inorganic salts
Contains non-toxic elements

Cation exchangeability

Pozzolanic properties

Less reactivity
Low stability
Low porosity

Strong and low cracking geopolymer
Effective encapsulation of hazardous

Level of impurities

Inhibits particle mobility during mixing
Reaction system less workable

Weak rheological properties

High water demand

Quick hydration reaction

Non-porous material

Increase pH by dissolution of dolomite
Increased by bicarbonate ions
Cation exchangeability

More FA causing many problems
Less reactive
Rapid hardening and solidification

Very high processing temperature

High degree of pulverization

Contains toxic elements
Non-calcined sludge has undesirable
properties
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Based on leaching data, Guo et al. [159] found out that the heavy
metal effectively immobilized in the geopolymer. Heavy metal
leaching can be prevented by the formation of precipitates
caused by anion interaction with heavy metals. Water treat-
ment sludge (WTS), is a heterogeneous solid waste, which is
high in Si and Al and closely resembles natural aluminosili-
cates. It can be turned into paste, mortar, and concrete
[160—162]. WTS is referred to as inorganic sludge which is
generated during purification of water. Formation of residue in
the water treatment process by the addition of chemical re-
agents in the removal of fine particles and organic substances
dissolution is called WTS. While, sewage sludge (SS) is a by-
product of municipal wastewater after it undergoes biological
treatment [163,164]. The chemical composition of sewage
sludge ash is comparable to that of pulverized FA, with a high
concentration of inorganic oxides such as SiO,, Al,05, and CaO
which sometimes undergoes calcination process [161,165,166].
Calcination makes the sludge reactive, remove impurities and
enhances pozzolanic properties, which improves the end
product of geopolymer [160,164]. Additionally, it burns the
organic material in the sludge, reducing the chance of internal
geopolymer corrosion. Besides, the availability of Al during
geopolymerization is enhance by calcination, which also ac-
celerates the hardening of the geopolymer specimens. Mean-
while, others do not calcine the sludge to save energy or for the

sake of convenience. The advantages and disadvantages of the
each of the raw materials are tabulated in Table 5.

Table 6 presents the summary on raw materials used for
geopolymer synthesis. Previous research by Cheng et al. [128]
examined the adsorption ability of four different types of
heavy metal ions (Cr**, Pb*", Cd*" and Cu®") by MK based
geopolymer. Selectivity of heavy metal ions for adsorption
depending on the size of the hydrated ions, the free energy of
hydration, and the activity of metal ions [89,111,174]. The af-
finity and force of attraction between hydrated cation and
adsorbent influenced by the size of the hydrated cation and
the affinity increases with decreasing hydrated radius. When
the free energy of hydration in metals is increased, the num-
ber of heavy metal ions entering the adsorbent structure is
decreased. In the case of Cr®*, the number of hydrated ions,
the free energy of hydration, and the activity were greater
than those of other metals. Despite the fact that Cr>* should
have a better adsorption, a longer soaking time of geopolymer
releases more alkali, raising the pH of the solution. As a result,
the geopolymer's capacity to remove Cr** was reduced as a
result of alterations in the ionic species. Thus, the adsorption
of Pb?" is optimal compared to other metal ions. Besides, the
leaching ability of Cr*" was highest due to unbalance net
charge. Whereas Pb®" has low possibility of leaching as it
entrapped into locked into pores. Nevertheless, it will be

Table 6 — Raw Materials for geopolymer synthesis.

Author Materials Targeted metal ions  Qmax(mg/g) Findings
Cheng et al. [128] o MK o Pb*" 100 o Optimum adsorption of Pb?* occurred in
o Cu" MK based geopolymer
o Cr** e Pb?" activity is increased by increasing
o Cd** its mobility in aqueous solution
Panda et al. [55] e Pyrophyllite mine o Co?! 0.114-17.54 e Geopolymer pyrophyllite becomes an
e Cd*" effective adsorbent for metal ions than
o Ni%* raw pyrophyllite
o Pb%* e The adsorption process is endothermic,
it becomes more favourable as the sys-
tem temperature rises
Andrejkovicova et al. [133] e MK o Pb?" 7.76—261.22 e 50:50 ratio of MK and zeolite was the
e Zeolite o Cd*" optimum ratio for producing high
e Zn?* strength geopolymer products
o Cu** e Pb?* was adsorbed in very high amounts
o Cr* by all geopolymers
Hu et al. [76] ¢ MK e Pb*" 1.1-1.4 (mg/L) e 20% addition of RET improved the
e RET e Ba’?* structural strength of the developed
e SF geopolymer matrix
e RET based geopolymer was capable of
effectively immobilizing heavy metal
cations
He et al. [22] e FA e Pb7" 166.40—253.80 o FA geopolymer was successfully trans-
formed into various zeolites through
hydrothermal conversion
e Adsorption capacity of philipsite was
higher than the other zeolites.
Wang et al. [175] e RD o Pb%* 90—137.7 e The geopolymerization process with
e Coal gangue e Cu?*" incorporation of RD, increased the spe-

cific surface area and influenced the
adsorption performance

The geopolymers demonstrated supe-
rior leaching resistance and high heavy
metal solidification capacity compared
to others
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better if this study could provide the analysis of zeta potential
(ZP) at which it provides important information on the elec-
trostatic interaction between adsorbent and adsorbate.

On the other hand, Panda et al. [55] focused on the prepa-
ration of pyrophyllite mine waste based geopolymer and
explored its effectiveness in the application of heavy metal
adsorption such as Co?", Cd*", Ni*" and Pb*". After geo-
polymerization process, swelling was formed in the synthe-
sized geopolymer with varied shape and size. In the topmost
layers, these swellings caused exfoliation that looked like
flakes or scales. These swellings may have grown to their
maximum size then collapsed, leaving voids or holes as
revealed in Fig. 9. The porosity of the material is increased by
these voids and enhanced the adsorption capacity of geo-
polymer. In comparison to pyrophyllite, the geopolymeric
pyrophyllite has much higher adsorption capabilities for all of
the metal ions under study, showing that it is a more effective
adsorbent. In pyrophyllite based geopolymer, the removal
efficiency of Cd*" was highest among other metal ions
whereas the removal efficiency of Pb®" was higher in pyro-
phyllite sample. This difference contributed to variations in
the surface characteristics during geopolymerization. Never-
theless, a study on the regeneration ability of pyrophyllite
based geopolymer was not identified although it is an
important element in evaluating the performance of the
adsorbent.

A research conducted by Andrejkovicova et al. [133]
explored the effect of natural zeolite addition as a filler in MK
based geopolymer. The geopolymer samples were prepared by
replacing MK with zeolite at different percentages of 0, 25, 50
and 75%. 100% of MK geopolymer contained pores with large
diameter and thus it reaches highest value of water absorp-
tion and surface area. Incorporation of zeolite into as a filler in
MK based geopolymer cause a decline in the water absorption
and surface area. In accordance with that, highest adsorption
capacity of Cu?" and Cr’" was attained at 100% MK geo-
polymer while at 75% MK geopolymer the adsorption capacity
of Pb?*, Cd** and Zn?" was maximum. The adsorption has
been greatly enhanced when the amount of MK in the struc-
ture increases due to a clearly higher degree of geo-
polymerization. MK based geopolymer has higher rate of
adsorption and thus the adsorption process did not require a
longer period of time. In addition, greater surface area of MK
increase surface area and results in more available sites for
heavy metal adsorption. However, in this study the raw ma-
terials used in this study were not subjected to FTIR analysis in

order to determine the chemical functional groups which
have a main role in the adsorption of heavy metals through
chemisorption.

In year 2020, Hu et al. [76] prepared rare earth tailing (RET)
based geopolymer for immobilization of heavy metals ions
such as Pb®* and Barium (Ba®"). At the beginning of the geo-
polymerization process, certain amount of NaOH was added
in deionized water, followed by addition of SF to the solution
and stirred for 3 min at 600 r/min to fully dissolve. Thereafter,
MK with 20% of RET was mixed with the prepared alkaline
activator and the obtained geopolymer paste was cured at
60 °C for 8 h. To determine the immobilization performance of
heavy metal ions, lead nitrate Pb(NOs), and barium nitrate
Ba(NOs3), were mixed with RET based geopolymer. During the
geopolymerization process, additional Pb>" and Ba®>" chemi-
cally with the reactive components and this can be confirmed
by observing the X-ray diffraction (XRD) peaks corresponding
to PbO and BaSiOs. Besides, introduction of heavy metal cat-
ions caused a change in the extranuclear electron distribution
of Si/Al and an increase in non-bridged oxygen. As a result,
Na* was partially replaced by Pb?>" and Ba®* and then immo-
bilized in the framework of [T-O-Na*-O-T] where T: Si or Al as
shown in Egs. (1—4). In addition, the concentration of leachate
increased slightly with the increasing amount of Pb®! and
Ba?" at the range 0.2—1.0 wt.%. However, the influence of
other important variables such as time, temperature and pH
on the leaching ability of Pb*" and Ba®" from RET based geo-
polymer were not discussed in this work.

Si0,.AL,0;5 +30H" + 3H,0 — 2[Al(OH),] +[SiO,(OH) 5>~ (1b)
Y** +20H - Y(OH), Y :Pb* orBa** 2

[Al(OH),] ™ +[SiO5(OH),]* +Pb(OH), — — [Al— 0-Pb—0O— Si] -
©)]

[AL(OH),]” +[Si0,(OH),]* +Ba(OH), — — [AlfofBafofSi] -
]

Moreover, He et al. [22] derived various zeolites from
circulating fluidized bed FA based geopolymer via hydrother-
mal conversion to adsorb Pb?* from wastewater. First of all,
Na-geopolymer based on FA with 1:1 (Si/Al) molar ratio was
produced. Then, 10 g of granular Na-geopolymer sample was
put in a beaker which is filled with 100 mL of 1 M aqueous

Fig. 9 — Formation of swelling in pyrophyllite based geopolymer [55].
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Fig. 10 — Topological structures of synthesized zeolites [22].

ammonium nitrate (NH4NO3) solution and stirred for 2 h at
70°Cin order to remove Na™ from geopolymer by ammonium
(NH3) ion exchange reaction. After that, the NH{ geopolymer
was converted into various zeolites such as LiOH based zeolite
(Li-ABW), KOH based zeolite (K—F) and NaOH and KOH based
zeolite (Phillipsite) by hydrothermal conversion as illustrated
in Fig. 10. FA geopolymer was successfully converted into
three types of zeolites according to the synthesizing condi-
tion. Based on the XRD pattern obtained, Pb>" adsorption does
not change the zeolite structure of Li-ABW. While, appearance
of new peaks related to PbSiO; in phillipsite and PbsSi80,; in
K—F after adsorption indicating participation of surface
chemical reaction during adsorption process. Nevertheless, it
would be helpful for future researchers if the adsorption
experiment of Pb>" by geopolymer is conducted in order to
compare the adsorption capacities of Pb?* by geopolymer and
zeolites produced.

In addition, Wang et al. [175] found out the relation be-
tween geopolymer gel and its heavy metal adsorption per-
formance by utilizing industrial wastes such as coal gangue
(CG) and RD in the synthesis of geopolymer. Participation of
sodium silicate (Na,SiO5) and sodium aluminate (NaAlO,) ac-
tivators in the synthesis of CGRD based geopolymer increased
the geopolymerisation process, formation of gel amount and
thereby increased the adsorption capacities of metal ions.
More compact gel structure was formed with the contribution
of NaAlO, (NaAl-CGRD) whereas ordered gel structure with

formation of porous and increased specific area was obtained
with involvement of Na,SiO; (NaSi-CGRD) as presented in
Fig. 11. Moreover, batch adsorption experiment for removing
heavy metal ions was performed at various experimental
variables including initial metal ion concentration, pH, and
contact time at constant temperature. Nonetheless, this work
neglected the information on the constant temperature used
at 30 °C for the adsorption test.

Different raw materials produce distinct reaction products,
chemical linkages, and microstructural development
depending on the reactive phase present [176]. Apart from
choosing suitable raw materials, deciding the optimum pa-
rameters for the geopolymer synthesis is also vital in order to
ensure that the synthesized material meets the needs of
application. This is because, synthesis parameters do not only
influence the framework, structure and properties of the
formed geopolymer but also directly influence the perfor-
mance of the heavy metal adsorption [118,177,178].

4.3.  Synthesis parameter of geopolymer

Molar concentration of alkaline activator, alkaline activator
ratio, solid to liquid ratio (S/L) and curing temperature are the
most important parameters in the alkaline activation process.
Molar concentration of alkaline activator plays an important
role in the complete dissolution of aluminosilicate precursors
[177,178]. S/L ratio controls the homogeneous mixture as it

Fig. 11 — Morphology of (a) NaAl-CGRD (b) NaSi-CGRD based geopolymer [175].
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directly influences the workability and hardened strength of
geopolymer. Whereas alkaline activator ratio determines the
rheology, pore-forming process as well as degree and speed of
geopolymerization [134,179]. Moreover, curing temperature
will aid in the dissolution of Si and Al in the precursor, pro-
mote polycondensation and strengthen the geopolymer paste
formed [176,180]. Thus, these parameters are need to be pre-
ciously controlled to obtain synthesized geopolymer with
desired properties.

4.3.1. Molar concentration of alkaline activator

The type and concentration of alkali solution influence the
dissolution of aluminosilicate material. In the production of
geopolymer, alkali hydroxide plays two important roles
[55,177]. Firstly, it activates the precursor by releasing reactive
species for geopolymerization. Second, the alkali metal acts as
a structure-forming element and balances the negative charge
of AI** in IV-fold coordination. 1/2 mol M,0 (Na/K) is required
for 1 mol IV-fold coordinated Al*' in order to achieve
neutrality [181]. As a result, the M,0 content has a significant
impact on the rate and extent of the polymerisation reaction
as well as the final product stabilisation. The dissolving of
aluminosilicate sources necessitates the use of alkali hy-
droxide. This is because the presence of OH™ ion catalyzes the
activation of the precursor by dissolving the reactive ions, and
the alkaline metal thereby forming part of the polymeric
structure [59,182,183]. The leaching of Si*" and Al*' ions are
significantly greater in NaOH solution compared to potassium
hydroxide (KOH) solution and the amount of leaching depends
on the concentration of NaOH and the reactivity of alumino-
silicate material [176,178]. Thus, the molarity of sodium hy-
droxide is crucial during the planning of a soluble activator.
Increasing the molarity of NaOH increases the amount of
NaOH, which affecting the Na,SiOs/NaOH ratio. Increasing
NaOH content resulting a drop in Na,SiO; content [184]. At
high NaOH concentration, increase in the Na,O content pro-
mote the dissolution of silica and alumina from the raw ma-
terial [80]. As a result, more dissolved ions from silicon and
alumina are used in the synthesis of geopolymer, resulting in
a denser 3D and stronger geopolymer. However, excessive
concentration of NaOH will cause early precipitation of sili-
cate products due to excessive OH™ and reduces the dissolu-
tion of aluminosilicate material due to the increase in Si
coagulation. This is because, Si** ions will leach out faster
than AI’" ions resulting in the formation of more tetrahedral
oligomeric SiO, than AlO, [55,185]. Besides, high NaOH con-
centration will also increase the boiling point of the NaOH
solution, hindering the evaporation of water in the mixed
slurry and thus affecting monomer polycondensation
[179,186]. In addition, the thickening of the solution caused by
a greater NaOH concentration resulted in lesser moving ions
from the solid raw material, preventing additional ion leach-
ing [134,176].

4.3.2.  Alkaline activator ratio

During the synthesis of geopolymer, alkaline activator is
another crucial element. By the addition of alkaline activator
to aluminosilicate materials, [Si04]% and [Al04]* tetrahedrons
can staggered and overlapped to produce geopolymer with 3D
network structure through the process of “solution-

monomer-reconstruction-polycondensation”. The combina-
tion of NaOH and Na,SiOs is preferred for alkaline activation,
as using only NaOH as an activating solution has some dis-
advantages such as it is corrosive in nature and releases a lot
of heat during dissolution of aluminosilicate materials
[177,187]. Whereas employing the Na,SiO; simply as an acti-
vating solution does not yield the dissolved species required to
construct the alumino-silicate framework as it lacks enough
OH™ ions [182,183]. NaOH and Na,SiO3 are the most commonly
used alkaline activator compared to KOH and potassium sili-
cate (K,SiO3) as NaOH has better leaching ability and greater
charge density compared to KOH which are related to the
smaller size of Na™ and thus it can move freely through the gel
[188—190]. This permits Na* to better stabilize the silicate
monomers and dimers in the solution, enhancing the disso-
lution rate of source material. The alkaline activator ratio is
referred to the ratio of Na,SiO3 to NaOH (SS/SH) [123,191]. The
high SS/SH ratio can improve polymerization and result in a
more compact silicon-rich gel phase due to the presence of
more Siions in the solution. As the relative SiO, content rises,
the pH value falls, and the viscosity rises [134,192]. Low pH
value limits the reaction with silicate compounds and slow
hydration rate will result in low strength. However, at lower
alkali activator ratio, the Na,O content and pH increase and
the viscosity of geopolymer paste decreases. The high con-
centration of Na,O improved the dissolution of Si-Al raw
materials. Alkaline environment produces more products and
increases the hydration rate and strength [134,192]. Formation
of crystals occurs in the environment with low levels of
alkalinity, but they cannot form in environments with
excessive levels of alkalinity. Thus, the appropriate ratio of
alkaline activator is required for effective geopolymerization
and uniform gel formation.

4.3.3.  S/L ratio

The S/L ratio is equivalent to the aluminosilicate precursor-to-
activator solution ratio. The dissolution process of alumino-
silicate source and also the subsequent reaction will be
influenced by the properties of the solid aluminosilicate.
However, the dissolution of the solid raw material, determi-
nation of structural break and recombination and also the
polycondensation process will be influenced by the alkaline
activator [134]. In addition, S/L ratio determines the modulus
ratio of Al,03/Na,0 at which Al,O; comes from the alumino-
silicate source while Na,O comes from the alkaline activator
solution. At low S/L ratio, the dissolution of aluminosilicate
materials is accelerated by the presence of excess Na,O in
alkaline solution [181,193]. However, excess alkaline activator
delays the reaction of geopolymerization and required longer
coagulation time. This can be further explained by the less
contact between alkaline activator and reacting materials.
There is more fluid medium than solid content in the mix, and
the contact between the activating solution and the reacting
materials was far and limited [123,194]. Thus, the dissolution
of aluminosilicate materials is believed to slow as the alkaline
attack start from outer surface of material. In addition, the
extra Na* ions in the goepolymer mix with increasing liquid
ratio will disrupt the equilibrium charge of polymer frame-
work, weaken the structure formed and degrade the strength
of the geopolymer [123,176]. On the other hand, increasing S/L
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ratio increases the modulus ratio of Al,05/Na,0. At higher S/L
ratio increased solid precursors do not dissolve properly due
to the lack of alkaline solution in the matrix resulting in the
inefficient hydrolysis reactions and gel formation [176]. Be-
sides, the ratio of SiO,/Al,03, which is coming from alumi-
nosilicate solid precursors is directly proportional to the
setting time of geopolymer [66]. The larger the ratio of SiO,/
Al,O3 the prolonged the setting time. Silicate species is
required for the quick exchange and oligomerization reaction
between the aluminate and silicate species from the kaolin.
But, increasing S/L will increase the Si content in the system
as it causes oligomer size to rise, which impacts the kinetics of
Si0, unit exchange across species during geopolymerization
[181,195,196].

4.3.4. Curing temperature

Curing process for geopolymers involves two steps, which are
dissolution of precursors and condensation period [134,180].
Four steps of the condensation phase are speciation equilib-
rium, gelation, rearrangement, and polymerization. Thus, the
temperature and time are critical factors in curing because it
is responsible for facilitating hydrolysis, condensation pro-
cess, and strengthening the geopolymer paste [180,197].
Different curing procedures have a significant impact on the
long-range order of tetrahedrons during the geopolymer
polycondensation reaction, as well as the pore structure [91].
The polycondensation process is aided by a higher curing
temperature, which allows for more efficient alkaline attack

on the precursor, increasing the amount of reactive product
produced and the compactness of the geopolymer [134,198].
High curing temperature increase the mobility of Na* and OH~
ions and leads to the development of extremely dense sodium
aluminosilicate crystal which is responsible for higher
strength [199]. Besides, the polymerization reaction is more
powerful at higher curing temperature, transforming 2D
polymer chains into 3D polymer chains with a stronger bond.
In addition, the degree of reaction becomes stronger at the
high curing temperature and increases the total pore volume
and surface area. However, a constant increase in curing
temperature might affect the geopolymerization process by
quick loss of water and formation of microcracks [134,199]. In
addition, a greater temperature could facilitate flash setting,
which would stop additional ion leaching and reduce the Si/Al
ratio of cured geopolymer. For sample cured at a higher tem-
perature, a longer curing duration is not a desirable condition
[199]. This is because, geopolymerization is an exothermic
reaction and the discharge of Na* and OH™ ions from the
alkaline activator and the development of the bond with the Si
and Al ions mostly depends on the curing temperature. But
curing at high temperature for longer period will destroy the
granular structure of geopolymer gel due to thermolysis of -Si-
0-Al-O bond and also leading to dehydration and excessive
shrinkage [134,199]. Longer curing period is only desirable for
the sample cured atlower temperature. Thus, adequate curing
is required to accelerate and complete dissolution and
condensation of Si and Al species.

Table 7 — Synthesis parameter of geopolymer adsorbent.

Authors Material Parameters Targeted metal ions Qmax(mg/g) Findings
Kara et al. [200] MK e 80°C for2days e Mn?' 69.23—72.34 e Mn?! ions have greater adsorption than
e Co?" Co2+ ions due to more negative ZP
e Mn?* and Co?" adsorption by MK based
geopolymer was caused by more than
one mechanism
Darmayanti et al. [118] FA e 7 M KOH o Cu’" 7—-40 e The maximum adsorption capacity of
e 7 M NaOH NaSi-GP was greater than KSi-GP, Na-GP
e 3.5 M Na2SiO3 and K-GP due to more organized
e 85°C for 1 day structure
e Due to faster hydrolysis and condensa-
tion reaction than K, Na* forms more
ordered structure
Ghani et al. [201] Clay e 6 M KOH o Ni2+ 500-520 e Both heavy metal ions have an inhibi-

e 80°Cforlday e Co*"

Lan et al. [202] Coal FA e 80°C for 16 days e Pb%"

MK o Cd**

Wei et al. [203] MK e 11 M NaOH o Pb?*
e (65—105 °C)
e (5min-72 h)

tory impact on each other in a compet-
itive adsorption study

The adsorption process remained
physisorption, based on the low Ea
value calculated

In high alkaline environments, the con-
version of geopolymers to zeolites is
accelerated

0.8-FAMKG has higher adsorption
—desorption isotherms, specific area
and pore volume than 1.2-FAMKG
308.30—529.67 e NaA structure had maximum adsorp-
tion capacity which was faster than SOD
and SOD + NaA

Adsorption process of Pb>" by NaA and
NaA + SOD occurs in 3 stages while by
SOD, only 2 stages involved

78.2—-164.1
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Table 7 presents the summary of synthesis parameters for
geopolymer synthesis. In 2018, Kara et al. [200] studied the
optimum conditions for Mn** and Co®* adsorption by MK
based geopolymer for the first time in both batch and
continuous system. For the batch system, parameters such as
initial pH, temperature, adsorbent dosage and initial metal ion
concentration was evaluated. While, adsorbent amount, flow
rate and reuse potential were tested in continuous system.
The synthesized geopolymer adsorbent produced rather high
adsorption yields in both batch and continuous processes. In
addition, synthesized geopolymer adsorbent does not require
solution pH modification during adsorption process. Besides, a
short period of time is required to attain the adsorption
equilibrium, and temperatures above 30 °C have no impact on
the adsorption yield. On the other hand, in a continuous
system, the geopolymer also provided excellent metal ion
removal at high flow rates. However, Kara et al. [200] study
failed to reveal some important parameters used in the geo-
polymerization process such as molarity of NaOH concentra-
tion, S/L ratio, and SS/SH ratio, which directly influence the
structure and framework of the geopolymer. In addition, the
adsorption mechanisms involved in the adsorption process of
Mn?" and Co*" by MK based geopolymer were electrostatic
interaction, ion complexation between heavy metal ions and
functional group of geopolymer adsorbent and ion exchange
mechanism between heavy metal ions and alkali metal.

Moreover, Darmayanti et al. [118] explored the impact of
alkali activation on structural changes of FA based geo-
polymer and its impact on adsorption capacity of Cu®*. Alkali
activation of FA using NaOH + Na,SiO; (NaSi-GP) obtained
larger specific area than KOH + Na,SiO3 (KSi-GP), KOH (K-GP)
and NaOH (Na-GP). Thus, NaSi-GP obtained the greatest
adsorption ability of Cu®* due to the structural modification
during geopolymerization. Structural change can be more
precisely directed by Na* than by K*. Introduction of Na*
speed up the hydrolysis and condensation reaction more
quickly than K* and results in more ordered structure in NaSi-
GP. On the other hand, the higher ionic radius of K* create a
steric obstacle during the structural modification. In addition,
based on the scanning electron microscope (SEM) analysis, FA
is made up of spherical particles with large particle size. It is

also mentioned that the morphology of FA undergoes struc-
tural modification upon alkaline activation by NaOH and KOH.
The surface of the primary particles made of FA is covered by
worm-like nanoparticles from the additional silicate in NaSi-
GP and KSi-GP. The formation of worm-like particles was
caused by alkali treatment of amorphous silica. However, the
images provided by SEM analysis did not match with the
labelling of the figure. Thus, it would have been more com-
parable and understandable if the pictures were standardized
based on the types of alkaline activation.

In another study, Ghani et al. [201] developed low-Fe lateritic
clay based geopolymer to adsorb Ni2* and Co*" from aqueous
solutions. Based on the SEM, the adsorption of metal ions was
confirmed by the covering of surface pores and cavities, as well
as changes in the surface morphologies of the geopolymer based
adsorbent upon adsorption as expressed in Fig. 12. Moreover, the
peak position, intensity, and shape of all characteristic peaks in
FTIR before adsorption were changed significantly after
adsorption due to accumulation of heavy metal ions on the ad-
sorbent's surface. However, the XRD patterns of the adsorbent
after adsorption were not revealed to support that there is no
formation of new crystal structures through chemical reactions.

In contrast, Lan et al. [157] used FA and MK as aluminosilicate
material in the preparation of geopolymer for the adsorption of
heavy metal ions. At the beginning of the process, two molar
ratios of (SiO,/Na,0) were used in the mixing process of alkaline
activator which are SiO,:Na,O = 0.8 and SiO,:Na,0O = 1.2. Then,
the geopolymer paste was made by mixing 35% of FA and 65% of
MK with prepared alkaline activator SiO,:Na,0 = 0.8 (0.8-
FAMKG) and SiO,:Na,0 = 1.2 (1.2-FAMKG) respectively. The ob-
tained geopolymer paste was then dried, crushed and sieved to
obtain fine particles of geopolymer. Due to the presence of sig-
nificant geopolymer gels in both 0.8-FAMKG and 1.2-FAMKG,
some Pb®" and Cd*" could be permanently fixed in the tetrahe-
dral structure. Nonetheless, it should be noted that, in this work
it was not mentioned why the percentage of raw materials was
set at 35% of FA and 65% of MK as the optimum parameter to
conduct the experiment on the adsorption ability of heavy metal
ions without any validation.

In the year 2022, Wei et al. [203] prepared three types of
geopolymer zeolite microsphere (GZM) from MK by using

Fig. 12 — SEM image of adsorbent (a) Ni’* and (b) Co®* after adsorption [201].
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suspension dispersion solidification and in-situ conversion
method as illustrated in Fig. 13. The three types of GZM
(Zeolite (NaA), Sodalite (SOD) and SOD + NaA) were obtained
by altering the parameters such as sodium oxide to alumina
oxide ratio (Na,0/Al,03), water to sodium oxide ratio (H,0)/
(Nay0), curing temperature and curing period. The optimal
Na,0/Al,03 to prepare GZM was 1.9. As n(Na,0)/n(Al,03) ratio
was increased, the sphericity of the microsphere adsorbent
steadily improved, and the average microsphere particle size
significantly decreased with a more uniform particle size
distribution due to accelerated dissolution of Si and Al
through alkaline environment. When the H,0/Na,0 ratio was
12 and the curing temperature was between 65 and 85 °C, the
microsphere sphericity was better and particle size was
smaller with a uniform distribution. On the other hand,
different curing times had no impact on the sphericity of GZM,
it had a considerable impact on the surface structure. How-
ever, only using NaOH as alkaline activator has some draw-
backs such as being corrosive and releasing a lot of heat
during the dissolution of aluminosilicate material.
Nevertheless, powdered geopolymer adsorbent cannot stand
alone in remediation application as it has difficulty in recovery
[204—206]. Thus, adsorbents require support materials such as
porous ceramics or polymer foams to allow it to be used in in-
dustrial application. Porous geopolymer has become efficient
adsorbentin wastewater remediation compared to other types of
adsorbents such as conventional geopolymer and pervious geo-
polymer [122,128]. More binding sites are provided by the porous
structure of geopolymer, which enhance the permeability, in-
crease mass transfer, and lower the pressure drop [128,204].

5. Modification technique on geopolymer
adsorbent

In general, geopolymer pores can be classified into four length
scales which are Level I (Macro pores), Level II (Meso and

Micropores), Level III (Nano pores) and Level IV (Molecular
pores) [91,207] as illustrated in Fig. 14. Macro pores are known
as bubble pores with typical size greater than 10 um. The
geopolymerization process, composition, and curing condi-
tion including high viscosity, high-speed mixing, insufficient
debubbling, and forceful heating can all considerably increase
the content of macroscale pores [91]. Mesopores and micro-
pores are pores with a diameter of 100 nm to 10 um that are
made up of microcracks, hollow voids inside or around the
unreacted particles. These pores are formed by the presence
of unreacted particles in geopolymer binder, which is caused
by the deficient alkali, insufficient curing time and chemical
reactivity of raw materials [208,209]. Moreover, nano pores are
in the range between 2 and 100 nm and present abundantly in
geopolymers. The pores in low calcium content geopolymers
are finer than high calcium content geopolymers. Geo-
polymers with high calcium concentration have a more
complex pore structure and there is no distinctive pore size
and the pore size distribution is wider [91,210]. However,
molecular pores less than 2 nm are usually present in the
aluminosilicate network, evident by the presence of small
rings and cage structure. Molecular pores are influenced by
the Si/Al ratio and structural disorder of the aluminosilicate
network [91,211,212]. Therefore, the geopolymer synthesis in
an aqueous medium enables custom-tailored porosity.
Various techniques were employed to achieve desired
porosity for various purposes [90,205,213]. Several methods
for producing macroporous ceramics have been reported,
including the use of a replica, sacrificial template and direct
foaming method [122,205,213].

In addition, thermal and mechanical processes are phys-
ical modification methods, which improve the physical char-
acteristics of adsorbent such as surface area, pore volume,
density and solubility [214,215]. For instance, changes in
physical properties include density, pore structure and
microstructure occur in geopolymer based adsorbents with
the formation of cracks upon heat treatment at elevated
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Fig. 13 — Production of GZM adsorbents [203].
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temperature [214,216]. There are three stages to the thermally
induced pore structure change in geopolymer pastes as shown
in Fig. 15: (i) At 100 °C, the percentage of mesopores of geo-
polymer decreased by further geopolymerization, which pro-
vides healing effect on pore the structure [216]. (ii) In contrast,
when the geopolymer is subjected to a temperature in the
range between 100 and 600 °C, severe cracks are exhibited in
the matrix, which are strongly related to evaporation of free
water and chemically bonded water and the decomposition of
binder gel [216]. This further destruct the geopolymer matrix
and increases the pore connectivity by enlarging the initial
cracks which also results in the rise in the pore size. Pressure
builds up causing the microcracks to expand and to crack
much more [217,218]. Formation of microcracks will aid in the
heavy metal adsorption by diffusing through the cracks or
pores into the particles [167,219]. (iii However, thermal
treatment beyond 600 °C significantly reduced the presence of
mesopores by refining the pore structure [216]. On the other
hand, in terms of chemical transformation upon heat treat-
ment, geopolymer is chemically stable from room tempera-
ture till 600 °C, while considerable changes in crystalline
phases is observed after exposure to 800 °C with the
formation of nepheline ((Na, K)AlISiO,) as the result of sodium

aluminosilicate hydrate (N-A-S-H) gel crystallization [220].
However, the main drawback of this approach in the modifi-
cation of geopolymer adsorbent is the loss of thermally un-
stable functional groups at higher temperatures [123,221]. As a
result, the production of chelates with metal species reduces,
resulting in fewer metal ions adsorption.

Besides, high-energy ball milling is a mechanochemical
method, which can be used for obtaining nanomaterials with
enhanced material properties such as specific surface area, ho-
mogeneity, and dispersion [222—224]. Mechanochemical refers
to the combination of basic solid-state approach and mechani-
cal energy input, which includes applying pressure on surface-
bound compounds to promote kinetic reactions between
solids [225,226]. During collision, powder particles caught be-
tween the surfaces of colliding milling tools are subjected to
rapid mechanical loading at relatively high strain rates resulting
inlocal mechanical stresses that are unevenly distributed across
the network of particle interactions as shown in Fig. 16 [226]. The
granular bed undergoes rearrangement under the influence of
mechanical forces, characterized by particle compression as the
surfaces slide against each other and the onset of severe me-
chanical deformation [226]. Local deformations enable the acti-
vation of mechanochemical transformations, which then occur
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at individual collisions under processing circumstances. The
advantages of the ball-milling technology include convenience
of use, low cost, and environmental friendliness, as it is able to
enhance the properties of the material produced without the
presence of chemical reagents [222,223,227]. High-energy mill-
ing does not only participate in improving surface structure of
adsorbent, but also induces significant physicochemical

changes in milled materials [228]. During this process, the
induced high energy impact is able to break the chemical bonds,
diminish crystallinity, enhance amorphization and also in-
crease the density of surface functional groups in solid mate-
rials, which can potentially improve the adsorption
performance of adsorbent [226,228]. Previous researchers re-
ported that, ball-milled materials have been widely used in the

Table 8 — Preparation of porous geopolymer adsorbents.

Source/Method Pore size

(nm)

Authors Raw

material

Targeted metal
ions

Qmax
(mg/
g

Findings

Ge et al. [231] ¢ MK 2-160

H,0, foaming
agent
e K12

Duan et al. [90] e FA
e IOT

10—-110

H,0, foaming
agent

Hu et al. [232] Ball milled =

CaCOs

Tan et al. [206] e FA
Calcined
clay

17.58-56.47

H,0, foaming
agent

Aluminium =
Powder
Propylene glycol

Pachana et al. ¢ WTR
[219]

Cu*t 52.63 e Typical structure of geopolymer did
not change upon preparation of
porous geopolymer sphere

Prepared porous geopolymeric sphere
has relatively low adsorption ability
compared to powder adsorbents
113.41 e Formation of porous structure
through transformation of FA and Fe
ore tailing into an amorphous foam-
ing geopolymer

Porous geopolymer increases avail-
able sites for Cu”’" binding and
thereby increasing adsorption ability
99.76 e Cu?* removal through chemical pre-
cipitation rather than physical
adsorption

10% of ball volume become optimum
to clear the effluent discharge limit of
Cu

19.94 e Adsorption performance towards
Ni?" increases with increasing pore
size and network

An open network structure acts as a
liquid penetration channel and
lowers the penetration resistance
100% e After 24 h of immersion, the Fe is
completely removed using a geo-
polymer which calcined at 400 °C
Adsorption rate of Fe was higher than
Mn

Cu2+

Cu2+

NiZ+

Fe2+
Mn2+
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Fig. 17 — Porous geopolymeric sphere [231].

removal of heavy metals [229,230]. Potential adsorbent sites for
pollutants increase after ball milling as particle size decreases,
while specific area increases [222,229]. However, the main
drawback of this approach is contamination, which results from
the high energy condition and long milling time by the pro-
duction of wear from the milling media [226].

Table 8 presents a summary on porous geopolymer ad-
sorbents. Previously, Ge et al. [231] developed porous geo-
polymeric sphere using suspension and solidification method.
The process begins with the preparation of slurry by dissolv-
ing NaOH in Na,SiOs, followed by the addition of MK and
foaming agents namely 0.5% H,0, and 1.5% sodium dodecyl
sulphate (K12) into the alkaline solution. Then, the process
continues with the preparation of geopolymeric sphere.
Porous geopolymeric micro beads were prepared by continu-
ously injecting homogeneous slurry into polyethylene glycol
(PEG-600) medium under an 80 °C water bath. From Fig. 17, a
porous structure of adsorbent with layered structure can be
observed. This indicates that a porous geopolymeric sphere as
a promising adsorbent to extract heavy metal ions was suc-
cessfully synthesized. Nevertheless, the valid reason for
choosing 0.5% H,0, and 1.5% K12 as optimum values in the
preparation of geopolymeric sphere was not declared in this
work.

In the year 2016, Duan et al. [90] utilized Fe ore tailing (IOT)
and FA as raw materials, which also used H,0, as foaming
agent to synthesize porous geopolymer for Cu®>* adsorption
from wastewater. This work discovered that an amorphous
geopolymer with total pores value of 74.6% was successfully
synthesized by transforming FA and IOT into foaming geo-
polymer. As revealed in Fig. 18(a), the SEM image of
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geopolymer without addition of H,0, consists of low porosity
with dense structure. Whereas, after the addition of H,0,,
high porosity structure compared to reference sample was
observed, which provided more adsorption sites for adsorp-
tion as shown in Fig. 18(b). However, it would be better, if Duan
et al. [90] could provide an analysis on the difference between
the surface area of synthesized geopolymer and porous geo-
polymer in order to determine difference in the interaction
between wastewater and adsorbents.

In another study, Hu et al. [232] studied the Cu®* removal
efficiency of activated CaCOs; via ball milling. The Cu®*"
removal was not possible only with physical adsorption from
agitation process. It was found that ball milling played a vital
function in activating the CaCO; sample and stimulating its
reaction with copper sulphate (CuSO,) as effectively as
Ca(OH),. The reactivity of CaCO; with heavy metals in
wastewaters could be improved by milling, which entails
adding of balls to the agitation process. This is because, the
principal reaction pathway for the Cu>" removal is the pre-
cipitation of posnjakite, which results from the interaction
between CaCO3; and CuSO,, which was triggered by ball mill-
ing. Other than that, wetting and dissolution behavior of
CaCOs are the two main changes caused by ball impact during
milling, which are dependent on the surface roughness and
shape of the milled particles. Nonetheless, Hu et al. [232] study
should include the adsorption experiments such as isotherms
and kinetics to explore more on the adsorption mechanisms
of Cu?* by mechanically activated CaCOs.

Similarly, Tan et al. [206] investigated the potential of
prepared porous geopolymer sphere adsorbent via facile
method towards adsorption of Ni** from wastewater. First of

/

%

Fig. 18 — Pores structure of (a) Geopolymer and (b) Porous geopolymer [90].
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Fig. 19 — Morphology of (a) WFOA and (b) FOA [206].

all, FA and calcined clay were used as a source of alumino-
silicate, mixed with alkaline activator, while H,O, was used as
foaming agent to develop porous structure. Upon mixing, the
obtained geopolymer paste was cured for 24 h at 60 °C in an
oven. Formation of compact gel structure was observed in the
sample as illustrated in Fig. 19(a), prepared without foaming
agent (WFOA) while formation of pores that are more visible
and larger in size were discovered in the sample in Fig. 19(b)
with foaming agent (FOA). However, it will be more under-
standable if Tan et al. [206] study could provide XRD analysis
on the synthesized WFOA and FOA in order to determine the
phases present before and after synthesis.

In contrast, Pachana et al. [219] examined the effect of
calcination temperature on the removal of Fe?" and Mn?" by
the porous geopolymer adsorbent by utilizing water treatment
residue. Since this residue contains significant levels of SiO,
and Al,Os, it may be a potential source of material for the
development of geopolymers. The total pore volume was
increased to 49.43 and 56.51% with increasing calcination
temperature to 400 (G-400) and 600 °C (G-600) respectively due
to water vaporization of sodium silicate in the geopolymer
mixture. Increased in porosity with increasing calcination
temperature was consistent with increased in the water
adsorption. The geopolymer samples showed a dense and
strong matrix after being calcined at 400 and 600 °C as shown
in Fig. 20(a) and (b) respectively. The G-400 sample completely
eliminated all of the Fe from the aqueous solution while about
50% of the removal of Fe’* was achieved by G-600. This is
because, G-600 had lower releasing capacity of OH™ than

G-400 due to the dense matrix obtained. In addition, Mn?* can
be removed from an aqueous solution by adsorption and
coprecipitation with Fe ions. The addition of alkali (OH™ ions
from G-600) increased the pH of the solution, leading to an
increase in Fe precipitate and the Mn removal ratio. Never-
theless, the calcination effect on the removal efficiency of Fe*"
and Mn?" at 500 °C should be conducted to validate the best
calcination temperature towards pores development and
heavy metal ions removal application.

6. Summary and future works

From the review that had been done, the characteristics and
potential of different aluminosilicate materials in the prepa-
ration of geopolymer based adsorbent were studied by
analyzing the advantages and disadvantages of various
geological origins and industrial waste materials. It can be
concluded that, sludge contains significant components
compared to other waste materials such as FA and slag. Thus,
it can effectively adsorb heavy metal ions by the combined
contribution of ion exchange, precipitation and ion complex-
ation with heavy metals. The presence of metal oxide such
and inorganic salts in sludge will increase the active site on
the surface of geopolymer. On the other hand, the presence of
heavy metals in sludge can be immobilized in geopolymeric
matric. Utilization of sludge as aluminosilicate material in the
geopolymerization process not only transform waste into
assets but also produces highly effective heavy metal

Fig. 20 — Morphology of (a) G-400 and (b) G-600 [219].


https://doi.org/10.1016/j.jmrt.2022.11.100
https://doi.org/10.1016/j.jmrt.2022.11.100

148 JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;22:126-156

adsorbents and lowers the cost of sludge disposal. Thus,
sludge based geopolymer adsorbent could deliver double
benefit in waste management and wastewater treatment. In
addition, the synthesis parameters such as molar concentra-
tion of alkaline activator, alkaline activator ratio, S/L and
curing temperature play a significant role in the effective
geopolymerization process. Thus, coming up with a proper
mix design is crucial in order to precisely control each of the
parameters mentioned above. Besides, this paper also
reviewed several possible methods for improving the physical
properties of adsorbents. Other than replica, sacrificial tem-
plate and direct forming methods, sintering and ball milling
are considered environmentally approaches to improve the
development of pores and surface area of the adsorbents.

Based on the review that had been done, a few research
gaps have been identified and several future works are pro-
posed as listed below:

i. ZP provides important information on the electrostatic
interaction between adsorbent and adsorbate while
FTIR provides important information on the surface
functional groups which has a significant role in the
removal of heavy metals ions via adsorption. Never-
theless, previous studies on the adsorption capacity of
MK based geopolymer and MK/zeolite based geo-
polymer did not provide the analysis results on both ZP
and FTIR.

ii. Besides, EDX and XRD analysis should be conducted on
the adsorbent after adsorption in order to identify the
compositional elements in the adsorbed geopolymer
and also to detect formation of new crystals structures
through chemical reactions respectively.

iii. In addition, a study on the regeneration ability of py-
rophyllite based geopolymer must identified as it is an
important element in evaluating the performance of the

adsorbent.
iv. Other than that, some of the researchers did not reveal
some important parameters used in the geo-

polymerization process such as molarity of NaOH con-
centration, S/L ratio, and SS/SH ratio which directly
influence the structure and framework of the
geopolymer.

v. Other than replica, direct forming and sacrificial tem-
plate, thermal and mechanical processes are physical
modification methods, which improve the physical
characteristics of adsorbent such as surface area, pore
volume, density and solubility.

vi. From a previous study, it will be more understandable if
this study could provide a schematic diagram which can
illustrate the mechanisms that occur during the
adsorption of Pb®* and Ni**. While in another study,
adsorption experiments such as isotherms and kinetics
should be included to explore more on the adsorption
mechanisms of Cu?" by mechanically activated CaCOs.

vii. However, geopolymer showed lacks the capacity to
directly absorb anions and thus further studies are
required for the development of geopolymer on anions
adsorption efficiency.

viii. In contrast, limited studies focused on the utilization of
sludge in the geopolymerization process although it has

significant components that make it potential for heavy
metal adsorption.
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