Application of Geopolymers in Adsorption
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Geopolymer is a porous inorganic material with a three-dimensional mesh structure, good mechanical properties, a simple
preparation process (no sintering) and a low economic cost, and it is environmentally friendly. Geopolymer concrete has
been widely used in the construction field, and many other studies have revealed that geopolymer will become one of the
most promising inorganic materials with unique structure and properties. Geopolymer has a three-dimensional mesh
structure that provides the geopolymer with high porosity and a significant number of mesopores that enhance the
adsorption capacity by providing more exposed binding sites on the surface. The high mesoporous structure, high
porosity, and three-dimensional mesh structure give geopolymers a larger specific surface area, which increases the
contact sites with pollutants and impurities.
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| 1. Introduction

Research on the preparation of new environmentally friendly materials using fly ash, metakaolin, and other substances
containing large amounts of silicon and aluminum elements as raw materials has become highly popular in recent years.
These materials will be processed to produce innovative materials with amorphous and quasi-crystalline three-
dimensional mesh structures. This relatively inventive material is referred to as Geopolymer, which was originally
conceived by French scientist Joseph Davidovits in 1978 2 Davidovits & prepared for the first time new inorganic
silica—alumina gel materials with a three-dimensional structure using the reaction of alkaline solution NaOH/KOH with
metakaolin. Developments in geopolymers are not only naturally occurring silicate mineral polymers, but the concept also
includes natural minerals, slag, industrial waste, volcanic ash, and solid waste to produce gel polymeric materials with
amorphous and quasi-crystalline structures [4I=I6],

With the continuous development of modern technology, porous geopolymers have attracted significant attention from
academia and industry under their unique three-dimensional structure. Geopolymer products have stable chemical
properties, thermal stability, inexpensive and accessible raw materials, and a simple preparation process [EINILAMLL The
geopolymer has excellent practical applications when used as a modern green inorganic porous material. This area is
surrounded by extensive research directions. The microstructure of geopolymers has more irregular pores with larger
specific surface areas and the three-dimensional mesh structure is favorable for capturing adsorbed substances.

Adsorption is a mass transfer process in which a substance is transferred from one phase to another. According to the
different forces of attraction between substances, they could be divided into chemisorption and physical adsorption.
Contaminants accumulate on the adsorbent surface due to physical forces such as van der Waals forces, hydrogen
bonding, hydrophobic interactions, polarity and space forces. The dipole-induced dipole interactions and the chemistry of
TI—TI interactions also produce adsorption effects 12, Adsorption could be used for purification, decolorization, separation,
deodorization, concentration, and detoxification, and it is becoming increasingly important in many areas of production 31,
There are various adsorption materials, and the commonly used inorganic adsorption materials are silica gel, activated
alumina, zeolite, etc. Organic adsorbents are polyacrylamide, resin, cellulose, etc. Adsorption as a highly efficient means
of pollutant removal technology has received much attention, where adsorption materials directly affect the adsorption
effect, and efficient green adsorption materials have become a popular research subject. Researchers have found that
nanomaterials exhibit high adsorption capacity for pollutants such as dyes, heavy metal ions, etc. LALSI8] \ith the
advancement of technology, new types of adsorbent materials have been reported for the adsorption of pollutants, such
as spinel ferrite magnetic materials, nanomagnetite-modified biochar, ligand-immobilized facial composite adsorbent,
mesoporous adsorbent, graphene-based adsorbents and agro-industrial waste derived adsorbents [LZI[18][191[20]21]

Adsorbent materials are green and safe, economical and low-cost, easy-to-recycle, and abundant raw materials.
Adsorbent materials may be prepared from minerals, shellfish, starch, tree bark, industrial and agricultural wastes, etc.



Adsorbent materials could treat a variety of pollutants such as heavy metal ions, dyes, organic matter, and CO, 22,
Adsorption is possible in combination with other technologies and photocatalytic technology to increase the adsorption
capacity while improving the efficiency of dye degradation [23,

| 2. Heavy Metal

Water sources in several worldwide suffer from heavy metal pollution, while geopolymers with their strong ion exchange
capacity (241251 and three-dimensional structure become potential materials for heavy metal adsorption. The preparation of
adsorbent materials using geopolymers as source material for research on adsorption/immobilization of metal ions has
been carried out extensively until now. The adsorption experiments of Cu?* using fly ash and iron ore tailing to synthesize
porous amorphous geopolymer revealed a total porosity of 74.6%. The uptake capacity reached the highest value of
113.41 mg/g at 40 °C 28], |t is remarkable that when geopolymer is used as an adsorbent, pH has a significant effect on
the adsorption capacity of most of the adsorbents, and pH regulation is often required to obtain the best adsorption effect.
When the pH is low, the solution contains high amounts of H30*, which competes with metal cations for the exposed
active sites of porous geopolymers, resulting in a lower capacity to adsorb cations such as Cu?*, Zn?*, Pb2*, etc. When
the pH increases, H3O" decreases, and the competition for metal cations becomes stronger. Take Cu?* as an example,
when the pH value is high, the OH™ concentration in water increases, and a large amount of OH™ generates Cu(OH),
precipitation with Cu?*, resulting in poor adsorption performance. The maximum monolayer adsorption capacities were
72.3 mg/g and 69.2 mg/g for MnZ* and Co?* for the removal of Mn?* and Co?* heavy metal ions from aqueous solutions
using metakaolin-based polymers. The adsorption efficiencies were observed to be slightly sensitive to temperature and
ionic strength, but high adsorption rates could be obtained without pH adjustment 22,

The silicate category of materials itself also has certain adsorption properties. The fly ash, fly ash-based polymer and
faujasite block were compared in the experiment and Pb?" was used as the adsorption target. When pH = 3, the
maximum adsorption capacities of fly ash, geopolymer and faujasite block were 49.8, 118.6 and 143.3 mg/g, respectively,
indicating that the adsorption efficiency of geopolymer and faujasite block was much higher than that of fly ash, and the
entropy difference in adsorption among the three indicated that fly ash was mainly physical adsorption of Pb2*, while
geopolymer and faujasite block are chemisorbed [28. Metakaolin-based polymers were used as adsorbents for the
removal of Zn?* and Ni?* ions from aqueous solutions, and the maximum monolayer adsorption capacities of Zn?* and
Ni2* determined by Langmuir adsorption isotherms were 1.14 x 1073 and 7.26 x 10™* mol/g, respectively. Adsorption
research in continuous mode demonstrated that the optimal flow rate was 2.0 mL/min for Zn?* and 1.0 mL/min for Ni?* [22],

Under the experimental conditions of continuous operation, it was discovered that besides the common influencing
factors, namely, initial concentration of ions, amount of adsorbent, adsorption time, pH, etc., flow rate also affects the
adsorption efficiency of the material. The geopolymers prepared at different alkali activator moduli (silica/sodium oxide =
0.8, 1.2, 1.6, 2.0 mol/L) using the same metakaolin raw material had different adsorption capacities when prepared with
different alkali activator moduli agents. When the geopolymer prepared with alkali activator modulus of 0.8 mol/L showed
the best adsorption performance for Cd?*, the maximum adsorption capacity was 70.3 mg/g 29,

To improve the adsorption capacity and various properties of the adsorbent, the geopolymer could be modified and altered
by adding other substances during the preparation of the geopolymer. Synthesis of innovative geopolymer-alginate—
chitosan complexes using a mixture of metakaolin geopolymer and sodium alginate solution and chitosan for direct
removal of PbZ* from wastewater 1. Hollow gangue microspheres were inserted into the geopolymer matrix by the
geopolymer method for the removal of heavy metal ions (Cu?*, Cd?*, Zn?* and Pb?") from aqueous solutions. The
adsorption principle of this adsorbent material was attributed to physical, chemical, electrostatic attraction, and ion
exchange by pseudo-second-order kinetic model fitting, equilibrium isotherm adsorption data and Langmuir equation
fitting analysis in this experiment B2, While silicates are generally used for geopolymers, other substances could be used
to provide silica and aluminum sources for the preparation of geopolymer-based adsorbent materials. Some nano-zeolite
and geopolymer/zeolite products could be synthesized at low cost by using rice husk and waste aluminum cans as silicon
and aluminum sources, respectively, and the synthetic products could effectively remove Co?*, Cu?* and zn2* [33],

| 3. Other lons

Geopolymer adsorbent materials could adsorb NH,*, anionic sodium dodecyl benzene sulfonate and other pollutants, in
addition to common heavy metal ions. The geopolymer of metakaolin was made into granular form for the adsorption of
NH,4*. Experiments were conducted in municipal wastewater treatment plants on a pilot basis, and the NH,* effluent
concentration was always maintained at 4 mg/L at a water temperature of 10 °C B4, The application of geopolymer
adsorbent materials for NH;* removal from waste leachate and NH,* removal from piggery wastewater has also been



investigated [B2I38] This indicates that the porous ground polymer particles have high selectivity for NH,* even in the
presence of organic compounds and competing ions 8. The geopolymer adsorbent could capture the anionic surfactant
sodium dodecyl benzene sulfonate, similarly to the above-mentioned adsorption process, which the adsorption is
chemical and physical at the same time B4, Cation exchange processes (Na* substitution by Ba*) occur in the framework
structure of the geopolymer using Ba for geopolymer modification. The Ba-modified geopolymer materials exhibited higher
adsorption rates for SO,42~ in the pH range 7-8 28],

Adsorption calculations by pseudo-second-order kinetics, Langmuir isotherm model, etc. suggested a uniform distribution
of adsorption sites and the formation of a monolayer of adsorbate on the surface of the geopolymer in most of the
adsorption processes. In several studies, heavy metal ions are better adsorbed under strongly acidic conditions because
the solution contains more H* in strongly acidic conditions, which means that there is the higher free energy of hydration
and could exchange metal ions more effectively 22, The adsorption capacity is not limited to the adsorbent material itself
but is determined by the experimental conditions. Different experimental conditions have to be explored for different ions
in return for the best adsorption effect.

| 4. Dyes

In research on the extraction of methylene blue from synthetic wastewater by fly ash-based geopolymer spheres, the
removal efficiency of methylene blue uptake reached 79.7 mg/g and remained up to 83% after eight cycles of
regeneration. The surface of the spheres is smooth and the large number of pores inside the spheres, and the open small
pores on the closed macropores expose more active sites to improve the adsorption. Additionally, the significant difference
in chemical elements between two parts of the spheres was found by EDS, which was caused by the inhomogeneity of
the particles and the chemical differences in the precursors 49,

The geopolymer balls could be prepared by liquid nitrogen drop technique, in which PEG600 is added as a binder to
adsorb methylene blue, and the removal efficiency of all beads after 24 h reaches 98% removal on average. The
efficiency observed is mainly associated with the morphology and porosity of the beads, which in turn is directly related to
the water content added to the geopolymer slurry 21, Other research on the adsorption of methylene blue has
demonstrated that this adsorption method is effective and feasible, and is expected to be used directly in industrial
wastewater treatment in the future B44243] These fly ash-derived inorganic polymers also exhibit excellent adsorption
properties when adsorbing crystalline violet from aqueous solutions 44, Magnetic geopolymers were used as effective
agueous decolorization adsorbents for the removal of acid green (AG) and procion red (PR) from aqueous solutions. The
results of the theoretical calculations of the bilayer adsorption model and the corresponding performance tests confirmed
that the active sites of the magnetic ground polymers are favorable for binding to the smallest dye molecules, thus
improving the adsorption capacity 4. Simplified and low-cost surface modification of previously prepared fly ash-based
polymers with cetyltrimethylammonium bromide (CTAB) was able to remove anionic acid blue 185 (AB185) without strong
acid conditions, with a maximum removal efficiency of 98.2%, and this indicates that electrostatic interactions also have a
major effect on the adsorption process 8. The mesoporous geopolymer was synthesized using a new and simple
synthesis method using metakaolin and rice husk ash as the source of silica and alumina, and the material was tested for
the removal of methyl violet 10B (MV10B) from an aqueous solution. The results demonstrated that the maximum
adsorption capacity of the mesoporous geopolymer was 276.9 mg/g, and that the adsorption was spontaneously
generated with a heat absorption process 4. With Rhodamine B as the removal target, using geopolymers as
adsorbents, the removal capacity was increased as the contact time increased, allowing the active sites to interact more
fully with the dye molecules. However, this experiment also showed that when the contact time exceeded a certain critical
time, the adsorption capacity stopped increasing &, Activated geopolymer with a specific surface area of 35.7 m%/g was
used for the adsorption of methyl orange (MO) dye, but the experimental results showed that compared to kaolinite and
metakaolinite, activated geopolymer had the largest specific surface area, but the adsorption effect was lower than the
other two substances. This might be explained by the fact that MO is an anionic acid dye and the silicone bonds on the

surface of geopolymer are negatively charged, MO and hydroxyl ions (OH") compete with each other at the adsorption
sites [49],

Dye wastewater is expensive to treat because it contains a large amount of pigments and organic matter, while
geopolymers possess the characteristics of low cost, green and high adsorption efficiency. The geopolymer adsorbent
materials prepared at different temperatures all showed excellent adsorption performance in the treatment of dye
wastewater, but geopolymers have poor adsorption performance for both negatively charged ions and anionic dyes, which
is caused by the charge characteristics of the geopolymer surface. In a highly acidic environment, the surface of the
silica—aluminate mesh of the geopolymer is protonated, thus becoming a positively charged adsorbent on the surface,
which facilitates the adsorption of anionic dyes 9. After modifying the pores, hydrophobicity of the material, surface



charge and ionic affinity by adding suitable additives and changing the functional groups on the surface of geopolymers
and their crystalline shape, it is expected to be used in large-scale industrial applications for the treatment of dye
wastewater (211,

Absorption of heavy metals and dyes on geopolymers is mainly a spontaneous, heat-absorbing and entropy-driven
process, and the adsorption process contains physical, chemisorption, and ion-exchange adsorption. Adsorption is
frequently the result of the combined effect of three kinds of adsorption, which accounts for the major type of adsorption in
the adsorption process as a result of differences in adsorbent substances, adsorption conditions, and adsorbents.
Research in the future should focus on: improving the mechanical properties, adsorption performance and stability of
geopolymer adsorbent materials; improving the adaptability of geopolymer adsorbent materials under different conditions,
such as strong acidic and alkaline environments, organic—inorganic mixed solutions, high temperature and high pressure,
and other complex environments; and studying the ability to adsorb pollutants other than heavy metals and dyes, and the
application of continuous operation in practical wastewater 211,

| 5. Other Adsorption Applications

In recent years, research scholars have focused their attention on the application of geopolymers for gas adsorption.
Cryogenic adsorption of CO, in solid materials is a highly cost-effective method for implementing decarbonization in
retrofit plant strategies 2. Selected alkali-based porous ceramic clay polymer materials applied to CO, adsorption exhibit
excellent performance for better separation of CO,/N, and CO,/CH, gases 23l To purpose of increasing CO, capacity, a
novel composite material formed by embedding Nal13X zeolite in a geopolymer matrix using K/Na silicate material as raw
material. the CO, capacity of the Na*-based composite is significantly greater than that of the K*-based adsorbent (2—3
times) 4. Simplifying the experimental procedure, a complex three-dimensional pore network NaX nano-zeolite-
geopolymer monomer was finally obtained using a one-pot hydrothermal synthesis method, which has a BET-specific
surface area of 350 m2/g 35, Practical production in industry produces CO, at high temperatures and mostly mixed
gases, requiring adsorbent materials with high mass transfer, strong mechanical properties, great thermal stability and
chemical stability. The talc-based powder was mixed with a metakaolin-based polymer matrix to prepare an innovative
ground polymer-hydrotalcite composite material, which has excellent compressive strength at temperature and 500 °C
while ensuring adsorption capacity, ranging from 10 to 35 MPa 28],

Geopolymers have been researched more in CO, gas adsorption, but the application of other gas adsorption has been
less studied. The present studies suggest that geopolymer adsorbent materials with proper modification have high mass
transfer, high stability and selective adsorption. They have great potential in the treatment of industrial waste gases, and
their adsorption applications and adsorption principles for other industrial waste gases such as SO,, CO, and H,S could
be explored in the future.

In addition to the common adsorption of heavy metals, dyes, and gases, geopolymers could be used for material
separation using the principle of adsorption. The adsorption of formaldehyde in aqueous solutions using geopolymers, the
cation exchange capacity of geopolymers is 2-3 times higher than that of natural zeolites, and the process of
formaldehyde removal includes physical adsorption, chemical adsorption and complexation, which may be the reason for
the stronger adsorption capacity of geopolymers for formaldehyde 2. Experimental adsorption desulfurization of oil using
geopolymers. The study revealed the presence of Na, Al, and strong acid sites on the surface of the prepared
geopolymer. These sites interact with sulfur compounds in heavy gas oils through 1—1t and acid—base interactions 581,

| 6. Application of Geopolymer Membranes in Adsorption

Membrane technology has developed rapidly in recent years and is widely used for the separation, classification,
purification or enrichment of multi-component liquids or gases. However, most of the mature membrane technologies used
nowadays are organic membranes, which have the advantages of high treatment efficiency and easy operation, but have
the disadvantages of high economic cost and serious membrane pollution. Inorganic membranes make up for the
shortcomings of organic membranes, but inorganic membranes are more expensive to prepare, and the process is not
mature. Therefore, the emergence of geopolymer membranes provides an opportunity for the development of inorganic
membrane applications 2. Numerous studies have proven that geopolymers have excellent adsorption properties, and
the advantages of geopolymers could be exploited to prepare low-cost and high-efficiency inorganic membranes.
Changing the form of a geopolymer used to make it renewable and reusable expands the scope of geopolymer
applications in industrial production.



Biomass fly ash ground polymer monomers are used as adsorbents, and these monolithic adsorbents could be used as
membranes after being used directly in filled beds €9, Research has suggested that geopolymers could be prepared
directly into membranes. The novel free-sintered self-supporting inorganic membrane simultaneously adsorbs and repels
Ni?* during the membrane separation process, which could effectively remove Ni?* from wastewater while removing small
molecule pollutants from water 1. To increase the contact sites, improve removal efficiency, and facilitate use,
geopolymers may also be prepared as tubular membranes. Porous gradient geopolymer-based tubular membranes were
prepared using a one-step molding method for the removal of particulate matter (PM) (621,

The geopolymer membrane requires a higher compressive strength while having a greater specific surface area. Besides
conventional fly ash or metakaolin, phosphate mine tailings could be used to produce geopolymer membranes, which also
exhibit good compressive strength (11.2—-43.7 MPa) and high BET surface area (321-384 m?2/g). The geopolymer
membrane could effectively remove Cu?* from water through the combined effect of ground adsorption and repulsion (€3],

Appropriate modification of inorganic membranes could improve their adsorption capacity and mechanical strength. A
metakaolin-based polymer composite membrane (support + dense layer) was prepared using metakaolin and alkali
solution at lower temperature and atmospheric pressure, using porous ground polymer as a carrier and a dense layer on
the surface using a double coating process. The composite membrane exhibited amorphous structure, high permeate
water flux (245 kg/m?-h), good interface combination and reusability. The membrane performs better on paper wastewater
purification, effectively intercepting and adsorbing suspended solids in solution €4, A new inorganic-organic composite
membrane was prepared by electrostatic self-assembly method, choosing porous polymers as the carrier and using the
“green” biomaterial chitosan to form the active layer. The effectiveness of the composite membrane in removing crystalline
violet (CV) was attributed to the synergistic effect of repulsion and adsorption 3. The porous zeolite ground polymer
membrane (Geo) was used as the immobilization carrier to prepare laccase-immobilized ground polymer composite
membrane for CV removal. CV molecules could be adsorbed on the porous Geo surface through the electrostatic
attraction effect and van der Waals forces. Secondly, laccase is an oxidoreductase that could oxidize dye molecules,
creating a synergistic effect between the two to achieve higher removal efficiency 81,

Geopolymer membranes are convenient to use compared to other forms of geopolymer-based materials and are reusable
as they could be backwashed to restore the original flux. Modified and adapted geopolymer membranes have a variety of
properties, and while acting as a carrier, the geopolymer membrane’s physical adsorption capacity help adsorb metal
ions, resulting in higher removal efficiencies. The combination of geopolymers and other substances could maximize the
synergistic effect and maximize the performance of the membrane material.
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