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Chapter

Geopolymers and Alkali-Activated
Materials for Wastewater
Treatment Applications and
Valorization of Industrial Side
Streams
Tatiana Samarina, Esther Takaluoma and Outi Laatikainen

Abstract

The EU has the ambitious goal to transition from linear to circular economy. In
circular economy, the old saying of “one’s waste is the other’s treasure” is being
implemented. In this chapter, valorisation of industrial side streams, traditionally
branded aswaste, is discussedwith respect to their applications as rawmaterials for new
adsorptive products – geopolymers (GP) and alkali-activatedmaterials (AAM) – as
adsorbents in wastewater treatment. The chemical nature and structure of materials
generally have great influence on GP/AAM adsorption capability. The approaches used
for the rawmaterials preparation (chemical or physical) prior geopolymerization to
increase the adsorption capacity of the final products will be discussed. Adsorption
properties and performance of GPs/AAMs towards various contaminants are described,
and the latest research on testing thosematerials as water remediation are reviewed.
Special attention is paid to regeneration of exhaustedmaterials and available resource
recovery options that the regeneration approach opens. New forms of geopolymer
adsorbent such as foams or core-shell structures are described and in the last part of the
chapter, a short economic evaluation of resource recoverymodels is provided.

Keywords: adsorption, metal removal, nutrient recovery, geopolymer composite,
wastewater treatment

1. Introduction

The United Nations have ratified 17 goals of sustainable development, of which
responsible consumption and production is directly, while economy, innovative
industry, infrastructure, and climate action are indirectly related to circular econ-
omy and the need of sustainable production [1]. Sustainability in the processing
industries can be applied along the main value chain, e.g. from metal extraction to
metal recycling, but can also be applied to the associated waste materials. Copper
and iron mining alone are estimated to generate yearly about 5 bn tons of tailings
[2], i.e. the fraction of the processed ore, after extraction of the valuable minerals.
Finding a way to successfully reuse vast amount of this material and other waste
sources is a great step towards circular economy.
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While recycling an initial waste or side-stream, the material can be upcycled,
meaning the newly derived product is of higher intrinsic value and properties or
downcycled, where the new material has lower value. A prominent example for
downcycling is the reuse of plastic bottles as fleece and carpet material. The mate-
rial has less intrinsic value, because the carbon chains of the plastic polymer are
shortened. Geopolymerization of industrial side streams is an upcycling process, as
the geopolymer (GP), utilized as concrete and binder, has a higher value than the
initial industrial by-products. To obtain upcycling, energy is put into the system,
however, since tailings have usually been milled, the material has already under-
gone energy intensive steps and can therefore readily be used as starting blocks for
geopolymerization. Utilizing tailings for upcycling into GPs, is therefore benefi-
cially in terms of waste management, process energy, and emission of greenhouse
gases, as the energy used in the beneficiation process is passed onwards into the
geopolymerization process. Upcycling often requires further energy sources to
achieve higher valuable material. In geopolymeration or alkaline activation this
means the addition of chemicals, and in some occasions, such as analcime tailings,
the addition of thermal energy [3].

In this chapter the valorization of high volume, inorganic side streams from
mining, chemical industries, steel processing, and waste incineration into new
adsorbents useable for water treatment is discussed. The purpose is to show how the
material undergoes value change from side stream to potentially highly functional
material.

As every tailing and every ash has a different chemical and mineral composition,
tailoring of the properties of resulting adsorbents is possible by careful choosing of
precursor materials. Aluminosilicates form the backbone of the geopolymer struc-
ture, but ion exchange, channel size, and physical properties are affected by the
minerals used for geopolymerization [4–6]. Lastly, by controlling of the
geopolymerization conditions, also the macroscopic structures can be developed by
using various manufacturing methods from foaming to granulation.

The ultimate goal of using GPs/AAMs in water purification is to be able to
recover valuable materials such as nutrients or battery chemical metals from
contaminant-rich wastewater streams. In other words, the target is to use one
industrial side stream to recovery of valuable material from another side stream or
waste water in order to multiply circular economy potential.

2. Raw materials and preparation of GP/AAM materials for water
treatment applications

This section summarizes different types of aluminosilicate precursors, occuring
naturally or derived from industrial processes. Materials, which are currently abun-
dant and/or urgent to dispose of, fall within the ambit of the section, but cover only
water treatment applications not geopolymer production for construction industry,
e.g. substitutes for Portland cement or as tailings’ covering.

2.1 Conventional and new sources of aluminosilicate precursors for GP/AAM
preparation

Ashes. Fly ashes (FA) are prominent materials used as alkaline-activation
binders. FAs are abundant yet complex materials, the composition of which is
affected by co-incinerated material. Produced mostly by coal-fired electric and
steam generating plants, coal FAs represent the greater part of generated FAs with
the estimated flow of approximately 750 Mt. in 2015. The utilization rates of FAs
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differ greatly worldwide. Thus, rates in the developed countries equal 96%, 85%,
50% and 65% from produced streams for Japan, Germany, UK and USA, respec-
tively [7]. For the developing countries with growing economics such India and
China, the utilization rates are 38% and 45%, yet rate 66% for Asia in general are
reported. Russian Federation and Africa implement FA as secondary resource less
than 20% [7].

The composition of FA varies widely as it is derived initially from various
primary sources: municipal waste/sludge co-incineration, different coal types, or
subspecialized byproducts from industrial treatment plant (paper, forestry industry
or agriculture). The combustion and cooling processes have profound impact on the
characteristics of FA (particles size, shape, surface area, uniformity, etc.) as well as
its composition and impurities’ inclusion.

Mainly, ASTM C 618 specification is applied to indicate the class of FA used for
geopolymer preparation; however, a local/field or an unspecified labelling is also
common. Coal FA (class F [8, 9] and C [10]) has been extensively considered as an
aluminosilicate source for GP production, while the exploitation of biomass and co-
incinerated FAs is less common [11, 12]. On the other hand, the utilization of these
FAs particularly in the GP production for water treatment sector might be also
beneficial. It would reduce the FA accumulation in landfills, and improve
adsorbents’ LCA in comparison with metakaolin-based GPs.

Although FAs were studied as adsorptive materials previously [7, 13, 14], con-
cerns on potential toxicity of impurities and convenience of use have encouraged to
seek more suitable forms of FA-based materials for water treatment sector.

Municipal waste incineration bottom ash (IBA) has been traditionally considered
as solid waste [15, 16]. IBA is mainly composed of Si, Al, Ca, and Na oxides, and
could be classified as a hazardous or non-hazardous waste depending on the amount
of toxic metal(oid)s. IBA’s main applications are in the engineering field as second-
ary materials in form of weathered bottom ash (after outdoor ageing for 2–3 months
for pH stabilization). However, new applications of IBA have emerged in recent
years as use as an aluminosilicate source for GPs/AAMs [17] including adsorbents
[15, 18–20]. IBA by itself also was investigated as an adsorptive material for metal
removal [21, 22]. In most of the studies, mixtures of IBA with various aluminosili-
cate precursors (BFS, FA, metakaolin) are used in order to obtain desired mechan-
ical characteristics [23]. For the water treatment applications, IBA as raw material
for GPs could have hidden benefits as the aluminum presented in it reacts with the
alkaline activator and forms hydrogen gas, which leads to an increase in porosity
[24]. Moreover, since a compressive strength of the resulting materials could be
lower than for construction applications, the high porosity of materials and in situ
stabilization of concomitant hazardous impurities via encapsulation could be
attractive options [9, 19].

Pre-treatment of FAs and IBAs with various chemicals were suggested in order
to reduce their toxicity and to meet the environment requirements of pristine
materials or/and GPs/AAMs based on them [14, 25–27].

Steel industry waste. Blast furnace slag (BFS), dust, and sludge. BFS is another
copious industrial nonmetallic by-product that is used widely as GP precursor in
civil engineering [28]. Similar to ashes, steel industry wastes are mainly composed
of Si and Al oxides, while Mg and Ca oxides could consist up to 35–60% of the
material by weight [29]. Iron and sulfur are the major impurities in BFS, derived
from the iron-smelting process. Ground granulated BFS has a high specific area due
to the small particle size distribution, which makes it an excellent candidate as
adsorptive material [13, 30]. However, in order to avoid the leaching of heavy
metals from BFS during deployment of these materials in water remediation tech-
niques, alkaline activation were suggested for entrapment/binding impurities
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within the GPs’ matrix [31–34]. The presence of significant amounts of silica,
aluminosilicates, and calcium-alumina-silicates in a pristine material makes the
geopolymerization process rapid and effective resulting in rigid and enduring com-
positions. Thus, BFS was used to enhance the stability of metakaolin- and FA-based
GPs [35].

Basic oxygen and electric arc furnace slag. These materials are sub-categorized,
depending on the process of their formation. Both basic oxygen furnace slag (BOFS)
and electric arc furnace slag (EAFS) are formed during the steelmaking process
[36, 37]. These types of slags are similar in composition to BFS, except for their iron,
manganese, chromium and sulfur contents, which are higher in BOFS and EAFS.
EAFS was modified by alkali activation [38] and its adsorption properties towards
copper were compared to raw EAFS. Significant amount of posnjakite were
detected in the crystalline phase after adsorption of copper that could explain the
drastically high removal efficiency of this AAM.

The accumulation of BOFS has become a significant issue due to its generation in
large quantity, high disposal costs, and unsuitableness in cement industry due to
high iron oxide content. Sarkar et al. adopted BOFS as a raw material for obtaining
of GPs and investigated Ni2+ [39], Zn2+ [40], and F� [41] removal. BOFS was used
by Sithole et al. as a precursor for AAM preparation [42, 43]. In order to achieve
highly porous structures for percolation column tests, a foaming agent (hydrogen
peroxide) was added.

Red mud, silica fume and ore materials. Bauxite is a sedimentary rock, rich in
aluminum oxide minerals and accompanied by kaolinite, quartz, and iron oxides.
The amount of impurities varies depending on the place of origin. Bauxite itself has
recently been tested in water treatment applications for purification of fluor- and
arsenic-contaminated waters [44, 45]. However, even keener interest is observed in
the valorization of bauxite residues, rich in iron and aluminum, as GPs/AAMs [46]
and their water purification applications [47, 48].

Alumina manufactured through Bayer process from bauxite mainly goes to
aluminum metal production. The rest (up to 10% of the whole production flow) is
used as fillers in construction, in glass production, abrasive materials, and catalysts.
Depending on the field of application, aluminum oxide could be called alumina,
aloxide, aloxite, or alundum, and their respective waste materials would conform to
these terms. Aloxite, for instance, is used as catalyst and/or catalyst support in
organic chemistry due to its physicochemical stability and unique surface proper-
ties. As waste material, it could be accumulated in immense amounts from gas
purification, decolorization, and catalytic processes as well as refining and desul-
furization of petroleum oils and waxes. One of the ways of its valorization is in the
design of eco-friendly GPs [49] and adsorbents for wastewater treatment [50, 51].
Thus, the addition of aloxite to analcime before geopolymerization showed an
increase in the specific surface area and pore volume [50].

Silica fume is an amorphous form of silicon dioxide, collected as a by-product of
the silicon and ferrosilicon alloy production. Historically, the main field of applica-
tion is as pozzolanic material for high performance concrete of high strength and
low porosity, though its applications for designing of foamed GPs and immobiliza-
tion of cesium are reported [52, 53].

Mine tailings are mining and mineral wastes. The proper disposal of tailings has
gotten under strong scrutiny for environmental preservation during the last
decades. In many cases, the tailings are fine particles, containing silica together with
iron oxides, alumina, and other minor minerals. This constitution makes tailings an
excellent source of material for GPs. Iron ore tailings were mixed with FA to
produce GP for copper removal [54], while gold mine tailings with Al2O3 additive
were the source for GP production used for lead removal [51]. Prophyllite waste
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materials obtained from mine were converted to prophyllite GPs by Panda et al.
[55], and tested as adsorbent for Co, Cd, Ni, and Pb removal from model solutions.
Magnesite tailings from talcum mines show a reactivity dependent on the calcina-
tion temperature: light burnt (700 – 1000°C), hard burnt (1000 – 1500°C), and
dead burnt (1500 – 2000°C). For use in water treatment and as a GP precursor, a
light burnt magnesite in the form of periclase MgO is suitable.

Natural materials: zeolites, clays, sedimentary rocks. Kaolin is a rock rich in
kaolinite, a clay mineral, and the source of production for the most widely used GP
precursor called metakaolin. Metakaolin, a disordered, activated, and
dehydroxylated form of kaolinite, is obtained through calcination of kaolinite over
600°C. The temperature of calcination has direct impact on reactivity of
metakaolin, and as a consequence, on the crystallinity of the produced GPs [56].
However, raw kaolin/kaolinite were also used in GP production [57], yet for water
treatment applications just recently [58]. Moreover, valorization of spent
metakaolin could be beneficial and decline the cost of metakaolin-based GP [59].
Other clay materials have also been utilized recently for GP design [60]. Thus,
bentonite clay calcined at 700–800°C were used by Maleki et al. [61] for obtaining a
magnetic GP for heavy metal removal. Laterite clay-based GP were proposed by
Ghani et al. [62] as a promising adsorptive material for Ni and Co removal. Laterite
was activated at 900°C prior the geopolymerization. Volcanic tuff is another natu-
rally available material with high porosity and with a high potential for ion-
exchange. It was used in [63, 64] as an abundant yet low-cost material for GP
production, and subsequent Zn removal from water.

Zeolites and zeolitic materials are well-known microporous materials. Found in
nature or obtained through synthetic procedure, they are considered to be selective
adsorbents [65–67], catalysts [68], carriers in biotreatment [69] due to their unique
structure. Although, naturally occurred zeolites are readily available, they generally
show lower surface area than synthetic ones.

Recently, much attention has also been paid on how zeolite could be synthesized
from low-cost materials [70]. GP-zeolite composites and zeolite-like GPs are two
different categories of adsorptive materials, which have recently attracted increased
interest [71]. GP-zeolite composites are hybrid materials, unite the advantages of
both constituents. The GP here serves as a durable support, while the zeolite pro-
vides a high surface area, porosity, and adsorption capacity. For instance,
metakaolinite–zeolitic tuff GPs have been proposed in [72]. The report clearly
showed the beneficial influence of the zeolitic tuff addition into a starting mixture
on the microstructure and the adsorption potential of GPs. Andrejkovičová et al. [4]
prepared metakaolin-based GPs blended with by 25, 50 and 75% of Nižný Hrabovec
zeolite. It was shown that the zeolite particles are responsible for the higher amount
of crystalline phases, producing a more compact and firm microstructure of
blended GPs. The amount of blender has significant influence on the order of
adsorbed metals and on the adsorption capacities of the formulations. Hayashi et al.
[63] incorporated clinoptilolite into GPs though sol–gel protocol in order to further
use of the resulting coatings for heavy metal ion adsorption.

It should be noted that zeolitic phase could be incorporated into GPs’ structures
not only externally. Zeolite-like crystalline phases could be derived from synthesis
routes through fusion method or even at moderate temperatures leading to zeolite-
like GP structures. Javadian et al. [64] converted FA into a mesoporous aluminosili-
cate adsorbent through a fusion method at 600°C. Deng et al. showed that a hydro-
thermal synthesis of zeolite-like materials from IBA with higher crystallinity than
through a fusion method is possible [73]. Similarly, Visa [74] converted FA into
zeolite through a hydrothermal process. Rios et al. synthesized zeolite-like GPs from
metakaoline at 100°C through the hydrothermal procedure [75]. Studies reported
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indicate that such materials have higher surface area and porosity than GPs/AAMs
obtained through simple alkaline activation. Although the ultimate set of preferable
conditions to form a GP instead of a zeolite are still under discussion, ratios Si:Al > 1.5
have been empirically established as providing more amorphous structures [60].

α-Analcime is a reject from spodumene refining at a Finnish lithium hydroxide
plant, currently in piloting stage, and estimated to start the production in 2024, but
is also found as a natural zeolite [3]. The small cavity size of analcime facilitates ion-
exchange only for small mono- and divalent cations such as ammonium and Cu2+,
and also K+, Ag+, Tl+, Rb+ (at elevated temperatures), and with low adsorption
capacity. Raw analcime is inert to alkaline activation and analcime requires either
chemical activation by 3–5 M H2SO4 or thermal activation above 700°C [3].

Not infrequently, industrial side streams cannot be used alone for
geopolymerisation due to disharmonious Si/Al molar ratios. Therefore, by-products
are commonly used as mixtures of aluminosilicate sources [76]. Table 1 summarizes
the studies on different compositions of GPs/AAM that have been proposed for
water and wastewater treatment applications. An afford was made to collect and
match the precursors, synthetic protocol specificity, and distinctive characteristics
resulting materials.

2.2 Forms and manufacturing techniques of GPs/AAMs for water treatment

Originally, a basic composition applied for manufacturing GP/AAM adsorbents
consisted of an alumosilicate precursor, an alkali, and an additional source of silicate
in a form of water glass. Initially, both sodium and potassium forms of alkaline
activators were used to induce geopolymerization. In the vast majority of the
research reviewed, sodium alkaline and water glass are used in the activation pro-
cess. It was shown by Bakharev that dissolution rates of the minerals was higher
when a sodium form is used [148]. Luukkonen et al. [149] found that adsorption
characteristics of metakaolin-based GP prepared with NaOH is better than with
KOH in case of ammonium removal. An in-depth discussion of G chemistry and
vivid explanations could be found in the latest reviews [57, 150, 151].

Forms and manufacturing techniques of GPs/AAMs for water treatment appli-
cation are emerging and evolving constantly. In the first instance, powdered forms
were mostly used for gaining of adsorption characteristics of materials. At first,
GPs/AAMs were manufactured in bulk forms to be crashed to powder or rubbles
after curing procedures. However, these materials have relatively low porosity, and
addition of foaming agents were appealing for increasing surface area, pore volume,
and porosity. In Table 1 forms of GPs/AAMs reported and specific additives listed
along aside with their synthetic procedures and properties gained. For bulk samples,
species are usually sealed with plastic films to prevent moisture evaporation since
the presence of water increases porosity. Curing and aging are usually carried out at
temperatures ranging from 20 to 105°C. Commonly, an industrial application of
powdered forms requires instance pressure filtration and an additional separation
step after adsorbent exhaustion. Both these processes increase a cost of treatment,
its complexity, limiting a regeneration ability causing sludge accumulation.

Granular forms of GPs/AAMs are more preferable for large-scale applications.
FA-based GPs supported on inert substrate were proposed with the aim of over-
come these limitations [107]. A simple technique similar to the conventional GP
preparation was applied to design floatable light granules for phosphorous removal.
Moreover, spherical granules could be produced by in situ geopolymerization dur-
ing granulation by a high-sheer granulator, where a liquid alkaline activator acts as a
binding liquid [59, 152]. A granule size distribution is a function of a liquid to solid
ratio, granulation time, and a rotation speed. While the amount of liquid required
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GP/AAM Precursor/additives Preparation method,

prime oxide ratios

Surface Area/Pore

Volume/Pore size

Type/form of GP Ref.

MK-GP with TiO2 MK HT 27.21 m2/g 0.207cm3/g
2.19 nm

Bulk [77]

MK-GP MK SSM 53.95 m2/g
0.061 mL/g
5.38 nm

Porous/Spheres, 2–4 mm [78]

MK-GP MK AA
Si/Al = 1.7

̶ Bulk [79]

MK/Z-GP MK
Zeolitic tuff

AA
SiO2/Al2O3 = 1

̶ Bulk/Discs [72]

MK-GP MK AA
Si/Al =

12.21 m2/g
0.037cm3/g

Bulk [80]

MK-GP MK
SDS 0.06 wt%

SSM
SiO2/Al2O3 = 1.6

53.95 m2/g
1.29 cm3/g
15 nm

Porous/spheres 2–4 mm [81]

MK/FA-GP 2/3 MK
1/3 bioFA
(w/w)

AA
SiO2/Al2O3

H2O2

̶ Porous/Monolith [11]

MK-GP MK AA foaming,
SiO2/Al2O3 = 5

̶ Foam/Powder <100 μm [82]

MK-GP/alginate hybrid MK
sodium alginate

AA + SSM
SiO2/Al2O3 = 1.6

16.2 m2/g
0.05 mL/g 11.5 nm

Bulk/Spheres 2–4 mm [83]

MK-GP MK AA
SiO2/Al2O3 = 3.2

39.24 m2/g Bulk/Powder 150 μm [84]

MK-GP functionalized with CTAB MK
silica fume

AA
CTAB

216 m2/g
0.22 cm3/g

Bulk/rubbles, 1.5 mm [85]

MK/FA-GP MK:FA
2:1 wt

AA 7.9 m2/g Porous/discs [86]
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GP/AAM Precursor/additives Preparation method,

prime oxide ratios

Surface Area/Pore

Volume/Pore size

Type/form of GP Ref.

MK-GP waste MK AA
SiO2/Al2O3 = 1.5

̶ Bulk/Powder, granules [59]

MK-GP MK AA
SiO2/Al2O3 = 3.2

39.24 m2/g Bulk/Powder, 150 μm [87]

MK-GP activated with hull ash MK
BioFA
TiO2

SSM
SiO2/Al2O3 = 3.18*

̶ Porous/Spheres 2–3 mm [88]

MK/FA-GP MK:FA 50:50 wt% SSM
SDS

̶ Foam/
Spheres

[89]

MK-GP/alginate-chitosan hybrid MK
alginate/chitosan

SSM
AA
0.5 wt% H2O2,
1.5 wt% SDS

230 m2/g
0.99 mL/g
35 μm

Porous/Spheres [90]

MK/FA-GP MK
FA class C
60:40 wt%

AA
SiO2/Al2O3 = 2.7

̶ Bulk/Powder
63–125 μm

[91]

MK/BFS-GP MK
BFS
60:40 wt%

AA
SiO2/Al2O3 = 3.1

̶ Bulk/Powder
63–125 μm

[91]

MK-GP MK AA
SiO2/Al2O3 = 2.31**

̶ Bulk/Powder, 200 μm [92]

MK-GP/
coal gangue
hybrid

MK
gangue
50/50 wt%

AA
SiO2/Al2O3 = 4.0

26.41 m2/g
0.330 cm3/g

Bulk [93]

MK-GP MK AA
SiO2/Al2O3 = 2–8

̶ Bulk/Pervious [94]

MK-GP Waste MK Aluminum scrap recycling
waste
1:1 (w/w)

AA
SiO2/Al2O3 = 1.25**

15.95 m2/g Bulk/Granules 4–11.2 mm [95]
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GP/AAM Precursor/additives Preparation method,

prime oxide ratios

Surface Area/Pore

Volume/Pore size

Type/form of GP Ref.

MK-GP MK AA 8.16 m2/g
0.021 cm3/g
10.5 nm

Bulk/
Granules 0.5 mm

[96]

MK-GP
functionalized with HDTMABr

MK AA
HDTMABr

̶ Bulk/Powder, 53 μm [97]

MK-GP
MK/aloxid
ANA-GP
ANA/aloxid-GP

MK analcime
aluminum oxide

AA**

MK-GP
SiO2/Al2O3 = 3.96
MK/aloxid GP
SiO2/Al2O3 = 2.13
ANA-GP
SiO2/Al2O3 = 7.01
ANA/aloxid-GP
SiO2/Al2O3 = 3.60

MK-GP
19.97 m2/g
0.131 cm3/g
26.24 nm MK/aloxid GP
6.36 m2/g
0.036 cm3/g
23.18 nm ANA-GP
0.69 m2/g
0.003 cm3/g
21.69 nm ANA/aloxid-GP
38.29 m2/g
0.125 cm3/g
13.07 nm

Bulk/Powder, 63–125 μm [50]

MK/Z-GP 25% MK
75% zeolite

AA
SiO2/Al2O3 = 1

57.5 m2/g Bulk [4]

MK-GP functionalized CTAB Calcinated halloysite clay Precipitation
SiO2/Al2O3 = 2.91
CTAB/Cu2O/TiO2

34.8 m2/g
29.7 nm

Bulk [98]

MK-GP
functionalized with CTAB

MK AA
CTAB

26.45 m2/g
0.121 cm3/g
9.12 nm

Bulk/Powder, 125 μm [99]

MK-GP,
magnetic
hybride

MK
Magnetite 5 wt%

AA
SiO2/Al2O3 = 4.55* H2O2

19.5 m2/g
0.045cm3/g
10.4 nm

Porous [100]
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GP/AAM Precursor/additives Preparation method,

prime oxide ratios

Surface Area/Pore

Volume/Pore size

Type/form of GP Ref.

MK/Silica-GP
functionalized with Cr

MK
silica fume 9:1 (w/w)

AA
SiO2/Al2O3 = 1.90**

30 nm Bulk/Membrane [101]

MK-GP MK AA
SiO2/Al2O3 = 2.14**

̶ Bulk/Powder, 355 μm [102]

MK/FA-GP MK
FA

AA
SiO2/Al2O3 = 2.45**

27 m2/g Bulk/rubbl 1.0–0.3 mm [103]

MK-GP MK AA
SiO2/Al2O3 = 4.0

21 m2/g
1252 mm3/g
0.32 μm

Bulk/Granules,
3 mm

[104]

MK-GP
alginate hybrid

MK
sodium
alginate
TiO2

SSM
SiO2:Al2O3 = 4

20 m2/g
714 mm3/g
0.11 μm

Bulk/Spheres,
2 mm

[105]

MK-GP/
magnetic hybrid

MK AA
SiO2/Al2O3 = 4.55
H2O2

42.92 m2/g
0.052cm3/g
4.88 nm

Porous [106]

MK-GP/LECA MK
LECA support

AA
SiO2/Al2O3 = 1.5

̶ Bulk/Granules, 4–8 mm [107]

MK/Biochar-GP MK
Biochar

AA
H2O2

37.46 m2/g Foam/membrane [108]

MK-GP
functionalized with K4Fe(CN)6

MK AA
SiO2/Al2O3 = 3.60
H2O2

35 m2/g
55 cm3/g

Foam [109]

MK-GP/graphene oxide hybrid MK graphene oxide 10 wt% AA
SiO2/Al2O3 = 0.45

̶ Bulk/
Particles,
< 0.5 mm

[110]

FA-GP Fly ash AA
SiO2/Al2O3 = 2.03

̶ Bulk [111]
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GP/AAM Precursor/additives Preparation method,

prime oxide ratios

Surface Area/Pore

Volume/Pore size

Type/form of GP Ref.

FA-GP Fly ash, 75 μm FM
SiO2/Al2O3 = 1.98*

8.22 m2/g
2.9 nm

Bulk/Powder [64]

FA-GP Iron-enriched Calcinated FA,
< 70 μm

FM
SiO2/Al2O3 = 1.00
Fe2O3/Al2O3 = 0.151

̶ Bulk [112]

FA-GP modified with iron Coal fly ash AA
SiO2/Al2O3 = 1.43*

162.38 m2/g
0.126 cm3/g
3.90 nm

Bulk/Powder [113]

FA-GP Fly ash AA
SiO2/Al2O3 = 4.61

̶ Bulk/Powder, 71–90 μm [9]

FA/IOT -GP Fly ash
IOT
70:30 (w/w)

AA
H2O2

6 nm - 360 μm Porous/Cubes [54]

FA-GP Fly ash AA
SiO2/Al2O3 = 1.12**

20.48 m2/g
19.62 nm
0.070 cm3/g

Bulk/Powder, 74 μm [114]

FA/Z-GP Fly ash
Fajustite

HT
SiO2/Al2O3 = 0.69**

174.35 m2/g
0.14 cm3/g
9.69 nm

Bulk/Powder, 74 μm [114]

FA-GP Fly ash C AA
SiO2/Al2O3 = 3

̶ Bulk/Powder [115]

FA-GP/LECA Fly ash C LECA support AA
SiO2/Al2O3 = 1.5

̶ Bulk/Granules, 4–8 mm [107]

FA-GP Fly ash AA
SiO2/Al2O3 = 5.36

̶ Bulk/Powder, 71–90 μm [116]

FA-GP Fly ash HT ̶ Bulk [117]

FA/Z-GP Fly ash
BFS
4:1 (w/w)

HT
SiO2/Al2O3 = 3.49*

̶ Bulk/Powder [118]
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GP/AAM Precursor/additives Preparation method,

prime oxide ratios

Surface Area/Pore

Volume/Pore size

Type/form of GP Ref.

Fly ash/
iron oxide hybrid

Fly ash
Fe2O3 5 wt%

AA
SiO2/Al2O3 = 3.30**

60.75 m2/g Bulk/Powder, 50 μm [119]

FA-GP/Graphene hybrid Fly ash graphene (1 wt%) AA
SiO2/Al2O3 = 3.41**

20.41 m2/g
0.047 mL/g
9.73 nm

Bulk [120]

FA/BFS-GP Fly ash BFS HT
SiO2/Al2O3 = 3.23*

76.6 m2/g
0.24 cm3/g
12.5 nm

Bulk [35]

FA-GP Boiler fly ash
< 80 mesh

HT
SiO2/Al2O3 = 2.75**

27.51 m2/g
0.032 mL/g

Bulk [121]

FA-GP Fly ash AA
SiO2/Al2O3 = 3

29 m2/g
0.134 cm3/g

Bulk/Powder, < 74 μm [122]

FA-GP/Polyethersulfone hybrid Fly ash AA
SiO2/Al2O3 = 3.05

168.3 m2/g Bulk/Powder, 150 μm [123]

FA/Z-GP Calcinated fly ash SiO2/Al2O3 = 1.61** ̶ Bulk/Powder [124]

FA-GP Fly ash AA 131.4 m2/g Bulk/Powder, <105 μm [125]

FA-GP Coal Fly ash FM
SiO2/Al2O3 = 1.25*

93.8 m2/g
0.62 cm3/g

Bulk [8]

FA-GP Fly ash
silica

AA
Si/Al = 2.2

31.87 m2/g
0.12 cm3/g
15.45 nm

Bulk/Powder, 125–212 μm [126]

FA-GP Fly ash F,
≤ 177 μm

AA
SiO2/Al2O3 = 2.97**

30 m2/g
0.076 cm3g

Bulk [127]

FA/analcime-GP Fly ash
analcime

AA
SiO2/Al2O3 = 2.10**

̶ Bulk/Membrane [128]

FA-GP Fly ash AA
SiO2/Al2O3 = 5.42

35.97 m2/g
124 cm3/kg
9 nm

Bulk/Powder, 150 μm [31]
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GP/AAM Precursor/additives Preparation method,

prime oxide ratios

Surface Area/Pore

Volume/Pore size

Type/form of GP Ref.

FA-GP Rice husk ash, waste alum cans HT
SiO2/Al2O3 = 1.82*

36.15 m2/g
0.097 mL/g
5.4 nm

Bulk [129]

FA-GP Fly ash class C and F AA
SiO2/Al2O3 = 6.6**

(class C)
SiO2/Al2O3 = 10.9** (class F)

2463.64 mm2/g ̶ [130]

FA/MK-GP bioFA
MK
70:30 (w/w)

AA
aluminum powder, anionic
surfactant

46.3 m2/g Foam/Membrane [131]

IBA-GP/Graphene hybrid Bottom ash graphene AA
0.15 wt% Mn2+

19.5 wt% CuO

29.28 m2/g
0.1078 mL/g
14.77 nm

Bulk/
Particles, 0.180–0.315 mm

[132]

BFS –GP BFS AA
SiO2/Al2O3 = 4.40*

64.5 m2/g
0.095 cm3/g
5.93 nm

Bulk/Powder, 63–125 μm [32]

BFS –GP BFS AA
SiO2/Al2O3 = 3.2

̶ Bulk/Powder, 63–125 μm [115]

BFS –GP/graphene hybrid BFS graphene 0.01 wt% AA SiO2/Al2O3 = 2.61* 146.17 m2/g
0.161 mL/g
4.40 nm

Bulk/Powder, 250-315 μm [133]

BFS –GP/barium modified BFS AA
SiO2/Al2O3 = 4.00**

63.1 m2/g
0.070 cm3/g

Bulk/Powder, 63–125 μm [134]

BOFS-GP BOFS AA
SiO2/Al2O3 = 11.5**

30.84 m2/g
0.091 cm3/g
11.8 nm

Bulk/Particles, �0.1 mm [39, 40]

Slag-based GP Slag SSM
SiO2/Al2O3 = 4.02*

0.3 wt% SDS

100.9 m2/g
7 nm

Porous/Spheres,
d ≈ 100 μm

[33]
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GP/AAM Precursor/additives Preparation method,

prime oxide ratios

Surface Area/Pore

Volume/Pore size

Type/form of GP Ref.

Silicomanganese slag-GP Silicomanganese slag
(NH4)6Mo7O24�4H2O

AA
SiO2/Al2O3 = 1.44**

51.79 m2/g
0.192 mL/g
10.30 nm

Bulk/Particles, 0.16–
0.315 mm

[135]

BOFS-GP modified with Ni(II) or
Zn(II)

BOFS-GP AA Zn/LDS-GP
58.14 m2/g
Ni/LDS-GP
53.42 m2/g
LDS-GP
30.84 m2/g

Porous/Powder, �0.1 mm [41]

Slag-based GP Slag SSM
SiO2/Al2O3 = 3.08*

87.74m2/g Bulk/Spheres [34]

Slag-based GP/
Fe2O3-hybride

Slag SSM
SiO2/Al2O3 = 70.65**

Fe2O3/Al2O3 = 188
Fe2O3/SiO2 = 2.66

233.8 m2/g Bulk/Microspheres, 75–
300 μm

[136]

Steel slag/fly ash/analcime-GP Steel slag fly ash HT
SiO2/Al2O3 = 2.01**

27.25 m2/g
0.050 cm3/g
8.12 nm

Bulk [137]

BFS –GP BFS AA
SiO2/Al2O3 = 5.26

23.56 m2/g
73 cm3/kg
7.8 nm

Bulk/Powder, 150 μm [31]

EAFS-GP electric arc furnace slag AA
SiO2/Al2O3 = 2.02*

6.5 m2/g
0.014 cm3/g
8.7 nm

Bulk/Powder [38]

BOFS-GP Basic Oxygen furnace slag AA
H2O2

̶ Porous [43]

Slag-GP/CeO loaded Slag SSM
SiO2/Al2O3 = 3.31**

186.40 m2/g
0.352 cm3/g
7.56 nm

Bulk/Sphere, 75–300 μm [138]
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GP/AAM Precursor/additives Preparation method,

prime oxide ratios

Surface Area/Pore

Volume/Pore size

Type/form of GP Ref.

Clay-based GP Kaolin FM
SiO2/Al2O3 = 1.88**

51.3 m2/g
0.324 cm3/g
25.25 nm

Bulk/Powder [58]

clay/gangue microsphere -GP Kaolin
coal gangue 50/50 wt%

AA
SiO2/Al2O3 = 4.0

39.74 m2/g
52.00 nm

Bulk/rubbles, 0.45–
0.15 mm

[139]

Clay-GP/Fe3O4 hybride Calcined bentonite clay AA 2.32 m2/g
0.008 cm3/g
13.76 nm

Bulk/Powder [61]

Clay-GP Lateritic clay, 58 μm AA 17.441 m2/g
0.005 cm3/g
1,4 nm

Bulk/Powder, 58 μm [62]

Natural tuff-GP Volcanic tuff AA
SiO2/Al2O3 = 3.74**

̶ Bulk/Powder, < 200 μm [140]

Alumino silicate-GP Alumino silicate powder AA
SiO2/Al2O3 = 4

50.1 m2/g
0.36 cm3/g
0.04 μm

Bulk/Monoliths or granules [141]

Synthetic GP Chemosynthetic Al2O3-SiO2 powder SSM
SiO2/Al2O3 = 2

̶ Bulk/Spheres [142]

Chitosan modified geopolymer Aluminum salt and silica solution,
chitosan

Precipitation
SiO2/Al2O3 = 3.06**

̶ Bulk/Powder [143]

OTB-GP Pyrophyllite mine waste samples AA
SiO2/Al2O3 = 2.39**

̶ Bulk/Powder, <45 μm [55]

OTB-GP Gold mine waste FM 74.92 m2/g Bulk [144]

OTB-GP Gold mine tailings
Al2O3

FM 74.916 m2/g Bulk [51]

Municipal solid waste-GP Sludges FM
SiO2/Al2O3 = 3.12**

0.496 m2/g
9.98 nm

Bulk [145]
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GP/AAM Precursor/additives Preparation method,

prime oxide ratios

Surface Area/Pore

Volume/Pore size

Type/form of GP Ref.

Municipal solid waste-GP Municipal solid waste biochar AA 6.5 m2/g
-
-

Bulk [146]

Dolochar ash based geopolymer Dolochar
< 100 mesh

AA
SiO2/Al2O3 = 4.97**

49.91 m2/g
0.087 cm3/g
8,9 nm

Bulk/Particles, ≈ 0.1 mm [147]

Materials: GP – geopolymer; MK – Metakaolin; FA – fly ash; IBA – incineration bottom ash; BFS – blast furnace slag; BOFS – basic oxygen furnace slag; EAFS – electric arc furnace slag; Z – zeolite; IOT –

iron ore tailing; OTB-ore/tailings based; Procedure: AA – alkaline activation at moderate temperature; SSM – suspension-solidification method; FM-fusion method; HT- Hydrothermal method; Additives:
SDS – sodium dodecyl sulfate; CTAB – cetyltrimethylammonium bromide; HDTMABr -hexadecyltrimethylammonium bromide.
*Calculated using the amounts of raw materials in the slurry.
**Calculated using the XRF of product.

Table 1.

GP/AAMs compositions for water and wastewater treatment reported in literature.
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depends on the wetting behavior and particle size of the precursors, a good starting
point is L/S of 1/3. The production method is easy to upscale that makes feasible
large-scale water treatment applications with granular GPs. A more complicated
procedure enables the development of granular adsorbents through a suspension
and solidification method, resulting in microspheres (<100 μm) [33, 34] or highly
porous GPs [93]. Composites of GPs with biopolymers, for instance alginate that
possesses the ability to solidification in presence of calcium ions, were also obtained
in granulated form [83, 93].

Porous GP/AAM adsorbents contain relatively high volume of voids or pores. The
pore sizes usually range from nanometers up to millimeters with the total pore
volume ranging from 30 to 90% [153]. Direct foaming, either chemically or
mechanically, is seen as the most widely applied foaming approach. The common
additives that have been used in the direct foaming methods are hydrogen peroxide
[11, 33, 43, 54, 78, 93], Al [131, 154] or Si [155] powders along aside with stabiliza-
tion agents such surfactants or oils.

Pervious GP/AAM is another promising form of an adsorptive material for water
purification. Thus, AAM-based membranes with potential to remove alkaline earth
metals [156], and nickel [157] have been reported. Development of porous/pervious
GPs/AAMs led to variety of fabricated adsorptive forms such as monoliths, mem-
branes, granules, and self-supported filters. That is opening the versatility of
approaches, conventional in water and wastewater treatment practice, yet chal-
lenging if the powdered forms used. Separation, regeneration, and surface modifi-
cation are no longer restricted by the form of production. Porous/pervious materials
can be used directly in packed bed adsorbers, and be easily regenerated or retrieved
after adsorbent saturation with target substances or contaminants.

3. Properties and performance of GPs/AAMs towards various
contaminants

Despite the fact that the first identification of GPs as unconventional construc-
tion materials was in 1979 [158], broader applications of GPs/AAMs started in late
90s. Although GPs/AAMs are to be considered by some authors as an economic
alternative to zeolites or activated carbons for water purification, the lack of real
cases reported is obvious. To urge commercial importance, GP/AAM adsorbents
should be readily available, economically feasible, steady in characteristics, and
easily regenerated. Several comprehensive reviews on the GP/AAM materials for
the water treatment sector have been published just recently [57, 150, 151, 153].
Therefore, in this section the bright and promising works will be highlighted as well
as challenges and trends for future studies revealed.

GPs/AAMs for metal(oid)s removal. The adsorption characteristics of individ-
ual species and particular conditions of adsorption could be found elsewhere
[57, 150, 151, 153]. Here, we would like to emphasize some challenges and gaps,
which might be addressed in future studies. There are only several articles
discussing selectivity of adsorption on GPs/AAMs alongside the matrix effects. In
most of the studies pure mono-element aqueous solutions were implied, and the
adsorption characteristics for individual substances- without possible influence of
matrix macro-elements have been established. However, GPs/AAMs that are con-
sidered as a replacement of zeolites have to demonstrate selectivity under complex
matrices in order to have opportunities to promote the implementations in various
industrial applications.

In order to obtain adequate adsorption parameters, an excessive alkaline residue
in GP/AAM should be washed out properly (pH 7 � 0.5 within 24 h required) [159].
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Otherwise, the increment of pH of aqueous solutions containing heavy metals will
favor the hydroxide precipitation process, leading to wrong result interpretation.
For porous GPs, washing away the excessive alkalis resulted in the increment of
total porosity [11], which led to better performance. Moreover, excessive alkalis
were used intentionally to neutralize AMD [42] and remove metal ions. However, a
strict protocol must be followed to characterize newly designed materials.

Selective adsorption is relies on several factors such as a metal ion activity,
hydration radius and free energy of hydration, and a pore size distribution of GP.

Geopolymerisation by itself could lead to the formation of new ion-exchange
sites at the GP surface, but additives in composite formulations could have even
higher influence the adsorption characteristics.

An ionic exchange reaction between the heavy metal ions and sodium ions has
resulted in heavy metal removal by the metakaolin GP [159]. The adsorption selec-
tivity of heavy metal ions by the GPs at pH 4 in multi-component solution was in the
following order: Pb2+ > Cd2+ > Cu2+ > Cr3+, while qe [mg/g]: 100 > 76 > 55 > 10. The
order of adsorption was in accordance with the hydrated radius and free energy of
hydration for selected ions. However, the free energy of hydration and the activity
for Cr3+ are all higher compared to those of other metals, though its adsorption rate
does not correspond to the assumed order. The selectivity towards Cr3+ was be
explained through its ionic status. When the pH exceeded 4, Cr3+ transforms to Cr
(OH)2+, which might lead to its lower adsorption ability. It is also noted that at lower
pH, the balancing ions present on the GP surface tend to be replaced by the hydrogen
ions instead of the metal ions that lead to lower capacity at acidic pH.

Lopez et al. [5] investigated the selectivity of metakaolin-based GPs in
multicomponent solutions (Pb2+, Cu2+, Cd2+, Ni2+, Zn2+ and Cs+). For a composition
with Si/Al ratio 2, the best capacities and selectivity towards Pb2+ and Cs+ were
observed. The adsorption selectivity for the mixture of metal ions was in the fol-
lowing order Cs+ > Pb2+ > Cu2+ > Zn2+ > Ni2+ > Cd2+, while qm [mg/g]:
43 > 35 > 15 > 3 > 1 > 2. The adsorption capacity for individual elements were
higher: 57 mg Pb2+/g > 52 mg Cs+/g > 46 mg Cu2+/g > 14 mg Cd2+/g > 9 mg Zn2+/
g > 4 mg Ni2+/g. Moreover, the effect of solution salinity (NaCl, 5% and 10%, wt)
was studied, and no considerable effect on the adsorption order of metal ions or GP
capacity in multi-composition solution was found. The authors presumed the exis-
tence of at least two types of binding sites with different affinities toward the metal
ions to explain such a tolerance.

Selectivity of GP composites with zeolite filler was studied by Andrejkovičová
et al. [4]. The highest adsorption was observed for Pb2+ for all the GPs obtained,
while an adsorption order was as follows: Pb2+ > Cd2+ > Zn2+ > Cu2+ > Cr3+. The
adsorption of Cu2+ and Cr3+ increased as the amount of metakaolin in the GP
increased, whereas the composite with 25% zeolite doping had higher adsorption
characteristics towards Pb2+, Cd2+ and Zn2+. GPs prepared from zeolitic tuff and
kaolinitic soil by El-Eswed et al. [160] showed totally different order of adsorption:
Cu2+ > Pb2+ >Ni2+ > Cd2+ > Zn2+. Moreover, the adsorption order strongly depended
on the GP composition, although Cu2+ and Pb2+ adsorption has always prevailed.

The ability of BFS- and metakaolin-based GPs to remove Ni2+ and metalloids (As
and Sb) in form of oxyanions was shown in [32]. Both adsorbents completely
removed Ni2+ that most likely was associated with precipitation of its hydroxides on
the GPs, while both metalloid oxyanions were adsorbed by BFS-GP equally.
Another remarkable merit is that the adsorption capacities were obtained with real
matrixes (spiked mine effluents), and were 4.42 mg/g, 0.52 mg/g, and 0.34 mg/g
for Ni2+, As3+, and Sb3+, respectively. It is specified by the authors that the low
capacities could be a result of competition of some matrix ions (Sr, Ca, Mg, Mn)
with the target ions for binding sites.

18

Advances in Geopolymer-Zeolite Composites - Synthesis and Characterization



Researches with increasing frequency pay attention to this problem and try to
demonstrate the removal efficiencies with real samples. Removal of Ca2+ and Mg2+

from intact groundwater was examined in [58] on kaolin-based GP. With adsorbent
dose of 1 g/L, the removal rate were 37.5% and 16.2% for Ca2+ and Mg2+, respec-
tively. Metakaolin-based GP was tested by Kara et al. [87] for Mn2+ and Co2+

removal from real wastewater. The removal rates in real wastewater decreased from
97.5% to 53.01% and 94.6% to 39.12% for Co2+ and Mn2+, respectively. The results
demonstrated that the adsorption performance affected negatively by the coexis-
tence of some other cations and/or anions in the adsorption medium. Bentonite-
based GPs were used for heavy metals removal from synthetic wastewater [61].
Porous biomass FA-based GPs were used in [129] for simultaneous removal of
heavy metals from wastewater samples. Mixed FA/metakaoline-based GPs were
used in [103] for Cu2+ removal from real wastewater. In the showcase, the adsorp-
tion capacity of GPs towards Cu2+ decreased by 27% as compared to synthetic
samples. Sithole et al. treated acidic industrial effluents by FA/BOFS-based GPs
[42, 43]. New GPs containing hollow gangue microsphere were applied for Zn2+

removal from smelting plant wastewater in [93]. At an adsorbent dose of 30 g/L, a
complete Zn removal was observed. The distinctive aspect of the reported cases was
that a complex composition of treated solutions is likely to decrease substantially
capacity of the GP. Thus, the adsorption capacities obtained for the ideal laboratory
conditions should be primary used as the guiding not decision-making parameters.

GPs/AAMs for removal of other inorganic ions. Besides metal(oid)s, GPs/
AAMs were examined for removal of ammonium and various anions. Luukkonen
et al. [149, 152, 161] showed potential of metakaolin-based GPs to remove ammo-
nium. The optimized GP composition was proposed and manufactured in both
powder and granular forms. The efficiency of removal was demonstrated in
municipal wastewaters (primary and secondary effluents) as well as landfill leach-
ates. Metakaolin-based GPs prepared from commercial and waste metakaolin were
able to effectively remove ammonium from synthetic and wastewater samples [59].
In fact, GPs prepared from paper mill fiber sludge showed better selectivity in the
presence of competing ions under real matrix conditions. Bai and Colombo pre-
pared metakaolin-based GP foams in the form of monolithic porous filters
[162, 163]. The filter was able to remove up to 95.3% of ammonium from runoff
waters at the initial concentration of 3 mg/L.

The removal of phosphorus was attempted in [10] with a pervious FA-based GP.
The removal rate increased with the increase of pH. Up to 85% of phosphorus were
removed from a treated wastewater. Simultaneous removal of ammonium and phos-
phate by composite metakaolin/BFS-based GPs was demonstrated in [91]. Phosphate
removalwas enhanced in presence of ammonium.At slightly alkaline conditions (pH 7–
8), the removal rate towards phosphate ions was relatively high (>86%), whereas the
ammonium removal up to 35%was also achieved. FA-, BFS- and fiber sludgeGPs were
investigated as promising adsorbents for phosphorous removal from diluted solutions.
The capacities at initial phosphate concentration of 100mg/L are 26mg PO4/g for BFS-
GP, 36mg PO4/g for FAF-GP, and 43mg PO4/g for FSHCa-GP [115].

Sulfate ions were removed by barium-modified BFS-based GPs [134]. Adsorp-
tion capacities were 91.1 and 119.0 mg SO4/g for model solution and mine effluent,
respectively. The surface complexation or precipitation of barium sulfate were
suggested as probable removal mechanisms.

Removal of halides by GPs/AAMs is an emerging topic. For this end, composite or
functionalized materials are designed. Removal of F ̶ was demonstrated by slag-based
GP microspheres modified with CeO [138], Fe2O3 [136], and bivalent metallic species
[41] with capacities towards the contaminant 127.7 mg/g, 59.8 mg/g, and 60 mg/g
(zinc impregnated BOFS-GP), respectively. A metakaolin-based GP functionalized
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by surfactant was developed for efficient removal of radioactive iodide [97]. High
concentrations of competitive anions had limited influence on the adsorption process.

GPs/AAMs for removal of organic substances. In fact, GPs contained residual
metal oxides could have potential catalytic performance. Thus, GPs based on
industrial by-products such as FA, BFS, or their mixtures with silica fume and
aloxite demonstrated catalytic activity under visible light irradiation. The descrip-
tive list of organic substances removed by GPs could be found in reviews [57, 150,
151, 153]. Manly, cationic and neutral dyes were investigated as targets in recent
studies, although removal of fecal coliforms [10], volatile organic compound [77],
and tetracycline [164] was reported.

Oxidative degradation or photodegradation after adsorption have been specified
by authors as primary mechanisms of organic pollutants’ removal. Although con-
ventional GPs have been reported for these purposes [86, 89, 104, 126, 139], they
would rather have had low adsorption/degradation characteristics. Hybrid or com-
posite materials were proposed to improve the removal efficiency of organic pol-
lutants. Thus, graphene [120, 132, 133, 165], TiO2 [88, 98, 105], CdS [142], various
metal oxides [101, 106, 135] were introduced in GP matrix in order to enhance
degradation abilities of resulting materials.

4. Regeneration of GPs/AAMs and further resource recovery options

In last a few decades, significant improvements weremade in both efficiency and
economy in removal of metal(oid)s and other substances by adsorbents. Nevertheless,
regeneration and recycling of used adsorbents, or recovery of the removed species from
the desorbing agents are still rarely reported. For regeneration and reuse of GPs/AAMs,
various possible regenerating agents such as acids, alkalis and chelating agents could be
used. Only a few of the reported studies were focused on recovery of adsorbed (from
saturated adsorbents) and desorbed (from regenerating agents)metals [11, 87, 96, 131].
However, for industrial application and success completion of newGP/AAM adsor-
bents on themarket, research studies on number of adsorption–desorption cycles are in
high demand.Moreover, revenues gathered from resource recovery options will have a
decisive role in further technology implementation.

The regeneration of metakaolin-based GP by sodium chloride under alkaline
conditions after ammonium adsorption for the first time were demonstrated in
[152]. Three adsorption–desorption cycles were carried out with a steady removal
efficiency. Sodium chloride and sulfate, potassium sulfate and phosphate were
studied in [59] as regenerating agents for saturated metakaolin-based GPs. Sodium
sulfate showed better results during five cycles under continuous sorption–desorp-
tion experiment, only 34% of an initial overall capacity of the GP were lost. Sodium
chloride regenerant was also efficient, but only 55% of ammonium could be
removed after 5th desorption cycle. The same adsorbents were used to test a nitro-
gen recovery option in a laboratory-scale demonstration setup [166]. The layout
consisted of an adsorption/desorption unit and Liqui-Cel® membrane. A liquid
phase obtained during adsorbent regeneration was purified in the membrane
contactor in order to recover ammonium nitrogen as ammonium sulfate or phos-
phate. The purified regeneration solution was used repeatedly for further adsorbent
regeneration. Several regeneration-purification cycles were conducted to estimate
system sustainability and chemical consumption demand. Operational conditions of
a membrane process such as shellside and lumenside feed flows, temperature, and
pH were adjusted to gain maximal capacity of the setup. One membrane contactor
(2.5 � 8-inch Liqui-Cel) was used under following operational conditions: 100 L/h
shellside and 60 L/h lumenside feed flows, 40°C working temperature, pH ≥ 10.
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Technical sulfuric or phosphoric acids, up to 5%, were used as lumenside phases.
The concentration of ammonium-content salt in a resulting received phase were
17% and 22% for phosphate and sulfate salt, respectively.

Metal recovery from GPs/AMMs via ion-exchange mechanism can only take
place if physical adsorption occurred and the pH was low enough to prevent pre-
cipitation of metal hydroxide during adsorption process. Acids of over 0.1 M
strength affect the structure of the GPs, and while metals are regenerated by acid
washing, the reuse of adsorbents are diminished both in batch [11] as also in
continuous mode [87, 167] experiments. Mild acid washing with 0.01 M H2SO4 or
HNO3 removed metals from GPs efficiently in short time (1–2 h). It has also been
shown that the adsorption capacity after mild acid washing could increase [131],
which could be explained by exchange of Na+ with easier replaceable H+ cations.
Selective desorption of copper has been observed by ammonia. A linear desorption
ability with respect to ammonia concentration was observed, and complete desorp-
tion being possible by 10% ammonia solution [50, 61].

Sequential desorption tests of Cd2+ have been conducted on a loaded metakaolin
GP, establishing the percentages of physically adsorbed, ion-exchangeable, EDTA
extractable, and residual forms of metal [96]. The authors showed that physical
adsorption is negligible, and ion-exchange with MgCl2 constituted to only 2–8% of
adsorbed Cd2+. The bulk amount of Cd2+ adsorbed by the metakaolin GP was EDTA
extractable, and the adsorbent remained 85% of its adsorption capacity after EDTA
desorption for 5 cycles. Luukkonen [32] and Naghsh [58] suggested the efficient
metal desorption by 5% NaCl. However, care must be taken since the balancing ions
can form a positively charged film on the adsorbent surfaces. El Esweed et al. have
achieved ion-exchange based desorption of Cu2+ by 0.1 M NaCl [160]. From all the
studies reported, only Cd2+ has been shown to be desorbed at pH > 8 with NaOH
solution, achieving 24–84% desorption [64].

5. Environmental impact and costs of treatment with GPs/AAMs

An efficient use of GPs/AAMs in real wastewater treatment practices including
economic evaluation is little investigated. Above all, these adsorbents show rather
low selectivity, and therefore the ubiquitous metal ions (Na+, Ca2+, Mg2+, Fe3+)
present in wastewater solutions demonstrate either competing interaction with the
target ions, or the interaction has not been studied [57]. Additionally, for economic
and ecological assessment is essential that the adsorbent would be regenerable
[168]. To be economically successful, exhausted adsorbents need to pass the non-
hazardous leaching criteria of the adsorbed materials, while the amount of waste
regenerated should be as little as possible. This means that the adsorption-
regeneration cycle needs to be performed as often as possible. And yet, afterwards
the adsorbent needs to find end storage place, e.g. in tailing pond, or further use,
e.g. as binder, filler, or soil amendment.

Adsorption capacity of a powdered GP is usually higher, but technical imple-
mentation of powdered forms requires precise dosing, contact vessel with stirring,
solid–liquid separation step, and transfer of exhausted adsorbent to regeneration
vessel. The powder can then be regenerated by addition of suitable regenerant, e.g.
mild acid, separated, and dried prior to the next adsorption cycle.

Technically, the use of granular forms is an easier option. However, the size of
the column vs. wastewater stream can easily become very large, as granules per se,
are larger particles and adsorption is a surface process. This puts additional burden
on geopolymer production as the overall capacity should be sufficient, and the
granules will need to show suitable compressive strength to withstand the
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gravimetric pressure in the purification column. Conversely, regeneration is tech-
nically easily realized by counter flow of regeneration liquid through the column.

Economic evaluation therefore needs to take these considerations into account
during CAPEX estimation. OPEX, in turn, is not only the ongoing replacement of
exhausted adsorbent, electricity consumed, maintenance, staff, and regeneration
chemicals, but also the transportation costs of adsorbents, which can be high at low
adsorption capacity.

As a thought experiment, an example of 55 mg/g adsorption capacity of copper
adsorbent, with 85% cycling capacity has a 47 mg/g adsorption capacity after
desorption cycle, shall be considered. For a mine effluent or process water with
5 mg/L Cu2+ and a flow of 200 m3/h requires about 21 kg adsorbent per hour. The
price of GPs is given as 1–1.5 € per kg [103], and as such the treatment costs of
merely 1 h would be between 10 and 21 €. Regeneration up to 20 times gives more
realistic cost factors, of 0.5–1 € per h, only for adsorbent costs. It becomes quickly
clear that without regeneration, high efficiency, and selectivity GPs/AAMs will be
too expensive for wastewater treatment.

6. Conclusions

Much work has been done on the adsorption properties of GPs/AAMs towards a
wide variety of inorganic pollutants during the last decade. While the effect of
competing ions in real water samples remain an issue, the incorporation of new
composite materials and the tailoring of reaction conditions have a high potential to
increase their selectivity as adsorbents. However, more and more authors have
understood the need to regenerate adsorbents and research are being conducted on
the recovery of valuable materials, such as metals or nutrients. The recovery of high
energy products from side streams utilizing adsorbents made from industrial side
streams, will bring circular economy towards the next level. It is also of interest, to
cover the costs of water treatment by the revenue of removed materials. While still
much work needs to be done, the authors remain confident, that GPs/AAMs will
continue to have a prominent place in wastewater treatment.
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