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ARTICLE INFO ABSTRACT

Keywords: Geopolymer foams (highly porous materials) have emerged as one of the most exciting materials
Geopolymer foam over the past few years due to their remarkable properties, low cost and green synthesis protocol,
Thermal insulation enabling their use in various high added-value applications. Review papers on porous geopoly-
Adsorption

mers are uncommon, and the emphasis has been given to materials processing and properties,
while the applications were only briefly addressed. This review aims to fill this gap by presenting
a comprehensive literature survey and critical analysis of the most recent and exciting research
carried out on geopolymer foams. Up to now, these bulk-type (not powders) materials have been
mainly considered as thermal and acoustic insulators. However, besides addressing their use as
building material, this review also shows that their use in less investigated, but environmentally
and economically relevant applications (e.g. bulk-type adsorbents, pH buffering agents and
catalysts), is feasible and might ensure performance and technical advantages over their pow-
dered counterparts. The limitations, challenges and future prospects associated with the different
applications are presented. This review shows the remarkable potential of geopolymer foams in
high added-value applications, far beyond their historical use as Portland cement replacement,
which may encourage the widespread technological use of these materials.

pH buffering
Catalyst

1. Introduction

Geopolymers are an exciting class of aluminosilicate binders [1,2] synthesised at low temperatures, typically below 100 °C [3],
but often ambient temperature has been employed to decrease the binder’s production cost [4-6]. The term “geopolymer” was coined
by Davidovits in 1978 [7] to describe mineral polymers synthesised by geosynthesis, i.e., the chemical reaction of aluminosilicate
precursors with alkali polysilicates, yielding Al-O-Si bonds [8]. The alkaline route is the most common approach towards the che-
mical activation of Si- and Al-rich precursors, but acidic conditions can also be used (e.g. phosphoric acid) [9-11]. Geopolymers have
also been referred to in literature as inorganic polymers and alkali-activated materials [12-15]. The distinction between the different
terminologies is beyond the scope of this review, but can be found in literature [3,16-21]. In fact, these materials can all be syn-
thesised using the same chemistry [18], and their use in the applications considered in this review is suitable regardless of the calcium
content in the precursors. Therefore, here the term “geopolymer” will be used generically.

Geopolymers were first envisioned for fire resistance applications [22]. However, since the early 1980’s these materials have been
mainly considered as an alternative to ordinary Portland cement, primarily due to their lower embodied CO, [23,24], but also to
performance advantages (e.g. early compressive strength; greater chemical and heat resistance) [13,14,25]. The use of various
industrial waste streams as raw materials, such as fly ash [26,27], metallurgical slags [28,29], glass wastes [30,31], is another
advantage, particularly considering the new circular economy paradigm. Nonetheless, and despite tremendous efforts, the full
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Fig. 1. Number of publications on (a) geopolymers and (b) porous geopolymers over the last 20 years.

potential of geopolymers has yet to be fully exploited [32,33], which is attributed to legislation, social and technical barriers [34]. A
key driver to foster the use of geopolymers is by extending their application range to areas where Portland cement does not meet the
requirements. In recent years, the use of porous geopolymers, intentionally designed to contain pores, for high-added value appli-
cations, such as thermal [35,36] and acoustic insulation [37,38], fire resistance [39,40], adsorbents [41,42] and pH regulators
[43,44] has been considered. However, in other industrially relevant applications such as their use as catalysts or catalyst supports
[45-49] this strategy (e.g. deliberately introducing porosity in the specimens) has yet to be explored. The interest in geopolymer
foams (lightweight solid materials) has sharply increased in recent years, as demonstrated by the number of publications on this topic
(see Fig. 1). Review papers focusing exclusively on porous geopolymers are uncommon, the exceptions being [32,50,51]. Never-
theless, these reviews were mainly focused on the processing and properties, while the applications were only briefly addressed. Here,
the most promising and recent advances in the use of highly porous geopolymer foams are discussed, and the main challenges for
future research identified, enabling their wider use.

2. Methods for identifying relevant literature

A systematic review of literature published over the past 20 years (between 1998 and 2018) focusing on geopolymers was carried
out using Scopus in December 2018. Scopus database has around 70 million items and covers ~22,000 peer-reviewed journals.
Papers were filtered using the keyword “geopolymer”. A total of 4295 papers, including articles, conference papers and reviews, and
excluding book chapters and reprints, were identified. Then, the title and abstract of these papers was screened, by using a content
analysis approach, to extract those dealing with porous geopolymers, reducing the number to 142. The initial survey was only used
for the estimation shown in Fig. 1. For this initial survey, only porous geopolymers produced by using foaming agents or surfactants
were counted, other lightweight materials such as composites and syntactic foams were not considered.

The literature survey used in Section 1 was further expanded by using additional search engines (e.g. Science Direct and Google
Scholar) and keywords (e.g. thermal conductivity, sound absorption, adsorbent, pH buffering, catalysts). Results were crosschecked
with those obtained using the Scopus database and relevant literature belonging to the scope included. In addition, references cited in
the selected papers or citing these papers were also considered for the exhaustive literature review discussed in Section 3 (Potential
Applications). The content analysis approach provides an adequate number of results for a systematic review, and it has been used in
other review papers [52-54]. It should be highlighted that the literature survey used for the subsequent sections accounts for all
porous geopolymer foams, regardless of the foaming method (e.g. foaming agent, air, surfactant). In addition, geopolymer lattices
(porous components) produced by direct ink writing were also considered in this review.

This review focuses on the use of porous geopolymers that were intentionally synthesised to contain pores in their structure.
Therefore, unless stated otherwise, all references correspond to materials that were deliberately made porous.

3. Geopolymer foams synthesis

In this section, the most relevant synthesis protocols to produce geopolymer foams will be briefly described. It is not our intention
to provide a detailed description, as this has already been reported in literature [50].

The most common synthesis route to produce geopolymer foams is by the incorporation of a foaming agent (e.g. hydrogen
peroxide, fine metallic powders) [55-58] into the geopolymeric slurry, usually known as the chemical foaming technique. This
strategy takes advantage of in-situ reactions of the foaming agent in the alkaline medium, inherent in the alkali activation of alu-
minosilicate precursors. This process generates gas bubbles which are then trapped inside the slurry during setting, leading to the
production of voids in the hardened body. Another strategy to create very porous materials without using foaming agents is by direct
addition of gas bubbles [59-63], which can be achieved by using pre-made foams (e.g. prepared by passing air through a diluted
surfactant), or foam concentrates which are then vigorously mixed with the slurry to produce a large volume of voids in the spe-
cimens.
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An alternative approach to produce geopolymer foams is by using sacrificial fillers (e.g. polymers). In this technique, the porosity
is generated by the extraction/removal of the fillers. When polymers are employed, thermal and/or chemical treatments are required
to remove this filler and create the porous bodies [64,65]. However, the extraction of polymeric fillers is not only challenging, but
raises environmental and economic concerns due to required amounts of chemical reagents, and gas emission arising from the
polymer decomposition. Okada et al. observed that strong alkaline conditions collapsed polylactic acid (PLA) — geopolymer com-
posites, or at least induced some damage in their structure, while the specimens’ hydrothermal treatment also seems to affect the
structure integrity [65]. According to these authors, a combination of methods (e.g. alkali and heat treatment) is the most suitable
approach for removing the PLA without affecting the geopolymer product. The combination of chemical and thermal treatments was
also employed in another work [66], in which the composites (PLA — geopolymer) were first immersed in 15 M KOH solution (72 °C;
24 h), and subsequently heat-treated at 330 °C for 24 h. Specimens with very high porosity, ranging from 66 to 71 vol%, were
synthesised, but again the fillers’ extraction was accomplished by using is a rather complex procedure. An environmentally friendlier
alternative to the use of fossil fuel derived materials is the freeze casting technique [67,68], also known as ice-templating, allowing
the production of materials with aligned porosity. In this two-step route, the specimens are initially subjected to low temperatures to
promote water freezing, and then in the second step (ice sublimation) water is removed from the samples, leaving behind uni-
directional aligned pores.

Another recent, and much less investigated, avenue for producing porous geopolymers is through additive manufacturing. This
technique can be used to produce complex structures with controlled size and pore distribution. Nevertheless, it has been mainly
envisioned to produce geopolymer mortars and concrete components (dense specimens) for building applications where the speci-
men’s strength, rather than their porosity, is the target [69-71]. Nonetheless, the production of highly porous components (e.g.
scaffolds, filters) with well-defined and interconnected mm size pores has been reported [72,73]. Porous geopolymer components
using the inverse replica of 3D printed sacrificial templates was reported by Franchin and Colombo [66]. The total porosity of these
specimens varied between 66 and 71 vol%. However, the extraction of the PLA template required both chemical and thermal
treatments which negatively affect the carbon footprint of the produced samples. Recently, the same group has reported a much more
environmentally friendly approach to produce geopolymer lattices using direct ink writing [73]. The lattices’ porosity ranged from
49.8 to 71.3 vol%, while their compressive strength was 11.5 and 2.0 MPa, respectively. The authors suggested the use of these
lattices in applications such as air and water filtration, due to the mesoporosity intrinsic to geopolymeric materials. The use of
powder-based additive manufacturing to produce 3D printed geopolymer structures was reported by Xia and Sanjayan [74]. The 3D
printed cubic samples had 57 vol% porosity and a compressive strength of 0.7-0.9 MPa, depending on the selected orientation (x or z)
in the mechanical tests. Despite their high porosity values, these specimens were not deliberately made porous since the authors’ aim
was the production of building materials.

The emulsion templating method is another methodology explored for the synthesis of geopolymer foams [75-78]. Usually the
geopolymer slurry is mixed with an organic oil, leading to the production of an emulsion. The curing process promotes a saponi-
fication reaction, giving rise to a water-soluble soap and glycerol molecules. These products are then extracted (e.g. water washing
step) to yield porous geopolymers [75].

4. Potential applications of geopolymer foams
4.1. Thermal and acoustic insulators

Geopolymer foams have important technical advantages (e.g. high thermal stability, green synthesis; non-flammability) over
conventional low thermal conductivity materials and, therefore, a significant number of articles focusing on this topic is available.
One of the first investigations was performed by Prud’homme et al. [36] in 2010. Silica fume was used as foaming agent to produce
geopolymer foams with density of 534 kg/m® and thermal conductivity between 220 and 240 mW/m K. In the same year, two other
studies were performed [79,80]. Vaou and Panias reported much lower thermal conductivities (as low as 30 mW/m K) by using H,O»
to foam perlite-based geopolymers [79]. Shu-heng et al. used aluminium powder to produce highly porous phosphoric acid-based
geopolymers [80]. Their thermal conductivity was not provided, but samples having 83% porosity and 7 MPa compressive strength
were produced. Since then, the number of investigations on porous geopolymers, and particularly those devoted to the synthesis of
thermal insulating formulations, has sharply increased.

The influence of the foaming agent type [81,82] and concentration [83,84], water content [63,85], binder nature [86,87], curing
temperature [35,88], among other influential parameters (e.g. mixture composition) [89,90], on the properties of geopolymer foams
have been studied. Several studies have observed a decrease in the geopolymers’ mechanical performance and density when the
foaming agent concentration rises, while the porosity follows the opposite trend. When the foaming agent content exceeds a certain
threshold, depending on several factors (e.g. mixture composition, nature of the foaming agent), pore coalescence [82,91] and
eventually structure collapse [83] are observed. This phenomenon may be prevented, or at least attenuated, if a surfactant is used to
stabilise the liquid-gas interface [62,92]. Surfactants are hugely important as they ensure a more homogeneous pore size distribution
in comparison with the single use of foaming agents.

The influence of the foaming agent nature in the geopolymers properties has not yet been truly addressed. The comparison
between different studies is hindered by the different synthesis protocols, binder compositions and curing conditions that have been
employed. Studies addressing this topic are rare, one exception being the work of Ducman and Korat which studies the use of H,O,
and aluminium powder to produce geopolymer foams [81]. The use of H,O5 led to the production of smaller sized pores, while much
coarser pores where obtained with Al powder. Nevertheless, the reason for this distinct behaviour was not explained. Additional
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Fig. 2. Geopolymer foams prepared with different foaming agents showing homogeneously distributed pores: Al ((a) [81], (b) [85]),
H,0, + vegetable oil [94] (c), aluminium scrap recycling waste [86] (d), Si (e1), protein (e;) and Si + protein (e3) [96].

studies allowing a direct comparison between different foaming agents are deeply needed to shed light on this influencing parameter.
Nevertheless, adjusting the synthesis protocol enables the use of different foaming agents (e.g'H»0, [83,93,94], Al [81,85,95], Si
[36,96], limestone [97]) to produce highly porous geopolymer with homogeneous pore size distribution. Some examples are given in
Fig. 2. The selection of the foaming agent should consider other parameters besides their direct effect on the performance, such as
their carbon footprint, cost and availability.

Pore size and its distribution are known to strongly affect the thermal conductivity of foams, regardless of their nature (e.g.
ceramics, polymers, metals). For similar porosity levels, lower thermal conductivity will be obtained as pore size decreases, due to the
reduced heat transfer between solid phases [98,99].

Curing temperature [100,101] and activator concentration [102] can also be used to control foaming kinetics and setting time.
Henon et al. observed higher and faster expansion when increasing temperature [101]. Denissen et al. also reported that increasing
temperature causes faster foaming [100]; however, the influence of temperature was dependent on the SiO,/Na,O: higher ratios led
to greater expansion at higher temperatures, but when using a low SiO,/Na,O ratio, the highest volume expansion was achieved at
20-25 °C. This behaviour was attributed to the complex interaction between foaming kinetics, setting time and the physical prop-
erties of the paste. The viscosity of geopolymer slurries and their setting time can also play a significant role on the foams’ ability to
retain bubbles within their structure. Novais et al. observed a significant increase in the foams’ expansion when decreasing the
molarity of the activator, ultimately leading to higher total porosity, due to the lower viscosity of the slurries [102].

Table 1 summarises the thermal conductivity, porosity, density and mechanical performance of various literature studies. The ultimate
comparison between these studies is hindered by the fact that different foaming agents, raw materials, water contents and curing regimes
have been employed. Nevertheless, the thermal conductivity and apparent density were plotted, and results are shown in Fig. 3. The
thermal conductivity of geopolymer foams typically falls below 200 mW/m K, and can be as low as 30 mW/m K [79]. The lowest values
reported to date are inferior to those of some commercial low thermal conductivity materials, such as gypsum plasterboard, wood fibre
board, aerated concrete, but are slightly superior to those of glass wool. These results demonstrate the interesting potential of geopolymer
foams for low thermal conductivity applications. Despite this, the foam synthesis protocol (e.g. curing regime, activator nature and
content) must be carefully considered to ensure low energy consumption and carbon footprint. User-friendly procedures, such as the use of
a low alkalinity source and curing at ambient temperature (avoiding energy inputs), should be adopted to fully explore the environmental
advantages over conventional thermal insulating materials, such as polymer foams. A major driver would be the use of waste-based
materials as activators, instead of commercial alkaline solutions. This possibility has received little attention [103-105], but is expected to
be a very relevant topic in the near future, as it may strongly reduce the carbon footprint of these remarkable materials.

Besides very low thermal conductivity, thermal insulating materials must also present high vapour diffusion resistance, otherwise
water can diffuse into the materials which may result in a severe loss in their insulation performance. High water uptake values have
been reported by several authors: 26.2-41.1% [118], 31.9-56.3% [119], 30-50% [82] and 42.1-111.7% [85]. Nevertheless, this
drawback can be overcome by the production of bi-layered foams, having a thin dense surface layer ensuring high vapour diffusion
resistance, associated with a thicker highly porous layer. This smart solution has already been demonstrated in literature [83,120] as
shown by the photographs presented in Fig. 4.
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Table 1
Bulk density, total porosity, compressive strength and thermal conductivity of various geopolymer foams reported in literature.
Bulk density (g/cm®) Total porosity (%) Compressive strength (MPa) Thermal conductivity (mW/m K) Reference
0.3-0.7 74-89 0.2-0.8 30-55 [79]
0.64 83 1.3 45 [106]
0.15-0.30 72-85 0.7-2.2 62-85 [88]
0.58-0.73 69-76 - 73-91 [97]
0.24-0.37 75-81 0.4-1.4 74-90 [35]
0.43-0.85 74-87 0.6-4.3 79-170 [85]
0.44-1.10 48-81 0.26-21.0 82-227 [102]
0.40-0.64 - 1.9-3.4 83-127 [107]
0.26-0.48 0.5-3.3 84-140 [93]
0.31-0.36 70-82 1.45-1.65 95-139 [108]
0.33-0.85 - 1.8-5.2 109-170 [83]
0.56-1.20 42-73 1.2-8.9 107-432 [84]
0.37-0.74 66-83 0.3-11.6 110-170 [94]
0.27-0.48 77-88 1.2-5.5 110-150 [109]
- 64-87 - 120-250 [110]
- - - 130-200 [111]
0.38-0.47 83-86 1.1-2.0 140-150 [86]
0.6-0.8 - - 150-600 [112]
0.60-1.50 - 3-50 150-500 [37]
- 30-70 - 150-600 [95]
0.5 80 - 160 [89]
0.14-1.02 32-63 3.2-44.8 183-646 [113]
1.0-1.7 44-56 3.6-11.9 190-440 [114]
0.92 54.5 7.3 210 [109]
0.53 - - 220-240 [36]
0.86-1.09 54.8-63.1 1.57-2.97 267-334 [115]
- 50 15 300 [90]
- 32-52 - 420-670 [116]
0.63-0.79 60-75 3.5 581-700 [117]
0.23-1.0 - 0.26-5.9 - [91]
0.26-0.84 62-89 0.38-26.0 - [60]
0.97-1.17 - 4-12 - [38]
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Fig. 3. Thermal conductivity of various geopolymer foams. Typical thermal conductivity ranges for commercial building materials were also
included for comparison.

Sound absorbent materials are also of the utmost importance to address the increasing levels of noise pollution [121]. This is
particularly relevant when considering building materials, since sound absorbents enhance the interior acoustic comfort for in-
habitants and alleviate the health risks (e.g. sleep disturbance) [122] associated with sound pollution exposure. The acoustic per-
formance of geopolymer foams has rarely been addressed, with few exceptions to date [38,61].

Nevertheless, these studies provided valuable information regarding the potential of geopolymer foams to act as acoustic barriers,
besides studying influencing parameters on their performance such as porosity and bulk density [37,38], curing temperature [38],
type of raw materials [37,89] and activating solution [38,89]. Luna-Galiano et al. observed an increase in the sound absorption
coefficient (a) over the frequency range (100-5000 Hz) when the open porosity increases from 11.5 to 28.9% [38]. The spectrum
showed two distinct peaks, one in the low frequency region (~500 Hz) and another at higher frequencies (~2500 Hz). The maximum
a was roughly 0.25 (~2500 Hz). Similar findings were reported by Papa et al. where two absorption peaks were also observed, but at
different ranges (between 500-3000 Hz and 3000-5000 Hz) [89]. Depending on the type of metakaolin and on the activating
solution, the sound absorption ranged from 0.45 to 0.9 in the frequency ranges 1000-1500 Hz and 4200-6500 Hz. A different
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Fig. 4. Digital photographs of bi-layered geopolymers: (a and b) paste, (c) mortar and (d) composite containing glass spheres [83].

acoustic absorption trend was reported by Stolz et al., in which a very high a (up to ~0.85) was observed in the low frequency range
(125-250 Hz), which then rapidly decreases to ~0.15 in the range of 500-2000 Hz, before increasing again at higher frequencies
[61]. The influence of the raw materials ratio (fly ash:slag) and sample thickness on the geopolymer foams’ acoustic performance was
studied by Zhang et al. [37]. Fly ash partial substitution by granulated blast furnace slag (30%) induced only minor changes in the
sound absorption behaviour, while the use of thicker samples increased the sound absorption in the lower frequency range but was
ineffective in the higher range. These specimens showed very high a (0.7-1.0) in the low frequency range (from 40 to 150 Hz). Hung
et al. studied the influence of the foams’ bulk density on a, with lower densities inducing higher sound absorption over the frequency
spectrum (100-4000 Hz) [123]. The lightest specimen (0.4 g/cm®) showed very high a ranging from 0.5 (in the low frequency
region) to 0.9 (in the higher frequency region), this being the most effective (geopolymer foam) sound absorbent reported to date.
These investigations demonstrate the feasibility of using geopolymer foams as sound absorbents. Nevertheless, further studies are
required to validate previous investigations, and clarify the role of relevant parameters such as the nature of the pores (open or
closed), their size distribution and tortuosity. All the studies reported above showed interesting sound absorption only at specific
frequencies, but fairly poor absorption behaviour in other ranges, the exception being [123] in which a was above 0.4 over the entire
frequency range of 100-4000 Hz.

Another very desirable property of building materials is their ability to passively adjust the humidity levels inside buildings. This
feature, associated with the materials’ capacity to store and release moisture when exposed to daily/cyclic humidity variations, may
decrease buildings’ energy consumption and enhance the indoor environment quality [124-126]. The moisture buffer value (MBV) is
often used to measure the amount of water adsorbed or desorbed by a hygroscopic material per open surface area during a certain
period of time [127]. Hygroscopic materials such as wood [124], cellulose-based materials [128] and modified-mortars [129,130] have
the ability to modulate indoor humidity fluctuations, without consuming additional energy [131]. The ability of mortars to control
indoor humidity fluctuations can be enhanced by using foaming agents [127,132], superabsorbent polymers [130] or porous adsorbent
aggregates [133]. The MBV (g/m? A%RH) of Portland cement-based mortars is typically classified as “good” (1.0 < MBV < 2.0)
[130,132,134] according to the Nordtest protocol [135]. Surprisingly, the possibility of using geopolymers to buffer the daily humidity
variations inside buildings has been almost neglected. The exception is the work of De Rossi et al. [114]. Waste-based geopolymer
mortars having various porosities were prepared, and the MBV of the reference mortar (0.80 g/m? A%RH) was substantially improved
(up to 5.61 g/m* A%RH) by increasing the mortars’ porosity. The MBV shown by these lightweight geopolymer mortars is the highest
reported to date for inorganic binder materials. Besides their very high MBV, the mortars also showed low thermal conductivity
(0.19 W/m K). These promising results demonstrate the feasibility of producing multifunctional geopolymers.

4.2. Adsorbents

The development of low cost and environmentally friendly adsorbents, such as waste-based geopolymers, might be a stimulating
approach to depollute industrial wastewaters and contribute towards cleaner production. This is because their synthesis can be performed
with a fairly low energy input, provided that wastes are used as solid precursors, the quantity of activating solution is kept at low values,
and that their synthesis is performed at room temperature, mitigating the release of greenhouse gases. Furthermore, their reuse after
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exhaustion in other applications (e.g. as filler or aggregate in the production of new building materials) is feasible and straightforward due
to the strong binding of the pollutants to the geopolymer matrix, these being crucial advantages over the benchmark adsorbent activated
carbon, which has very high production costs [136] and whose recovery after use is challenging. This possibility has long been recognised
as a promising alternative to activated carbons [137,138], due to the geopolymers’ ability to exchange cations with the solution [139].
Recent reviews on the topic are available [54,140,141]; however, none of these differentiated between the use of bulk-type and powdered
geopolymer adsorbents, and this will be addressed here. Al-Zboon et al. reported a lead uptake of 81 mg/g when using coal fly ash-based
geopolymer powders [142], while Cheng et al. reported even higher lead uptake (~100 mg/g) for metakaolin-based powders [143]. The
same concept can also been applied for extracting dyes from wastewaters, for example, Liu et al. produced a floatable and permeable
geopolymer block [144]. However, prior to adsorption the geopolymers were ground and passed through a 100 mesh sieve. Very high
methylene blue removal (50.7 mg/g) was reported, but despite these remarkable results, the powdered geopolymers cannot be directly
used in packed beds, or easily retrieved. Recently, the possibility of using monolithic bodies (e.g. membranes) instead of powders has
attracted the interest of the scientific community, this being a safer and easier strategy, in comparison with the use of nano- or micro-sized
powders, allowing their direct use in packed beds, without the need of support materials. Ge et al. used a metakaolin-based geopolymer
cylindrical membrane to remove Ni?* from a synthetic wastewater without the need of post-separation step [145]. Cylindrical discs were
used by Novais et al. to extract lead from wastewaters [42]. Despite the poor lead uptake shown by the geopolymer monoliths, ranging
from 0.95 to 6.34 mg/g, in comparison with powdered geopolymers [142,143], this was one of the first investigations concerning the use
of monolith adsorbents (bulk-type, not powders). Another bulk-type geopolymer adsorbent was reported [146]. The maximum adsorption
capacity for the geopolymer-supported zeolites was 37.9 mg/g. A cylindrical mesoporous adsorbent for dyes removal was reported by
Salehi and Kani [147]. The adsorbent had a specific surface area (SSA) of 56.6 m?/g and an average pore diameter of 20 nm. The
maximum adsorption capacity was 46.6 and 46.4 mg/g, respectively, for basic violet and malachite green oxalate. Monolithic foamed
geopolymers have been used by Bai et al. for extracting copper and ammonium, with ~87% removal for copper and 95% for ammonium,
corresponding to an uptake of 0.54 and 0.57 mg/g, respectively [72].

Another stimulating strategy has been reported by Tang et al. [148]: the use of metakaolin geopolymer spheres showing high SSA
(~54 m?/g) and 60% total porosity (see Fig. 5). The spheres affinity towards Cu®>*, Pb®>* and Ca®* was demonstrated, with max-
imum uptake values being 35, 46 and 24 mg/g, respectively.

Recently, another group has synthesised waste-based geopolymer spheres (~3 mm), and then evaluated their performance to
extract methylene blue (one of the most studied dyes due to its colour stability over a useful pH, and the possibility of using visible
spectroscopy to evaluate its concentration change over time) [149]. The spheres could be used in multiple adsorption/regeneration
cycles having a cumulative methylene blue uptake of ~80 mg/g, which ranks them amongst the highest ever reported for geopolymer
adsorbents (powdered and bulk-type). Fig. 6 shows a typical SEM micrograph of the spheres after 8 adsorption/regeneration cycles,
demonstrating that the integrity of the spheres was preserved even after being used for more than 200 h.

Fig. 5. SEM images of the surface of porous geopolymer spheres: (a) exterior surface of the spheres and (b) the pore microstructure, (c) exterior
surface of the spheres without adding K12, (d) the pore microstructure after adsorption process on Cu(Il) [148].
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2

—— Spheres' surface

Fig. 6. SEM micrographs of the spheres' surface (a) and inner part (b) after eight regeneration cycles, illustrating the microstructural changes
induced in the geopolymer spheres by the multiple adsorption and thermal regeneration cycles. Fig. 6¢ presents the EDS spectrum of the geopolymer
sphere surface [149].

To better understand the performance of the bulk-type geopolymer adsorbents (encompassing monoliths, granules produced from
porous monoliths, and spheres, but not powders) in comparison with their powdered counterparts, various literature studies are
presented in Table 2 and Fig. 7 for heavy metals, and Table 3 and Fig. 8 for dyes extraction.

The comparison between literature values should be conducted with caution due to differences in the experimental conditions
(see Table 2). Nevertheless, the comparison between the heavy metals’ uptake clarifies the merits of the different strategies. Fig. 7
shows that bulk-type adsorbents behave surprisingly well in comparison with their powdered counterparts, considering that they are
expected to show much lower SSA. The maximum Cu®* uptake reported to date when using bulk-type adsorbents, in this case
geopolymer/alginate hybrid spheres (~2 mm in diameter), was 60.8 mg/g [152], this being roughly only 33% lower than that
reported by Wang et al. when using powders (size not provided) [138]. A much higher uptake was reported in [165] (152.3 mg/g) —
however, this value was predicted by using a kinetic model (Langmuir), and is not an experimental value. In fact, the maximum
experimental values were always below 60 mg/g.

Ge et al. also reported a Ni*>* uptake of 45.2 mg/g when using a cylindrical membrane (diameter = 40 mm; height = 10 mm)
[41], which is slightly superior to that reported by Kara et al. by using 150 um sized powders [167]. Even more impressive results for
Pb2* extraction were reported by Tang et al. [157]. A remarkable uptake of 626.2 mg/g was achieved by using geopolymer mi-
crospheres (d = 100 um). This value is 2.4 times higher than the maximum lead uptake reported for powdered geopolymers [162]
(size of the powders not given). However, the authors did not explain how the spheres could be recovered after their exhaustion.
Considering their narrow size, a filtration step would most probably be required, similar to that happens with powders. This is
opposed to the practical advantage of using larger size monoliths that are much easier to extract after use.

Up to now, only three studies considered the use of bulk-type geopolymer foams (membranes and spheres) to extract dyes from
wastewaters [149,168,169]. The performance of monoliths, spheres and powdered adsorbents is compared in Fig. 8. The use of spheres
promotes higher (30.1 mg/g) [149] dye uptake in the 1st adsorption cycle in comparison with the use of cylindrical discs ((15.4 mg/g)
[87] and (17.3 mg/g) [169]). The methylene blue uptake shown by the geopolymer spheres (30.1 mg/g) is superior to several other
geopolymer powders: 0.7 mg/g [170], 2.7 mg/g [171], 3.0 mg/g [172], 14.8 mg/g [173,174], 19.7 mg/g [175], 24.6 mg/g [176],
25.6 mg/g [177]; it was slightly inferior to others [137,178], and roughly 1.7 times lower than that reported by Liu et al. [144].
However, the bulk-type samples (spheres and membranes) can be easily retrieved and regenerated multiple times, leading to cumulative
uptakes several times superior to those obtained with powdered geopolymers. The methylene blue cumulative uptake by the membranes
after 9 adsorption cycles (84.9 mg/g) is the highest value ever reported for geopolymers, this being ~1.7 times higher than the highest
value reported for powdered geopolymers [144]. These impressive results clearly demonstrate that the use of porous bulk-type spe-
cimens, instead of powders, could be an innovative and highly effective solution for wastewater treatment systems.

The results shown in this section demonstrate that the use of geopolymer foams for depolluting wastewaters might ensure similar,
or even higher performance, in comparison to powdered geopolymers. The use of monoliths is a safer and easier strategy, allowing
their direct use in packed beds, without the need of support materials. Nevertheless, additional investigations must be carried out to
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Table 2
Maximum heavy metals adsorption capacity of various geopolymer foams (bulk-type adsorbents) and powdered-type adsorbents reported in lit-
erature.

Adsorbent shape Heavy metal Co (ppm) T (°C) pH Equilibrium time (h) Removal efficiency (%) Qmax (Mg/g) Reference

Bulk-type As® 0.120 - 7.6 72 - 0.1° [150]
cu?*t 3 RT - 6 87" 0.5" [72]
Cu?* 250 - 3 24 - 7.8" [151]
cu** 100 25 5 60 - 35.5" [148]
cu?* 120 25 5 48 - 52.6° [145]
Ccu?* 90 25 - 42 50° 60.8"(62.5°) [152]
Cu?* 100-200 40 6 3 - 113.4¢ [153]
Cs™* 250 30 7 6 - 50.8" [154]
NH,* 3 RT - 24 95° 0.6" [72]
NH,* 35.7 - - 6 30-65" Not given [155]
Ni2* 700 10 5 - 73.3 45.2° [41]
Pb?* 50 RT 5 24 - 6.3" [42]
Pb2+ 140 RT - 4 99.4 16.5" [156]
Pb%* 500 25 5 120 - 37.9" [146]
pb2* 100 25 5 60 - 45.6" [148]
pb2* 200 25 4 24 - 626.2° [157]
Zn* - - - 2.5 82 1.3" [158]
Zn?* 140 RT - 24 36.5 7.4° [156]

Powder cd?* 50-500 25 5 - - 3> [159]
cd** 10-50 35-70 - 10-90 - 7.82° [160]
cd* - - 5 7 - 26.2¢ [161]
cd?* 100 45 4 24 - 75.7" (76.1) [143]
cd?* 20-3000 - 7 - 98.10° [162]
Co** - 45 - 24 - ~66° [163]
crt 100 45 4 24 - 10.2° (10.9%) [143]
crit 20-500 - 7 21.8° [162]
cu?* 50-500 25 5 - - 15" [159]
cu?* 55-1700 - - 4-6 - 40.0" [164]
Cu?* 100 25 6 2 87.98 44.0° [165]

45 93.91 47.0°
cu?*t 20-500 - 7 - 44.7¢ [162]
Cu?* 100 45 4 24 - 54.5" (53.9) [143]
cu** - 45 - 24 - ~77¢ [163]
Ccu?* ~748 45 - 0.5 - 77.3" [166]
Cu?* 50 30 6.2 72 - 92.0" [138]
cu®* 25 6 - - 96.8° [165]
45 152.3¢

Cs* 50-500 25 5 - - 43° [159]
Ni2*+ 50-500 25 5 - - 1° [159]
Ni2* 10-50 35-70 - 10-90 - 7.28° [160]
Ni2* 25-600 25 7.25 ~1 - 42.6° [167]
Pb2+ 10-50 35-70 - 10-90 - 7.54° [160]
pPb2* 50-500 25 5 - - 35" [159]
pb2+ 140 - 5 120 81° 81.0° [142]
Pb?* 100 45 4 24 - 100.0” (100.8%) [143]
Pb2* 20-3000 - 7 - 261.2° [162]
Zn* 50-500 25 5 - - 20 [159]
Zn?* 20-500 - 7 - 35.9¢ [162]
Zn** 25-600 25 6.39 ~1 - 74.5¢ [167]

& Maximum removal efficiency values extrapolated from the experimental data.
> Maximum uptake extrapolated from the experimental data.
¢ Value predicted from kinetic model.

fully demonstrate the monoliths’ technical advantages over powdered materials. In addition, most of the studies were performed
using synthetic wastewaters, while the adsorbents’ potential to treat real industrial effluents, having several pollutants in their
composition, remains unexplored.

Another exciting possibility, scarcely investigated to date, is the use of geopolymers for CO, adsorption. Pioneering work was
performed by Minelli et al. [181], in which an geopolymer monolith (size not provided) was used to evaluate CO5, CH, and N,
adsorption. CO, adsorption was found to be higher than that of the other lighter gases, the maximum value reaching 0.62 mmol/g
(1 atm). Recently, the same group reported much higher values (up to 2.5 mmol/g at 1 atm) by using geopolymer-zeolite composites
[182]. These are promising results, considering that no foaming agent was used. In fact, the possibility of producing geopolymer
foams with tailored porosity is expected to further enhance their adsorption potential, suggesting that geopolymer composites might
play a relevant role in much needed CO, abatement [183].
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Fig. 7. Heavy metals uptake of various geopolymer adsorbents reported in literature. Bars filled with colour correspond to bulk-type adsorbents and
bars with a dotted pattern to powdered adsorbents. The lead uptake achieved with the geopolymer microspheres reported in [157] should be read as
626.2 mg/g.

Table 3
Maximum dyes adsorption capacity of various geopolymer foams (bulk-type adsorbents) and powdered-type adsorbents reported in literature.
Adsorbent shape Dye Co (ppm) T (°C) pH Equilibrium time (h) Removal efficiency (%) Qqmasx (ng/g) Reference
Bulk-type Methylene blue 1-50 RT 5.9-9.6 30 64.8 15.4 (1st adsorption)” [168]
48.4 109.6 (6th adsorption)®
1-75 RT 7-10 24 ~75 17.3 (1st adsorption)" [169]
68 39.2 (5th adsorption)”
10-250 RT 5.6-10 24 90.3 30.1 (1st adsorption)b [149]
84.9 79.7 (9th adsorption)"
Powder Methylene blue 1.3 - - 4 92.8 0.7¢ [170]
~3 RT 3 30 86.8 2.7° [171]
10-50 28 3-10 3 100" 3.0° [172]
~30 - - 3 - 14.8° [173]
~30 - - 4-7 - 14.8° [174]
30-650 - - 12 - 19.7° [175]
50 25 - 10 98 24.6" [176]
~2-15 25 - 48 - 25.6¢ [177]
5-60 20-70 2-11 ~4 100° 37.0¢ [178]
~0.3-3 30-40 6.3 100 - 38.4° [137]
- 25 - 48 25° 50.7" [144]
Methyl violet 10B  25-300 55 4.5 0-4 - ~78"(276.9%) [179]
Direct sky blue 5B 20 - - 1.7 24.8% - [171]
Basic violet 5BN 6 - - 0.5 27.0 - [180]

a

b

maximum removal efficiency values extrapolated from the experimental data.
maximum uptake extrapolated from the experimental data.
¢ value predicted from kinetic model.

4.3. pH regulators

The presence of free alkalis in the geopolymers framework remaining after geopolymerisation has been mostly considered as a
drawback, both for durability [184] and aesthetic reasons. These alkalis are prone to diffuse into the geopolymers’ surface and react
with atmospheric CO, forming white deposits known as efflorescence [185]. This feature may be problematic for structural appli-
cations, especially those envisioned for moist environment, and different approaches are been proposed to inhibit or mitigate its
impact on the materials’ properties [184,186,187]. However, for other applications (e.g. pH buffering) the presence of free alkalis
available for leaching is a desirable feature. Geopolymer foams with tailored and prolonged alkalis leaching might be a promising
solution for applications where a narrow and strict pH fluctuation is required to preserve high efficiency yields (e.g. wastewater
treatment and anaerobic digestion) [188]. However, only a few investigations were performed to date. Pioneering work was per-
formed by Bajare and Bumanis on the use of monolithic specimens to adjust pH [189]. Cubic geopolymers (size not given; 3 g) were
immersed in water and then the OH ™ release with time was measured to assess their pH buffering ability. The samples’ porosity was
evaluated by comparing the SSA before and after the leaching tests. For some compositions, a major increase in the SSA from 4-6 to
118 m?/g was observed, while for those doped with glass powder a smaller increase was seen (from 0.7 to ~10 m?/g). The samples
showed very distinct leaching behaviour, those experiencing higher SSA fluctuation leaching the greatest amounts of OH™ (up to
0.0270 mol/dm>.g), but with a significant drop in pH during the tests (ApH = 3; ApH - difference between the initial and final pH).

10



R.M. Novais, et al. Progress in Materials Science 109 (2020) 100621

120
*
g0 dee il powdered geopolymers
— * cumulative uptake
2
£ *
DB {0 I R N B P
)
=
]
L4
o
=]
P L B e 8 S
2
o
o ]
S » * ]
2 404 2 - - 8 s e T T e
> =] = o
£ = ° @
- o 13 e
$ |F
20 4- £ , I o e o B S
0 T T T T T
o ) o o ) o =) = ~ I3 3 I © < o ~ '§
o o o o < < ~ ~ ~ ~ ~ ~ ~ ~ ~ o
= = = = = = = = = = = = = = = = =

Fig. 8. Methylene blue uptake of various geopolymer adsorbents reported in literature.

The best performing sample, containing glass powder, showed a narrow pH fluctuation (from 11 to 10) within the 25 day mea-
surement period. These were promising results, but the specimens were produced using an energy intensive protocol (heat treatment
for 1 h at 200 or 400 °C). The same group has also studied the influence of particle size and mixture composition on the pH buffering
capacity of geopolymers [190]. After synthesis, different sized granules were prepared by crushing prismatic samples
(4 X 4 X 16 cm). The addition of sodium silicate glass fibre to the compositions was found to affect their pH fluctuation by reducing
the open porosity, and for these compositions a smaller granule size led to a faster pH decrease. Nevertheless, the high pH fluctuation
(ApH between 3 and 4) observed for these samples is unsuitable for an industrial application. Much lower pH fluctuations were
reported by Novais et al. when using highly porous geopolymer monoliths (see Fig. 9a) [43]. The OH™ leaching was heavily de-
pendent on porosity, samples having higher porosity exhibiting higher (up to 40%) OH™ leaching. The use of higher solid-to-liquid
ratios promoted a gentler alkalis leaching from the foams. The total leaching of hydroxyl ions ranged from 0.0104 to 0.0180 mol/dm®
g, this being inferior to the maximum value (0.0270 mol/dm?® g) reported in [189]. Nevertheless, the pH gradient (ApH) was 1.14,
narrower than those reported in [189] (ApH = 3).

Ascensdo et al. evaluated the pH regulation ability of red mud-containing geopolymer monoliths (see Fig. 9b) (cubic samples
8 cm®) [118]. Monoliths having various porosities and red mud contents were produced. The lowest pH fluctuation (ApH = 1.64) was
observed for the composition containing the highest amount of red mud which was associated with both the higher number of open
pores, and the higher sodium content introduced by the red mud.

The possibility of using mm size geopolymer spheres (see Fig. 9c) to promote pH control, instead of granules [190] or membranes
[43,118], was first reported by Novais et al. [191]. The alkalis leaching from the porous spheres could be tailored by the fly ash
content in the compositions. Metakaolin-based spheres showed poor pH buffering capacity with a major decay in pH from 11.9 (1st
day) to 8.2 (30th day). By contrast, the fly ash-based spheres showed much higher alkalis leaching which enabled a gentler fluc-
tuation in pH of ApH between 1.6 and 1.9 over the 30 days. The maximum hydroxyl ions release observed for the fly ash-based
spheres was 0.0337 mol/dm? g, this being the highest value reported to date for geopolymers.

Recently, and for the first time, red mud-based geopolymer spheres were synthesised by Novais et al. [87]. Typical optical and
SEM micrographs of the highly porous spheres are shown in Fig. 10, while a photograph of the spheres was included in Fig. 9d. The
influence of the spheres’ porosity and red mud content on their alkalis leachability was evaluated. Results showed that the spheres’
porosity exerted a strong influence on the OH ™ leaching, while the red mud content played a minor role. The best performing samples
showed continuous and prolonged pH buffering capacity over the 28 days (ApH = 2.4), the maximum OH~ ions release being
0.0237 mol/dm?® g.

A direct comparison between the available studies is challenging, since different synthesis conditions (e.g. curing temperature,
solid precursors, activator type and concentration, foaming agents) were used. Nevertheless, the comparison between the cumulative
leaching of hydroxyl ions, shown in Fig. 11, can provide valuable information regarding the ability of the geopolymer foams to buffer
pH. The alkalis leaching from the geopolymer foams is affected by several factors, such as chemical composition, degree of porosity
and the amount of alkalis added during the specimens synthesis. As shown in Fig. 11, the highest leaching reported to date was
observed when using fly ash-based geopolymer spheres [191]. The very high leaching can be partially ascribed to the high content of
activators used in the spheres’ synthesis (56 wt%). However, the alkalis content cannot fully explain the major differences in
comparison with the other published data. In fact, the fly ash-based spheres [191] showed ~1.9 times higher OH™~ leaching in
comparison with the use of cylindrical discs [43] prepared using ~44 wt% activators. This suggests that the geometry of the samples
also has a major impact on the foams’ leaching behaviour. The use of spherical (mm size) samples, instead of cm scale discs or cubes,
seems to favour the alkalis leaching due to the expected increase in the exposed area. Indeed, red mud-based spheres [87] leached
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Fig. 9. Distinct geopolymer monoliths (a and b) and spheres (c and d) used as pH buffering materials: (a) fly ash-containing cylindrical discs used in
[43], (b) red mud-containing cubes used in [118], (c) fly ash-based spheres used in [191] and (d) red mud-based spheres used in [87]. Photograph of
the red mud cubes was kindly provided by G. Ascensdo.

25.8kV X38.

Fig. 10. (a) Optical and (b) SEM micrographs of red mud-based geopolymer spheres used in [87].

~1.9 times more hydroxyl ions than cubic red mud samples [118], despite the fact that much lower amounts of activator were
employed in their synthesis (spheres ~38 wt%; cubes ~51 wt%). These results demonstrate the advantage of using mm size spheres
in comparison with monolithic materials such as membranes or cubes. The selection of the most suitable pH adjustment agent should
also consider other relevant parameters, such as the raw materials availability and the specimens’ durability. The use of waste
materials both as solid precursor and as activator [192] is not only feasible, but desirable, and will contribute to cleaner production
and towards the sustainability of wastewater treatment and anaerobic digestion systems.

While these studies suggest the viability of using geopolymer foams as pH adjustment agents, all of them were tested in distilled
water media, while their use in more demanding and realistic conditions, closest to real scenarios, has almost never been studied. Up
to now there are only two exceptions [44,193] where the possibility of using geopolymer foams to regulate the pH level inside
anaerobic digestion bioreactors was evaluated. Rugele et al. carried out anaerobic digestion batch tests for ~25 days [193]. After this
period, the reactor containing geopolymer granules (the actual size of the granules is unclear, but they seem to be between 2 and
8 mm) exhibited 22% higher methane production in comparison with the control reactor (without granules). Novais et al. studied the
performance of fly ash-based geopolymer spheres as pH regulators in the anaerobic digestion of a substrate with high acidogenic
potential (cheese whey) [44]. Anaerobic batch operated assays were run for 70 days. The pH of the reference reactor (without
spheres) remained mostly between 3.8 and 4.4, preventing methane production, whereas in the reactors with spheres pH ranged
between 6.5 and 7.9 (see Fig. 12a). Additionally, the amount of spheres added to the reactors was found to significantly affect the
methane production rate, shown in Fig. 12b and c. Higher dosages delay methane production rate, but lead to a higher overall
methane yield. The fast pH stabilisation (with lower dosages) stimulated early methane production, demonstrating the interesting
potential of these novel materials as pH adjustment agents in anaerobic digestion processes. The proposed methodology was also
found to be cost-effective, considering the cost of the raw materials, in comparison with commercial buffer solutions (NaHCO3; and
KHCOs3), further supporting the potential of this innovative material.
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Fig. 11. Comparison between the cumulative hydroxyl ions release from porous geopolymers extracted from different literature studies.

Despite these very promising results, the performance of geopolymer foams in more demanding environments (e.g. extremely
acidic mediums), their use in multiple cycles, and their long-term performance in continuous anaerobic digestion systems remains
unexplored, and should be validated.

4.4. Catalysts

The possibility of using geopolymers in catalytic applications has long been predicted [194]. Properties such as their high SSA,
permeability, chemical durability and mechanical strength suggest the use of geopolymers for catalysts [195]. However, up to now
very few investigations have considered the possibility of using them as catalyst supports [47,175,194], and even fewer as catalysts
themselves [45,46,170]. Nevertheless, studies addressing the use of geopolymer powders in wastewater treatment [171,196,197],
syngas [198] and biodiesel production [47], amongst other catalytic applications [46,199] have been studied. This review is focused
on the use of geopolymer foams in their bulk-type form, not as a powder (relevant literature can be found in [195,200]). To the best
of our knowledge, there is only one study addressing the use bulk-type geopolymer for biodiesel synthesis [201]. In this work, a
geopolymer mixture was shaped into a lattice by additive manufacturing (see Fig. 13), and then this innovative material was tested
for the heterogeneous transesterification of soybean oil with methanol. The use of 3 wt% of the structured catalyst yielded 43.5 wt%
of biodiesel in a 4 h transesterification of soybean oil. These are very promising results that demonstrate the feasibility of using bulk-
type geopolymers as catalysts in relevant industrial applications.

5. Future prospects and challenges

Over recent decades, geopolymers have been considered as a potentially more eco-friendly substitute for Portland cement, yet
recently the possibility of tailoring their porosity, adsorption and leaching has boosted the interest in using them in environmental
remediation applications (e.g. wastewater treatment), renewable energy production (e.g. biogas) and as energy-saving building
materials (e.g. thermal insulation).

Geopolymers have demonstrated interesting potential as low thermal conductivity materials. Nevertheless, other relevant
properties for building materials, such as their acoustic absorption and moisture storage/release capacity, have been considerably less
investigated, and should be considered for future work. Additional studies should also determine the most suitable processing
techniques (e.g. direct foaming, replica method) and synthesis conditions to fulfil the requirements of such applications. Innovative
processing techniques (e.g. 3D printing) should be explored to produce monoliths with highly complex shapes, allowing a better
control of the pore size distribution, which will enhance their performance. Despite the interesting possibilities offered by 3D
printing, engineering challenges associated with the modification of the slurries’ viscosity with time, induced by geopolymerisation
reactions, must be overcome [73]. Studies focusing on different ways to extend slurry setting times should be performed to ensure a
suitable printing timespan. Regardless of the processing technique, it is paramount to use local and widely abundant precursors,
ideally unexplored waste streams that cannot be used in Portland cement blends, and compositions should be carefully designed to
ensure competitive production costs under a net zero emission scenario. Life cycle analysis should be a key tool in future studies to
validate the environmental advantages of using geopolymer foams in building applications.

Another exciting avenue for geopolymer foams is their use as adsorbents. Most of the studies performed to date focused the
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Fig. 12. (a) pH fluctuation in anaerobic digesters for the optimisation of methane production as a function of time with addition of distinct amounts
of FA-based geopolymer spheres, and methane content (vol%) in the biogas, total VFA and cumulative methane produced in anaerobic digester with
addition of (b) 20 g and (c) 28 g of FA-based geopolymer spheres [44].

Fig. 13. Images of the powder Na-based geopolymer (a) and the graded lattice structure fabricated using Direct Ink Writing (b—d) [201].

extraction of various cationic dyes and heavy metals from synthetic wastewaters. Anionic species are also found in industrial ef-
fluents, however, their extraction using geopolymer foams (not powders) has never been reported, and even the use of powdered
geopolymers is uncommon [202]. Future work should be carried out on this topic. Moreover, other emerging sources of pollution,
such as pharmaceuticals and crude oil, should be investigated. Studies addressing the functionalisation of the geopolymer surface and
the production of geopolymer composites (e.g. containing zeolites or activated carbons) might further enhance the performance of
these innovative adsorbents. The main bottleneck hindering the wider use of geopolymer adsorbents is the gap between research
studies, often using unrealistic scenarios (e.g. synthetic wastewaters), and real effluents which are much more complex than synthetic
wastewaters [139,203]. Studies focusing on industrial effluents are anticipated to be a hot topic in the near future.

The use of geopolymer foams as pH buffering materials has barely been investigated. Nonetheless, the few studies performed to
date suggest their feasibility for this high added value application. Additional studies should be carried out in more demanding
conditions and for longer periods, in order to be more similar to their actual industrial use (e.g. continuous anaerobic digestion
systems), to further demonstrate their potential. Likewise, the evaluation of the catalytic properties of geopolymer foams should also
be explored. Coupling the geopolymer foams with distinct reactive species could greatly improve their catalytic properties.
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6. Conclusions

The use of geopolymer foams in environmental remediation applications, renewable energy production, and as multifunctional
and energy-saving building materials might be a driver to allow the widespread of this technology. Geopolymer foams have shown
promising thermal insulation performance. However, to set them apart from other conventional building materials, multifunctional
foams combining thermal and acoustic insulation, coupled with thermal stability and moisture buffering capacity must be developed.
This strategy might tackle the energy losses inside buildings, promote wastes valorisation, and contribute towards a sustainable
construction model. Other exciting avenues such as their use as bulk-type adsorbents, pH regulators and catalysts are still in an
embryonic stage, despite the promising results achieved so far. This review shows that the use of bulk-type adsorbents (monoliths and
spheres) is a greener, sustainable, highly efficient and safer alternative in comparison with the use of powders for wastewater
treatment systems, while their use as pH regulators in anaerobic digestion might boost the biogas production efficiency, reducing the
consumption of fossil fuels and promoting climate change mitigation. Nevertheless, additional and deeper investigations are required
before this technology can be industrialised.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

R.M. Novais wishes to thank FCT for supporting his work (Ref. CEECIND/00335/2017). R.C. Pullar thanks the FCT for supporting
this work through grant IF/00681/2015. This work was developed within the scope of the project CICECO-Aveiro Institute of
Materials, FCT Ref. UID/CTM/50011/2019, financed by national funds through the FCT/MCTES. The authors are grateful to the JECS
Trust for funding Contract 2017146. We thank the publishers (Elsevier and Springer Nature) for grating us copyright permissions
(IDs: 4675260115011, 4675260338014, 4675260526798, 4675260827731, 4675261244446, 4675260941369, 4675261468273,
4675261065199, 4675270095675, 4675270286403, 4675270486221) to reproduce their printed works.

References

[1] Davidovits J. Geopolymers. J Therm Anal 1991;37:1633-56. https://doi.org/10.1533/9781845696382.
[2] Komnitsas K, Zaharaki D. Geopolymerisation: a review and prospects for the minerals industry. Miner Eng 2007;20:1261-77. https://doi.org/10.1016/j.
mineng.2007.07.011.
[3] Davidovits J. Geopolymers: ceramic-like inorganic polymers. J Ceram Sci Technol 2017;8:335-50. https://doi.org/10.4416/JCST2017-00038.
[4] Deb PS, Nath P, Sarker PK. The effects of ground granulated blast-furnace slag blending with fly ash and activator content on the workability and strength
properties of geopolymer concrete cured at ambient temperature. Mater Des 2014;62:32-9. https://doi.org/10.1016/j.matdes.2014.05.001.
[5] Sankar K, Stynoski P, Al-Chaar GK, Kriven WM. Sodium silicate activated slag-fly ash binders: Part I — Processing, microstructure, and mechanical properties. J
Am Ceram Soc 2018;101:2228-44. https://doi.org/10.1111/jace.15391.
[6] Temuujin J, Williams RP, van Riessen A. Effect of mechanical activation of fly ash on the properties of geopolymer cured at ambient temperature. J Mater
Process Technol 2009;209:5276-80. https://doi.org/10.1016/j.jmatprotec.2009.03.016.
Davidovits J. Synthesis of new high-temperature geo-polymers for reinforced plastics/composites. SPE PACI’EC 79, Soc Plast Eng Brookf Center, USA; 1979. p.
151-4.
[8] Davidovits J. Geopolymers: man-made rock geosynthesis and the resulting development of very early high strngth cement. J Mater Educ 1994;16:91-139.
[9] Tchakouté HK, Riischer CH. Mechanical and microstructural properties of metakaolin-based geopolymer cements from sodium waterglass and phosphoric acid
solution as hardeners: a comparative study. Appl Clay Sci 2017;140:81-7. https://doi.org/10.1016/j.clay.2017.02.002.
[10] Mathivet V, Jouin J, Gharzouni A, Sobrados I, Celerier H, Rossignol S, et al. Acid-based geopolymers: Understanding of the structural evolutions during
consolidation and after thermal treatments. J Non Cryst Solids 2019;512:90-7. https://doi.org/10.1016/j.jnoncrysol.2019.02.025.
[11] Louati S, Baklouti S, Samet B. Acid based geopolymerization kinetics: Effect of clay particle size. Appl Clay Sci 2016;132-133:571-8. https://doi.org/10.1016/j.
clay.2016.08.007.
[12] Mohd Salahuddin MB, Norkhairunnisa M, Mustapha F. A review on thermophysical evaluation of alkali-activated geopolymers. Ceram Int 2015;41:4273-81.
https://doi.org/10.1016/j.ceramint.2014.11.119.
[13] Luukkonen T, Abdollahnejad Z, Yliniemi J, Kinnunen P, Illikainen M. One-part alkali-activated materials: a review. Cem Concr Res 2018;103:21-34. https://
doi.org/10.1016/j.cemconres.2017.10.001.
[14] Singh B, Ishwarya G, Gupta M, Bhattacharyya SK. Geopolymer concrete: A review of some recent developments. Constr Build Mater 2015;85:78-90. https://doi.
org/10.1016/j.conbuildmat.2015.03.036.
[15] Naser MZ. Extraterrestrial construction materials. Prog Mater Sci 2019;105:100577. https://doi.org/10.1016/j.pmatsci.2019.100577.
[16] Shi C, Jiménez AF, Palomo A. New cements for the 21st century: The pursuit of an alternative to Portland cement. Cem Concr Res 2011;41:750-63. https://doi.
org/10.1016/j.cemconres.2011.03.016.
[17] Provis JL, Palomo A, Shi C. Advances in understanding alkali-activated materials. Cem Concr Res 2015;78:110-25. https://doi.org/10.1016/j.cemconres.2015.
04.013.
[18] Duxson P, Fernandez-Jiménez A, Provis JL, Lukey GC, Palomo A, Van Deventer JSJ. Geopolymer technology: the current state of the art. J Mater Sci
2007;42:2917-33. https://doi.org/10.1007/510853-006-0637-z.
[19] Duxson P, Provis JL, Lukey GC, Mallicoat SW, Kriven WM, Van Deventer JSJ. Understanding the relationship between geopolymer composition, microstructure
and mechanical properties. Colloids Surf A Physicochem Eng Asp 2005;269:47-58. https://doi.org/10.1016/j.colsurfa.2005.06.060.
[20] Duxson P, Provis JL, Lukey GC, van Deventer JSJ. The role of inorganic polymer technology in the development of “green concrete”. Cem Concr Res
2007;37:1590-7. https://doi.org/10.1016/j.cemconres.2007.08.018.
[21] Provis JL, Bernal SA. Geopolymers and related alkali-activated materials. Annu Rev Mater Res 2014;44:299-327. https://doi.org/10.1146/annurev-matsci-
070813-113515.
[22] Davidovits J. Geopolymer chemistry & applications. 4th ed. Saint-Quentin: Institut Géopolymeére; 2015.

[7

15


https://doi.org/10.1533/9781845696382
https://doi.org/10.1016/j.mineng.2007.07.011
https://doi.org/10.1016/j.mineng.2007.07.011
https://doi.org/10.4416/JCST2017-00038
https://doi.org/10.1016/j.matdes.2014.05.001
https://doi.org/10.1111/jace.15391
https://doi.org/10.1016/j.jmatprotec.2009.03.016
http://refhub.elsevier.com/S0079-6425(19)30103-3/h0040
https://doi.org/10.1016/j.clay.2017.02.002
https://doi.org/10.1016/j.jnoncrysol.2019.02.025
https://doi.org/10.1016/j.clay.2016.08.007
https://doi.org/10.1016/j.clay.2016.08.007
https://doi.org/10.1016/j.ceramint.2014.11.119
https://doi.org/10.1016/j.cemconres.2017.10.001
https://doi.org/10.1016/j.cemconres.2017.10.001
https://doi.org/10.1016/j.conbuildmat.2015.03.036
https://doi.org/10.1016/j.conbuildmat.2015.03.036
https://doi.org/10.1016/j.pmatsci.2019.100577
https://doi.org/10.1016/j.cemconres.2011.03.016
https://doi.org/10.1016/j.cemconres.2011.03.016
https://doi.org/10.1016/j.cemconres.2015.04.013
https://doi.org/10.1016/j.cemconres.2015.04.013
https://doi.org/10.1007/s10853-006-0637-z
https://doi.org/10.1016/j.colsurfa.2005.06.060
https://doi.org/10.1016/j.cemconres.2007.08.018
https://doi.org/10.1146/annurev-matsci-070813-113515
https://doi.org/10.1146/annurev-matsci-070813-113515
http://refhub.elsevier.com/S0079-6425(19)30103-3/h0110

R.M. Novais, et al. Progress in Materials Science 109 (2020) 100621

[23]
[24]

[25]
[26]

[27]
[28]
[29]
(301
[31]
[32]

[33]
[34]

[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[501]
[51]
[52]
[53]
[54]

[55]
[56]

[57]
[58]
[59]
[60]
[61]
[62]

[63]

McLellan BC, Williams RP, Lay J, Van Riessen A, Corder GD. Costs and carbon emissions for geopolymer pastes in comparison to ordinary portland cement. J
Clean Prod 2011;19:1080-90. https://doi.org/10.1016/j.jclepro.2011.02.010.

Assi L, Carter K, (Eddie) Deaver E, Anay R, Ziehl P. Sustainable concrete: building a greener future. J Clean Prod 2018;198:1641-51. https://doi.org/10.1016/j.
jclepro.2018.07.123.

Bakharev T. Resistance of geopolymer materials to acid attack. Cem Concr Res 2005;35:658-70. https://doi.org/10.1016/j.cemconres.2004.06.005.
Nematollahi B, Sanjayan J. Effect of different superplasticizers and activator combinations on workability and strength of fly ash based geopolymer. Mater Des
2014;57:667-72. https://doi.org/10.1016/j.matdes.2014.01.064.

Andini S, Cioffi R, Colangelo F, Grieco T, Montagnaro F, Santoro L. Coal fly ash as raw material for the manufacture of geopolymer-based products. Waste
Manag 2008;28:416-23. https://doi.org/10.1016/j.wasman.2007.02.001.

Gonzalez PLL, Novais RM, Labrincha J, Blanpain B, Pontikes Y. Modifications of basic-oxygen-furnace slag microstructure and their effect on the rheology and
the strength of alkali-activated binders. Cem Concr Compos 2019;97:143-53. S0958946518306425.

Cheng TW, Chiu JP. Fire-resistant geopolymer produce by granulated blast furnace slag. Miner Eng 2003;16:205-10. https://doi.org/10.1016/50892-6875(03)
00008-6.

Novais RM, Ascensdo G, Seabra MP, Labrincha JA. Waste glass from end-of-life fluorescent lamps as raw material in geopolymers. Waste Manag
2016;52:245-55. https://doi.org/10.1016/j.wasman.2016.04.003.

Torres-Carrasco M, Puertas F. Waste glass in the geopolymer preparation. Mechanical and microstructural characterisation. J Clean Prod 2015;90:397-408.
https://doi.org/10.1016/j.jclepro.2014.11.074.

Zhang Z, Provis JL, Reid A, Wang H. Geopolymer foam concrete: an emerging material for sustainable construction. Constr Build Mater 2014;56:113-27.
https://doi.org/10.1016/j.conbuildmat.2014.01.081.

Provis JL. Alkali-activated cementitious materials. Cem Concr Res 2018;114:40-8. https://doi.org/10.1016/j.cemconres.2017.02.009.

Van Deventer JSJ, Provis JL, Duxson P. Technical and commercial progress in the adoption of geopolymer cement. Miner Eng 2012;29:89-104. https://doi.org/
10.1016/j.mineng.2011.09.009.

Feng J, Zhang R, Gong L, Li Y, Cao W, Cheng X. Development of porous fly ash-based geopolymer with low thermal conductivity. Mater Des 2015;65:529-33.
https://doi.org/10.1016/j.matdes.2014.09.024.

Prud’homme E, Michaud P, Joussein E, Peyratout C, Smith A, Arrii-Clacens S, et al. Silica fume as porogent agent in geo-materials at low temperature. J Eur
Ceram Soc 2010;30:1641-8. https://doi.org/10.1016/j.jeurceramsoc.2010.01.014.

Zhang Z, Provis JL, Reid A, Wang H. Mechanical, thermal insulation, thermal resistance and acoustic absorption properties of geopolymer foam concrete. Cem
Concr Compos 2015;62:97-105. https://doi.org/10.1016/j.cemconcomp.2015.03.013.

Luna-Galiano Y, Leiva C, Arenas C, Ferndndez-Pereira C. Fly ash based geopolymeric foams using silica fume as pore generation agent. Physical, mechanical and
acoustic properties. J Non Cryst Solids 2018;500:196-204. https://doi.org/10.1016/j.jnoncrysol.2018.07.069.

Rickard WDA, Van Riessen A. Performance of solid and cellular structured fly ash geopolymers exposed to a simulated fire. Cem Concr Compos 2014;48:75-82.
https://doi.org/10.1016/j.cemconcomp.2013.09.002.

Rickard WDA, Vickers L, van Riessen A. Performance of fibre reinforced, low density metakaolin geopolymers under simulated fire conditions. Appl Clay Sci
2013;73:71-7. https://doi.org/10.1016/j.clay.2012.10.006.

Ge Y, Yuan Y, Wang K, He Y, Cui X. Preparation of geopolymer-based inorganic membrane for removing Ni2 + from wastewater. J Hazard Mater
2015;299:711-8. https://doi.org/10.1016/j.jhazmat.2015.08.006.

Novais RM, Buruberri LH, Seabra MP, Labrincha JA. Novel porous fly-ash containing geopolymer monoliths for lead adsorption from wastewaters. J Hazard
Mater 2016;318:631-40. https://doi.org/10.1016/j.jhazmat.2016.07.059.

Novais RM, Buruberri LH, Seabra MP, Bajare D, Labrincha JA. Novel porous fly ash-containing geopolymers for pH buffering applications. J Clean Prod
2016;124:395-404. https://doi.org/10.1016/j.jclepro.2016.02.114.

Novais RM, Gameiro T, Carvalheiras J, Seabra MP, Tarelho LAC, Labrincha JA, et al. High pH buffer capacity biomass fly ash-based geopolymer spheres to boost
methane yield in anaerobic digestion. J Clean Prod 2018;178. https://doi.org/10.1016/j.jclepro.2018.01.033.

Alzeer MIM, MacKenzie KJD. Synthesis and catalytic properties of new sustainable aluminosilicate heterogeneous catalysts derived from fly ash. ACS Sustain
Chem Eng 2018;6:5273-82. https://doi.org/10.1021/acssuschemeng.7b04923.

Alzeer MIM, MacKenzie KJD, Keyzers RA. Porous aluminosilicate inorganic polymers (geopolymers): a new class of environmentally benign heterogeneous solid
acid catalysts. Appl Catal A Gen 2016;524:173-81. https://doi.org/10.1016/j.apcata.2016.06.024.

Sharma S, Medpelli D, Chen S, Seo DK. Calcium-modified hierarchically porous aluminosilicate geopolymer as a highly efficient regenerable catalyst for
biodiesel production. RSC Adv 2015;5:65454-61. https://doi.org/10.1039/c5ra01823d.

Alzeer MIM, Mackenzie KJD. Fly ash-based geopolymers as sustainable bifunctional heterogeneous catalysts and their reactivity in friedel-crafts acylation
reactions. Catalysts 2019;9.

Alzeer MIM, Mackenzie KJD, Keyzers RA. Facile synthesis of new hierarchical aluminosilicate inorganic polymer solid acids and their catalytic performance in
alkylation reactions. Microporous Mesoporous Mater 2017;241:316-25. https://doi.org/10.1016/j.micromeso.2016.12.018.

Bai C, Colombo P. Processing, properties and applications of highly porous geopolymers: a review. Ceram Int 2018;44:16103-18. https://doi.org/10.1016/j.
ceramint.2018.05.219.

Amran YHM, Farzadnia N, Ali AAA. Properties and applications of foamed concrete; A review. Constr Build Mater 2015;101:990-1005. https://doi.org/10.
1016/j.conbuildmat.2015.10.112.

Sandin G, Peters GM. Environmental impact of textile reuse and recycling — a review. J Clean Prod 2018;184:353-65. https://doi.org/10.1016/j.jclepro.2018.
02.266.

Le Hesran C, Ladier AL, Botta-Genoulaz V, Laforest V. Operations scheduling for waste minimization: a review. J Clean Prod 2019;206:211-26. https://doi.org/
10.1016/j.jclepro.2018.09.136.

Rasaki SA, Bingxue Z, Guarecuco R, Thomas T, Minghui Y. Geopolymer for use in heavy metals adsorption, and advanced oxidative processes: a critical review.
J Clean Prod 2019;213:42-58. https://doi.org/10.1016/j.jclepro.2018.12.145.

Bell JL, Kriven WM. Preparation of Ceramic foams from metakaolin-based geopolymer gels. Ceram Eng Sci Proc 2008:97-112.

Krénzlein E, P6llmann H, Kremar W. Metal powders as foaming agents in fly ash based geopolymer synthesis and their impact on the structure depending on the
Na/Al ratio. Cem Concr Compos 2018;90:161-8. https://doi.org/10.1016/j.cemconcomp.2018.02.009.

Prud’homme E, Michaud P, Joussein E, Peyratout C, Smith A, Rossignol S. In situ inorganic foams prepared from various clays at low temperature. Appl Clay Sci
2011;51:15-22. https://doi.org/10.1016/j.clay.2010.10.016.

Henon J, Alzina A, Absi J, Smith DS, Rossignol S. Potassium geopolymer foams made with silica fume pore forming agent for thermal insulation. J Porous Mater
2013;20:37-46. https://doi.org/10.1007/5s10934-012-9572-3.

Bai C, Conte A, Colombo P. Open-cell phosphate-based geopolymer foams by frothing. Mater Lett 2017;188:379-82. https://doi.org/10.1016/j.matlet.2016.11.
103.

Bai C, Franchin G, Elsayed H, Conte A, Colombo P. High strength metakaolin-based geopolymer foams with variable macroporous structure. J Eur Ceram Soc
2016;36:4243-9. https://doi.org/10.1016/j.jeurceramsoc.2016.06.045.

Stolz J, Boluk Y, Bindiganavile V. Mechanical, thermal and acoustic properties of cellular alkali activated fly ash concrete. Cem Concr Compos 2018;94:24-32.
https://doi.org/10.1016/j.cemconcomp.2018.08.004.

Cilla M Strozi, Colombo P, Raymundo Morelli M. Geopolymer foams by gelcasting. Ceram Int 2014;40:5723-30. https://doi.org/10.1016/j.ceramint.2013.11.
011.

Hajimohammadi A, Ngo T, Mendis P, Kashani A, van Deventer JSJ. Alkali activated slag foams: the effect of the alkali reaction on foam characteristics. J Clean

16


https://doi.org/10.1016/j.jclepro.2011.02.010
https://doi.org/10.1016/j.jclepro.2018.07.123
https://doi.org/10.1016/j.jclepro.2018.07.123
https://doi.org/10.1016/j.cemconres.2004.06.005
https://doi.org/10.1016/j.matdes.2014.01.064
https://doi.org/10.1016/j.wasman.2007.02.001
http://refhub.elsevier.com/S0079-6425(19)30103-3/h0140
http://refhub.elsevier.com/S0079-6425(19)30103-3/h0140
https://doi.org/10.1016/S0892-6875(03)00008-6
https://doi.org/10.1016/S0892-6875(03)00008-6
https://doi.org/10.1016/j.wasman.2016.04.003
https://doi.org/10.1016/j.jclepro.2014.11.074
https://doi.org/10.1016/j.conbuildmat.2014.01.081
https://doi.org/10.1016/j.cemconres.2017.02.009
https://doi.org/10.1016/j.mineng.2011.09.009
https://doi.org/10.1016/j.mineng.2011.09.009
https://doi.org/10.1016/j.matdes.2014.09.024
https://doi.org/10.1016/j.jeurceramsoc.2010.01.014
https://doi.org/10.1016/j.cemconcomp.2015.03.013
https://doi.org/10.1016/j.jnoncrysol.2018.07.069
https://doi.org/10.1016/j.cemconcomp.2013.09.002
https://doi.org/10.1016/j.clay.2012.10.006
https://doi.org/10.1016/j.jhazmat.2015.08.006
https://doi.org/10.1016/j.jhazmat.2016.07.059
https://doi.org/10.1016/j.jclepro.2016.02.114
https://doi.org/10.1016/j.jclepro.2018.01.033
https://doi.org/10.1021/acssuschemeng.7b04923
https://doi.org/10.1016/j.apcata.2016.06.024
https://doi.org/10.1039/c5ra01823d
http://refhub.elsevier.com/S0079-6425(19)30103-3/h0240
http://refhub.elsevier.com/S0079-6425(19)30103-3/h0240
https://doi.org/10.1016/j.micromeso.2016.12.018
https://doi.org/10.1016/j.ceramint.2018.05.219
https://doi.org/10.1016/j.ceramint.2018.05.219
https://doi.org/10.1016/j.conbuildmat.2015.10.112
https://doi.org/10.1016/j.conbuildmat.2015.10.112
https://doi.org/10.1016/j.jclepro.2018.02.266
https://doi.org/10.1016/j.jclepro.2018.02.266
https://doi.org/10.1016/j.jclepro.2018.09.136
https://doi.org/10.1016/j.jclepro.2018.09.136
https://doi.org/10.1016/j.jclepro.2018.12.145
http://refhub.elsevier.com/S0079-6425(19)30103-3/h0275
https://doi.org/10.1016/j.cemconcomp.2018.02.009
https://doi.org/10.1016/j.clay.2010.10.016
https://doi.org/10.1007/s10934-012-9572-3
https://doi.org/10.1016/j.matlet.2016.11.103
https://doi.org/10.1016/j.matlet.2016.11.103
https://doi.org/10.1016/j.jeurceramsoc.2016.06.045
https://doi.org/10.1016/j.cemconcomp.2018.08.004
https://doi.org/10.1016/j.ceramint.2013.11.011
https://doi.org/10.1016/j.ceramint.2013.11.011

R.M. Novais, et al. Progress in Materials Science 109 (2020) 100621

[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[731]
[74]
[75]
[76]
[771
[78]

[79]
[80]

[81]
[82]
[83]
[84]
[85]
[86]
[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]
[95]
[96]
971
[98]
[99]
[100]
[101]

[102]

Prod 2017;147:330-9. https://doi.org/10.1016/j.jclepro.2017.01.134.

Rasouli HR, Golestani-Fard F, Mirhabibi AR, Nasab GM, MacKenzie KJD, Shahraki MH. Fabrication and properties of microporous metakaolin-based geopo-
lymer bodies with polylactic acid (PLA) fibers as pore generators. Ceram Int 2015;41:7872-80. https://doi.org/10.1016/j.ceramint.2015.02.125.

Okada K, Imase A, Isobe T, Nakajima A. Capillary rise properties of porous geopolymers prepared by an extrusion method using polylactic acid (PLA) fibers as
the pore formers. J Eur Ceram Soc 2011;31:461-7. https://doi.org/10.1016/j.jeurceramsoc.2010.10.035.

Franchin G, Colombo P. Porous geopolymer components through inverse replica of 3D printed sacrificial templates. J Ceram Sci Technol 2015;6:105-12.
https://doi.org/10.4416/JCST2014-00057.

Papa E, Medri V, Benito P, Vaccari A, Bugani S, Jaroszewicz J, et al. Synthesis of porous hierarchical geopolymer monoliths by ice-templating. Microporous
Mesoporous Mater 2015;215:206-14. https://doi.org/10.1016/j.micromeso.2015.05.043.

Papa E, Medri V, Benito P, Vaccari A, Bugani S, Jaroszewicz J, et al. Insights into the macroporosity of freeze-cast hierarchical geopolymers. RSC Adv
2016;6:24635-44. https://doi.org/10.1039/c6ra02232d.

Panda B, Unluer C, Tan MJ. Investigation of the rheology and strength of geopolymer mixtures for extrusion-based 3D printing. Cem Concr Compos
2018;94:307-14. https://doi.org/10.1016/j.cemconcomp.2018.10.002.

Panda B, Paul SC, Hui LJ, Tay YWD, Tan MJ. Additive manufacturing of geopolymer for sustainable built environment. J Clean Prod 2018;167:281-8. https://
doi.org/10.1016/j.jclepro.2017.08.165.

Panda B, Tan MJ. Experimental study on mix proportion and fresh properties of fly ash based geopolymer for 3D concrete printing. Ceram Int
2018;44:10258-65. https://doi.org/10.1016/j.ceramint.2018.03.031.

Bai C, Franchin G, Elsayed H, Zaggia A, Conte L, Li H, et al. High-porosity geopolymer foams with tailored porosity for thermal insulation and wastewater
treatment. J Mater Res 2017;32:3251-9. https://doi.org/10.1557/jmr.2017.127.

Franchin G, Scanferla P, Zeffiro L, Elsayed H, Baliello A, Giacomello G, et al. Direct ink writing of geopolymeric inks. J Eur Ceram Soc 2017;37:2481-9. https://
doi.org/10.1016/j.jeurceramsoc.2017.01.030.

Xia M, Sanjayan J. Method of formulating geopolymer for 3D printing for construction applications. Mater Des 2016;110:382-90. https://doi.org/10.1016/j.
matdes.2016.07.136.

Medpelli D, Seo JM, Seo DK. Geopolymer with hierarchically meso-/macroporous structures from reactive emulsion templating. J Am Ceram Soc 2014;97:70-3.
https://doi.org/10.1111/jace.12724.

Glad BE, Kriven WM. Highly porous geopolymers through templating and surface interactions. J Am Ceram Soc 2015;98:2052-9. https://doi.org/10.1111/jace.
13584.

Cantarel V, Lambertin D, Poulesquen A, Leroux F, Renaudin G, Frizon F. Geopolymer assembly by emulsion templating: emulsion stability and hardening
mechanisms. Ceram Int 2018;44:10558-68. https://doi.org/10.1016/j.ceramint.2018.03.079.

Cilla MS, Morelli MR, Colombo P. Open cell geopolymer foams by a novel saponification/peroxide/gelcasting combined route. J Eur Ceram Soc
2014;34:3133-7. https://doi.org/10.1016/j.jeurceramsoc.2014.04.001.

Vaou V, Panias D. Thermal insulating foamy geopolymers from perlite. Miner Eng 2010;23:1146-51. https://doi.org/10.1016/j.mineng.2010.07.015.
Shu-heng Q, Jun-li Y, Xue-min C, Lin Z, Le-ping L. Preparation of phosphoric acid-based porous geopolymers. Appl Clay Sci 2010;50:600-3. https://doi.org/10.
1016/j.clay.2010.10.004.

Ducman V, Korat L. Characterization of geopolymer fly-ash based foams obtained with the addition of Al powder or H202 as foaming agents. Mater Charact
2016;113:207-13. https://doi.org/10.1016/j.matchar.2016.01.019.

Masi G, Rickard WDA, Vickers L, Bignozzi MC, Van Riessen A. A comparison between different foaming methods for the synthesis of light weight geopolymers.
Ceram Int 2014;40:13891-902. https://doi.org/10.1016/j.ceramint.2014.05.108.

Palmero P, Formia A, Antonaci P, Brini S, Tulliani JM. Geopolymer technology for application-oriented dense and lightened materials. Elaboration and
characterization. Ceram Int 2015;41:12967-79. https://doi.org/10.1016/j.ceramint.2015.06.140.

Novais RM, Buruberri LH, Ascensdo G, Seabra MP, Labrincha JA. Porous biomass fly ash-based geopolymers with tailored thermal conductivity. J Clean Prod
2016;119:99-107. https://doi.org/10.1016/j.jclepro.2016.01.083.

Novais RM, Ascensdo G, Ferreira N, Seabra MP, Labrincha JA. Influence of water and aluminium powder content on the properties of waste-containing
geopolymer foams. Ceram Int 2018;44:6242-9. https://doi.org/10.1016/j.ceramint.2018.01.009.

Dembovska L, Bajare D, Ducman V, Korat L, Bumanis G. The use of different by-products in the production of lightweight alkali activated building materials.
Constr Build Mater 2017;135:315-22. https://doi.org/10.1016/j.conbuildmat.2017.01.005.

Novais RM, Carvalheiras J, Seabra MP, Pullar RC, Labrincha JA. Innovative application for bauxite residue: red mud-based inorganic polymer spheres as pH
regulators. J Hazard Mater 2018;358:69-81. https://doi.org/10.1016/j.jhazmat.2018.06.047.

Wu J, Zhang Z, Zhang Y, Li D. Preparation and characterization of ultra-lightweight foamed geopolymer (UFG) based on fly ash-metakaolin blends. Constr Build
Mater 2018;168:771-9. https://doi.org/10.1016/j.conbuildmat.2018.02.097.

Papa E, Medri V, Kpogbemabou D, Moriniére V, Laumonier J, Vaccari A, et al. Porosity and insulating properties of silica-fume based foams. Energy Build
2016;131:223-32. https://doi.org/10.1016/j.enbuild.2016.09.031.

Alghamdi H, Neithalath N. Novel synthesis of lightweight geopolymer matrices from fly ash through carbonate-based activation. Mater Today Commun
2018;17:266-77. https://doi.org/10.1016/j.mtcomm.2018.09.014.

Petlitckaia S, Poulesquen A. Design of lightweight metakaolin based geopolymer foamed with hydrogen peroxide. Ceram Int 2019;45:1322-30. https://doi.org/
10.1016/j.ceramint.2018.10.021.

Bai C, Colombo P. High-porosity geopolymer membrane supports by peroxide route with the addition of egg white as surfactant. Ceram Int 2017;43:2267-73.
https://doi.org/10.1016/j.ceramint.2016.10.205.

Samson G, Cyr M, Gao XX. Thermomechanical performance of blended metakaolin-GGBS alkali-activated foam concrete. Constr Build Mater 2017;157:982-93.
https://doi.org/10.1016/j.conbuildmat.2017.09.146.

Bai C, Ni T, Wang Q, Li H, Colombo P. Porosity, mechanical and insulating properties of geopolymer foams using vegetable oil as the stabilizing agent. J Eur
Ceram Soc 2018;38:799-805. https://doi.org/10.1016/j.jeurceramsoc.2017.09.021.

Kamseu E, Nait-Ali B, Bignozzi MC, Leonelli C, Rossignol S, Smith DS. Bulk composition and microstructure dependence of effective thermal conductivity of
porous inorganic polymer cements. J Eur Ceram Soc 2012;32:1593-603. https://doi.org/10.1016/j.jeurceramsoc.2011.12.030.

Verdolotti L, Liguori B, Capasso I, Errico A, Caputo D, Lavorgna M, et al. Synergistic effect of vegetable protein and silicon addition on geopolymeric foams
properties. J Mater Sci 2014;50:2459-66. https://doi.org/10.1007/510853-014-8801-3.

Lassinantti Gualtieri M, Romagnoli M, Gualtieri AF. Preparation of phosphoric acid-based geopolymer foams using limestone as pore forming agent — thermal
properties by in situ XRPD and Rietveld refinements. J Eur Ceram Soc 2015;35:3167-78. https://doi.org/10.1016/j.jeurceramsoc.2015.04.030.

Pia G, Sanna U. An intermingled fractal units model to evaluate pore size distribution influence on thermal conductivity values in porous materials. Appl Therm
Eng 2014;65:330-6. https://doi.org/10.1016/j.applthermaleng.2014.01.037.

Novais RM, Seabra MP, Labrincha JA. Ceramic tiles with controlled porosity and low thermal conductivity by using pore-forming agents. Ceram Int
2014;40:11637-48. https://doi.org/10.1016/j.ceramint.2014.03.163.

Denissen J, Kriskova L, Pontikes Y. Kinetics of pore formation and resulting properties of lightweight inorganic polymers. J Am Ceram Soc 2019. https://doi.
org/10.1111/jace.16301.

Henon J, Alzina A, Absi J, Smith DS, Rossignol S. Porosity control of cold consolidated geomaterial foam: temperature effect. Ceram Int 2012;38:77-84. https://
doi.org/10.1016/j.ceramint.2011.06.040.

Novais RM, Ascensdo G, Buruberri LH, Senff L, Labrincha JA. Influence of blowing agent on the fresh- and hardened-state properties of lightweight geopo-
lymers. Mater Des 2016;108:551-9. https://doi.org/10.1016/j.matdes.2016.07.039.

17


https://doi.org/10.1016/j.jclepro.2017.01.134
https://doi.org/10.1016/j.ceramint.2015.02.125
https://doi.org/10.1016/j.jeurceramsoc.2010.10.035
https://doi.org/10.4416/JCST2014-00057
https://doi.org/10.1016/j.micromeso.2015.05.043
https://doi.org/10.1039/c6ra02232d
https://doi.org/10.1016/j.cemconcomp.2018.10.002
https://doi.org/10.1016/j.jclepro.2017.08.165
https://doi.org/10.1016/j.jclepro.2017.08.165
https://doi.org/10.1016/j.ceramint.2018.03.031
https://doi.org/10.1557/jmr.2017.127
https://doi.org/10.1016/j.jeurceramsoc.2017.01.030
https://doi.org/10.1016/j.jeurceramsoc.2017.01.030
https://doi.org/10.1016/j.matdes.2016.07.136
https://doi.org/10.1016/j.matdes.2016.07.136
https://doi.org/10.1111/jace.12724
https://doi.org/10.1111/jace.13584
https://doi.org/10.1111/jace.13584
https://doi.org/10.1016/j.ceramint.2018.03.079
https://doi.org/10.1016/j.jeurceramsoc.2014.04.001
https://doi.org/10.1016/j.mineng.2010.07.015
https://doi.org/10.1016/j.clay.2010.10.004
https://doi.org/10.1016/j.clay.2010.10.004
https://doi.org/10.1016/j.matchar.2016.01.019
https://doi.org/10.1016/j.ceramint.2014.05.108
https://doi.org/10.1016/j.ceramint.2015.06.140
https://doi.org/10.1016/j.jclepro.2016.01.083
https://doi.org/10.1016/j.ceramint.2018.01.009
https://doi.org/10.1016/j.conbuildmat.2017.01.005
https://doi.org/10.1016/j.jhazmat.2018.06.047
https://doi.org/10.1016/j.conbuildmat.2018.02.097
https://doi.org/10.1016/j.enbuild.2016.09.031
https://doi.org/10.1016/j.mtcomm.2018.09.014
https://doi.org/10.1016/j.ceramint.2018.10.021
https://doi.org/10.1016/j.ceramint.2018.10.021
https://doi.org/10.1016/j.ceramint.2016.10.205
https://doi.org/10.1016/j.conbuildmat.2017.09.146
https://doi.org/10.1016/j.jeurceramsoc.2017.09.021
https://doi.org/10.1016/j.jeurceramsoc.2011.12.030
https://doi.org/10.1007/s10853-014-8801-3
https://doi.org/10.1016/j.jeurceramsoc.2015.04.030
https://doi.org/10.1016/j.applthermaleng.2014.01.037
https://doi.org/10.1016/j.ceramint.2014.03.163
https://doi.org/10.1111/jace.16301
https://doi.org/10.1111/jace.16301
https://doi.org/10.1016/j.ceramint.2011.06.040
https://doi.org/10.1016/j.ceramint.2011.06.040
https://doi.org/10.1016/j.matdes.2016.07.039

R.M. Novais, et al. Progress in Materials Science 109 (2020) 100621

[103]
[104]
[105]
[106]
[107]
[108]
[109]

[110]

[111]
[112]
[113]
[114]
[115]
[116]
[117]
[118]
[119]
[120]
[121]

[122]
[123]

[124]
[125]
[126]
[127]
[128]
[129]
[130]
[131]
[132]
[133]
[134]

[135]
[136]

[137]
[138]
[139]
[140]

[141]

Font A, Soriano L, Moraes JCB, Tashima MM, Monzé J, Borrachero MV, et al. A 100 % waste-based alkali-activated material by using olive-stone biomass ash
(OBA) and blast furnace slag (BFS). Mater Lett 2017;203:46-9. https://doi.org/10.1016/j.matlet.2017.05.129.

Peys A, Rahier H, Pontikes Y. Applied Clay Science Potassium-rich biomass ashes as activators in metakaolin-based inorganic polymers. Appl Clay Sci
2016;119:401-9. https://doi.org/10.1016/j.clay.2015.11.003.

Alonso MM, Gascé C, Morales MM, Sudrez-navarro JA, Zamorano M, Puertas F. Olive biomass ash as an alternative activator in geopolymer formation: a study
of strength, radiology and leaching behaviour. Cem Concr Compos 2019;104:103384. https://doi.org/10.1016/j.cemconcomp.2019.103384.

Hassan HS, Abdel-Gawwad HA, Garcia SRV, Israde-Alcantara I. Fabrication and characterization of thermally-insulating coconut ash-based geopolymer foam.
Waste Manag 2018;80:235-40. https://doi.org/10.1016/j.wasman.2018.09.022.

Lach M, Korniejenko K, Mikuta J. Thermal insulation and thermally resistant materials made of geopolymer foams. Proc Eng 2016;151:410-6. https://doi.org/
10.1016/j.proeng.2016.07.350.

Cui Y, Wang D, Zhao J, Li D, Ng S, Rui Y. Effect of calcium stearate based foam stabilizer on pore characteristics and thermal conductivity of geopolymer foam
material. J Build Eng 2018;20:21-9. https://doi.org/10.1016/j.jobe.2018.06.002.

Bai C, Li H, Bernardo E, Colombo P. Waste-to-resource preparation of glass-containing foams from geopolymers. Ceram Int 2019;45:7196-202. https://doi.org/
10.1016/j.ceramint.2018.12.227.

Kamseu E, Ngouloure ZNM, Ali BN, Zekeng S, Melo UC, Rossignol S, et al. Cumulative pore volume, pore size distribution and phases percolation in porous
inorganic polymer composites: relation microstructure and effective thermal conductivity. Energy Build 2015;88:45-56. https://doi.org/10.1016/j.enbuild.
2014.11.066.

Farges R, Gharzouni A, Ravier B, Jeulin P, Rossignol S. Insulating foams and dense geopolymers from biochar by-products. J Ceram Sci Technol
2018;9:193-200. https://doi.org/10.4416/JCST2017-00098.

Ngouloure ZNM, Nait-Ali B, Zekeng S, Kamseu E, Melo UC, Smith D, et al. Recycled natural wastes in metakaolin based porous geopolymers for insulating
applications. J Build Eng 2015;3:58-69. https://doi.org/10.1016/j.jobe.2015.06.006.

Xu F, Gu G, Zhang W, Wang H, Huang X, Zhu J. Pore structure analysis and properties evaluations of fly ash-based geopolymer foams by chemical foaming
method. Ceram Int 2018;44:19989-97. https://doi.org/10.1016/j.ceramint.2018.07.267.

De Rossi A, Carvalheiras J, Novais RM, Ribeiro MJ, Labrincha JA, Hotza D, et al. Waste-based geopolymeric mortars with very high moisture buffering capacity.
Constr Build Mater 2018;191:39-46. https://doi.org/10.1016/j.conbuildmat.2018.09.201.

Zaidi SFA, Ul Haq E, Nur K, Ejaz N, Anis-ur-Rehman M, Zubair M, et al. Synthesis & characterization of natural soil based inorganic polymer foam for thermal
insulations. Constr Build Mater 2017;157:994-1000. https://doi.org/10.1016/j.conbuildmat.2017.09.112.

Lassinantti Gualtieri M, Cavallini A, Romagnoli M. Interactive powder mixture concept for the preparation of geopolymers with fine porosity. J Eur Ceram Soc
2016;36:2641-6. https://doi.org/10.1016/j.jeurceramsoc.2016.03.030.

Font A, Borrachero MV, Soriano L, Monz6 J, Paya J. Geopolymer eco-cellular concrete (GECC) based on fluid catalytic cracking catalyst residue (FCC) with
addition of recycled aluminium foil powder. J Clean Prod 2017;168:1120-31. https://doi.org/10.1016/j.jclepro.2017.09.110.

Ascensdo G, Seabra MP, Aguiar JB, Labrincha JA. Red mud-based geopolymers with tailored alkali diffusion properties and pH buffering ability. J Clean Prod
2017;148:23-30. https://doi.org/10.1016/j.jclepro.2017.01.150.

Bumanis G, Vitola L, Bajare D, Dembovska L, Pundiene I. Impact of reactive Si02/A1203ratio in precursor on durability of porous alkali activated materials.
Ceram Int 2017;43:5471-7. https://doi.org/10.1016/j.ceramint.2017.01.060.

Pernd I, Hanzli¢ek T. The solidification of aluminum production waste in geopolymer matrix. J Clean Prod 2014;84:657-62. https://doi.org/10.1016/j.jclepro.
2014.04.043.

Sahajwalla V, Pahlevani F, Jiang C, Doolan C, Echeverria CA, Handoko W. Engineered hybrid fibre reinforced composites for sound absorption building
applications. Resour Conserv Recycl 2018;143:1-14. https://doi.org/10.1016/j.resconrec.2018.12.014.

Ding B, Cao L, Yu J, Si Y, Fu Q. Porous materials for sound absorption. Compos Commun 2018;10:25-35. https://doi.org/10.1016/j.coc0.2018.05.001.
Hung TC, Huang JS, Wang YW, Lin KY. Inorganic polymeric foam as a sound absorbing and insulating material. Constr Build Mater 2014;50:328-34. https://
doi.org/10.1016/j.conbuildmat.2013.09.042.

Osanyintola OF, Talukdar P, Simonson CJ. Effect of initial conditions, boundary conditions and thickness on the moisture buffering capacity of spruce plywood.
Energy Build 2006;38:1283-92. https://doi.org/10.1016/j.enbuild.2006.03.024.

Wu Y, Gong G, Yu CW, Huang Z. Proposing ultimate moisture buffering value (UMBV) for characterization of composite porous mortars. Constr Build Mater
2015;82:81-8. https://doi.org/10.1016/j.conbuildmat.2015.02.058.

Zhang M, Qin M, Rode C, Chen Z. Moisture buffering phenomenon and its impact on building energy consumption. Appl Therm Eng 2017;124:337-45. https://
doi.org/10.1016/j.applthermaleng.2017.05.173.

Gongalves H, Gongalves B, Silva L, Vieira N, Raupp-Pereira F, Senff L, et al. The influence of porogene additives on the properties of mortars used to control the
ambient moisture. Energy Build 2014;74:61-8. https://doi.org/10.1016/j.enbuild.2014.01.016.

Cerolini S, D’Orazio M, Di Perna C, Stazi A. Moisture buffering capacity of highly absorbing materials. Energy Build 2009;41:164-8. https://doi.org/10.1016/j.
enbuild.2008.08.006.

Senff L, Ascensdo G, Ferreira VM, Seabra MP, Labrincha JA. Development of multifunctional plaster using nano-TiO2 and distinct particle size cellulose fibers.
Energy Build 2018;158:721-35. https://doi.org/10.1016/j.enbuild.2017.10.060.

Senff L, Ascensdo G, Hotza D, Ferreira VM, Labrincha JA. Assessment of the single and combined effect of superabsorbent particles and porogenic agents in
nanotitania-containing mortars. Energy Build 2016;127:980-90. https://doi.org/10.1016/j.enbuild.2016.06.048.

Yoshino H, Xuan H, Liu J, Zhang W, Hasegawa K, Zhang H. Practical moisture buffering effect of three hygroscopic materials in real-world conditions. Energy
Build 2017;139:214-23. https://doi.org/10.1016/j.enbuild.2017.01.021.

Gongalves H, Gongalves B, Senff L, Silva L, Raupp-Pereira F, Labrincha JA. Development of porogene-containing mortars for levelling the indoor ambient
moisture. Ceram Int 2014;40:15489-95. https://doi.org/10.1016/j.ceramint.2014.07.010.

Tittarelli F, Giosue C, Mobili A, Ruello ML. Influence of binders and aggregates on VOCs adsorption and moisture buffering activity of mortars for indoor
applications. Cem Concr Compos 2015;57:75-83. https://doi.org/10.1016/j.cemconcomp.2014.11.013.

Senff L, Modolo RCE, Ascensdo G, Hotza D, Labrincha JA, Ferreira VM. Development of mortars containing superabsorbent polymer. Constr Build Mater
2015;95:575-84. https://doi.org/10.1016/j.conbuildmat.2015.07.173.

Rode C. Moisture buffering of building materials. Department of Civil Engineering Technical University of Denmark; 2005.

Rafatullah M, Sulaiman O, Hashim R, Ahmad A. Adsorption of methylene blue on low-cost adsorbents: a review. J Hazard Mater 2010;177:70-80. https://doi.
org/10.1016/j.jhazmat.2009.12.047.

Li L, Wang S, Zhu Z. Geopolymeric adsorbents from fly ash for dye removal from aqueous solution. J Colloid Interface Sci 2006;300:52-9. https://doi.org/10.
1016/j.jcis.2006.03.062.

Wang S, Li L, Zhu ZH. Solid-state conversion of fly ash to effective adsorbents for Cu removal from wastewater. J Hazard Mater 2007;139:254-9. https://doi.
org/10.1016/j.jhazmat.2006.06.018.

Luukkonen T, Runtti H, Niskanen M, Tolonen ET, Sarkkinen M, Kemppainen K, et al. Simultaneous removal of Ni(II), As(III), and Sb(III) from spiked mine
effluent with metakaolin and blast-furnace-slag geopolymers. J Environ Manage 2016;166:579-88. https://doi.org/10.1016/j.jenvman.2015.11.007.

Ji Z, Pei Y. Bibliographic and visualized analysis of geopolymer research and its application in heavy metal immobilization: a review. J Environ Manage
2019;231:256-67. https://doi.org/10.1016/j.jenvman.2018.10.041.

Siyal AA, Shamsuddin MR, Khan MI, Rabat NE, Zulfigar M, Man Z, et al. A review on geopolymers as emerging materials for the adsorption of heavy metals and
dyes. J Environ Manage 2018;224:327-39. https://doi.org/10.1016/].jenvman.2018.07.046.

18


https://doi.org/10.1016/j.matlet.2017.05.129
https://doi.org/10.1016/j.clay.2015.11.003
https://doi.org/10.1016/j.cemconcomp.2019.103384
https://doi.org/10.1016/j.wasman.2018.09.022
https://doi.org/10.1016/j.proeng.2016.07.350
https://doi.org/10.1016/j.proeng.2016.07.350
https://doi.org/10.1016/j.jobe.2018.06.002
https://doi.org/10.1016/j.ceramint.2018.12.227
https://doi.org/10.1016/j.ceramint.2018.12.227
https://doi.org/10.1016/j.enbuild.2014.11.066
https://doi.org/10.1016/j.enbuild.2014.11.066
https://doi.org/10.4416/JCST2017-00098
https://doi.org/10.1016/j.jobe.2015.06.006
https://doi.org/10.1016/j.ceramint.2018.07.267
https://doi.org/10.1016/j.conbuildmat.2018.09.201
https://doi.org/10.1016/j.conbuildmat.2017.09.112
https://doi.org/10.1016/j.jeurceramsoc.2016.03.030
https://doi.org/10.1016/j.jclepro.2017.09.110
https://doi.org/10.1016/j.jclepro.2017.01.150
https://doi.org/10.1016/j.ceramint.2017.01.060
https://doi.org/10.1016/j.jclepro.2014.04.043
https://doi.org/10.1016/j.jclepro.2014.04.043
https://doi.org/10.1016/j.resconrec.2018.12.014
https://doi.org/10.1016/j.coco.2018.05.001
https://doi.org/10.1016/j.conbuildmat.2013.09.042
https://doi.org/10.1016/j.conbuildmat.2013.09.042
https://doi.org/10.1016/j.enbuild.2006.03.024
https://doi.org/10.1016/j.conbuildmat.2015.02.058
https://doi.org/10.1016/j.applthermaleng.2017.05.173
https://doi.org/10.1016/j.applthermaleng.2017.05.173
https://doi.org/10.1016/j.enbuild.2014.01.016
https://doi.org/10.1016/j.enbuild.2008.08.006
https://doi.org/10.1016/j.enbuild.2008.08.006
https://doi.org/10.1016/j.enbuild.2017.10.060
https://doi.org/10.1016/j.enbuild.2016.06.048
https://doi.org/10.1016/j.enbuild.2017.01.021
https://doi.org/10.1016/j.ceramint.2014.07.010
https://doi.org/10.1016/j.cemconcomp.2014.11.013
https://doi.org/10.1016/j.conbuildmat.2015.07.173
http://refhub.elsevier.com/S0079-6425(19)30103-3/h0675
https://doi.org/10.1016/j.jhazmat.2009.12.047
https://doi.org/10.1016/j.jhazmat.2009.12.047
https://doi.org/10.1016/j.jcis.2006.03.062
https://doi.org/10.1016/j.jcis.2006.03.062
https://doi.org/10.1016/j.jhazmat.2006.06.018
https://doi.org/10.1016/j.jhazmat.2006.06.018
https://doi.org/10.1016/j.jenvman.2015.11.007
https://doi.org/10.1016/j.jenvman.2018.10.041
https://doi.org/10.1016/j.jenvman.2018.07.046

R.M. Novais, et al. Progress in Materials Science 109 (2020) 100621

[142]
[143]
[144]
[145]
[146]
[147]
[148]
[149]
[150]
[151]
[152]
[153]
[154]
[155]
[156]
[157]
[158]
[159]
[160]
[161]
[162]
[163]
[164]
[165]
[166]
[167]
[168]
[169]
[170]
[171]
[172]
[173]
[174]
[175]
[176]
[177]
[178]
[179]

[180]

Al-Zboon K, Al-Harahsheh MS, Hani FB. Fly ash-based geopolymer for Pb removal from aqueous solution. J Hazard Mater 2011;188:414-21. https://doi.org/
10.1016/j.jhazmat.2011.01.133.

Cheng TW, Lee ML, Ko MS, Ueng TH, Yang SF. The heavy metal adsorption characteristics on metakaolin-based geopolymer. Appl Clay Sci 2012;56:90-6.
https://doi.org/10.1016/j.clay.2011.11.027.

Liu Y, Yan C, Zhang Z, Gong Y, Wang H, Qiu X. A facile method for preparation of floatable and permeable fly ash-based geopolymer block. Mater Lett
2016;185:370-3. https://doi.org/10.1016/j.matlet.2016.09.044.

Ge Y, Cui X, Kong Y, Li Z, He Y, Zhou Q. Porous geopolymeric spheres for removal of Cu(Il) from aqueous solution: synthesis and evaluation. J Hazard Mater
2015;283:244-51. https://doi.org/10.1016/j.jhazmat.2014.09.038.

Khalid HR, Lee NK, Park SM, Abbas N, Lee HK. Synthesis of geopolymer-supported zeolites via robust one-step method and their adsorption potential. J Hazard
Mater 2018;353:522-33. https://doi.org/10.1016/j.jhazmat.2018.04.049.

Salehi A, Najafi Kani E. Green cylindrical mesoporous adsorbent based on alkali-activated phosphorous slag: synthesis, dye removal, and RSM modeling.
Adsorption 2018;24:647-66. https://doi.org/10.1007/s10450-018-9972-z.

Tang Q, Ge YY, Wang KT, He Y, Cui XM. Preparation and characterization of porous metakaolin-based inorganic polymer spheres as an adsorbent. Mater Des
2015;88:1244-9. https://doi.org/10.1016/j.matdes.2015.09.126.

Novais RM, Carvalheiras J, Tobaldi DM, Seabra MP, Pullar RC, Labrincha JA. Synthesis of porous biomass fly ash-based geopolymer spheres for efficient
removal of methylene blue from wastewaters. J Clean Prod 2019;207:350-62. https://doi.org/10.1016/j.jclepro.2018.09.265.

Medpelli D, Sandoval R, Sherrill L, Hristovski K, Seo D-K. Iron oxide-modified nanoporous geopolymers for arsenic removal from ground water. Resour Technol
2015;1:19-27. https://doi.org/10.1016/j.reffit.2015.06.007.

Taylor P, Alshaaer M, Zaharaki D, Komnitsas K. Microstructural characteristics and adsorption potential of a zeolitic tuff — metakaolin geopolymer. Desalin
Water Treat 2015:37-41. https://doi.org/10.1080/19443994.2014.938306.

Ge Y, Cui X, Liao C, Li Z. Facile fabrication of green geopolymer/alginate hybrid spheres for efficient removal of Cu(Il) in water: batch and column studies.
Chem Eng J 2017;311:126-34. https://doi.org/10.1016/j.cej.2016.11.079.

Duan P, Yan C, Zhou W, Ren D. Development of fly ash and iron ore tailing based porous geopolymer for removal of Cu(II) from wastewater. Ceram Int
2016;42:13507-18. https://doi.org/10.1016/j.ceramint.2016.05.143.

Lopez FJ, Sugita S, Kobayashi T. Cesium-adsorbent geopolymer foams based on silica from rice husk and metakaolin. Chem Lett 2014;43:128-30. https://doi.
org/10.1246/c1.130851.

Luukkonen T, VéZnikova K, Tolonen ET, Runtti H, Yliniemi J, Hu T, et al. Removal of ammonium from municipal wastewater with powdered and granulated
metakaolin geopolymer. Environ Technol (United Kingdom) 2018;39:414-23. https://doi.org/10.1080,/09593330.2017.1301572.

Bumanis G, Novais RM, Carvalheiras J, Bajare D, Labrincha JA. Metals removal from aqueous solutions by tailored porous waste-based granulated alkali-
activated materials. Appl Clay Sci 2019;179:105147. https://doi.org/10.1016/j.clay.2019.105147.

Tang Q, Wang K, Yaseen M, Tong Z, Cui X. Synthesis of highly efficient porous inorganic polymer microspheres for the adsorptive removal of Pb2+from
wastewater. J Clean Prod 2018;193:351-62. https://doi.org/10.1016/j.jclepro.2018.05.094.

Gruskevica K, Bumanis G, Tihomirova K, Bajare D, Juhna T. Alkaline activated material as the adsorbent for uptake of high concentration of zinc from
wastewater. vol. 721 KEM; 2017. https://doi.org/10.4028/www.scientific.net/KEM.721.123.

Lopez FJ, Sugita S, Tagaya M, Kobayashi T. Metakaolin-based geopolymers for targeted adsorbents to heavy metal ion separation. J Mater Sci Chem Eng
2014;2:16-27. https://doi.org/10.4236/msce.2014.27002.

Panda L, Rath SS, Srinivas D, Nayak BB, Das B, Misra PK. Thorough understanding of the kinetics and mechanism of heavy metal adsorption onto a pyrophyllite
mine waste based geopolymer. J Mol Liq 2018;263:428-41. https://doi.org/10.1016/j.molliq.2018.05.016.

Javadian H, Ghorbani F, Tayebi H. Study of the adsorption of Cd (II) from aqueous solution using zeolite-based geopolymer, synthesized from coal fly ash;
kinetic, isotherm and thermodynamic studies. Arab J Chem 2015;8:837-49. https://doi.org/10.1016/j.arabjc.2013.02.018.

Andrejkovic¢ové S, Sudagar A, Rocha J, Patinha C, Hajjaji W, Da Silva EF, et al. The effect of natural zeolite on microstructure, mechanical and heavy metals
adsorption properties of metakaolin based geopolymers. Appl Clay Sci 2016;126:141-52. https://doi.org/10.1016/j.clay.2016.03.009.

Muzek MN, Svilovi¢ S, Ugrina M, Zeli¢ J, Nikola M, Svilovié¢ S, et al. Removal of copper and cobalt ions by fly ash- based geopolymer from solutions-equilibrium
study solutions-equilibrium study. Desalin Water Treat 2016;3994. https://doi.org/10.1080/19443994.2015.1040077.

Singhal A, Gangwar BP, Gayathry JM. CTAB modified large surface area nanoporous geopolymer with high adsorption capacity for copper ion removal. Appl
Clay Sci 2017;150:106-14. https://doi.org/10.1016/j.clay.2017.09.013.

Al-harahsheh MS, Al K, Al-makhadmeh L, Hararah M, Mahasneh M. Fly ash based geopolymer for heavy metal removal: a case study on copper removal. J
Environ Chem Eng 2015;3:1669-77. https://doi.org/10.1016/j.jece.2015.06.005.

Muzek MN, Svilovi S, Zeli J, Svilovic S, Muz MN. Fly ash-based geopolymeric adsorbent for copper ion removal from wastewater. Desalin Water Treat
2013:37-41. https://doi.org/10.1080,/19443994.2013.792015.

Kara I, Yilmazer D, Akar ST. Metakaolin based geopolymer as an effective adsorbent for adsorption of zinc(II) and nickel(II) ions from aqueous solutions. Appl
Clay Sci 2017;139:54-63. https://doi.org/10.1016/j.clay.2017.01.008.

Novais RM, Ascensdo G, Tobaldi DM, Seabra MP, Labrincha JA. Biomass fly ash geopolymer monoliths for effective methylene blue removal from wastewaters.
J Clean Prod 2018;171. https://doi.org/10.1016/j.jclepro.2017.10.078.

Hertel T, Novais RM, Alarcén RM, Labrincha JA, Pontikes Y. Use of modified bauxite residue-based porous inorganic polymer monoliths as adsorbents of
methylene blue. J Clean Prod 2019;227. https://doi.org/10.1016/j.jclepro.2019.04.084.

Zhang Y, Liu L. Fly ash-based geopolymer as a novel photocatalyst for degradation of dye from wastewater. Particuology 2013;11:353-8. https://doi.org/10.
1016/j.partic.2012.10.007.

Zhang YJ, He PY, Yang MY, Kang L. A new graphene bottom ash geopolymeric composite for photocatalytic H2 production and degradation of dyeing
wastewater. Int J Hydrogen Energy 2017;42:20589-98. https://doi.org/10.1016/j.ijhydene.2017.06.156.

Khan MI, Min TK, Azizli K, Sufian S, Ullah H, Man Z. Effective removal of methylene blue from water using phosphoric acid based geopolymers: synthesis,
characterizations and adsorption studies. RSC Adv 2015;5:61410-20. https://doi.org/10.1039/c5ra08255b.

Fallah M, MacKenzie KJD, Hanna JV, Page SJ. Novel photoactive inorganic polymer composites of inorganic polymers with copper(l) oxide nanoparticles. J
Mater Sci 2015;50:7374-83. https://doi.org/10.1007/510853-015-9295-3.

Falah M, MacKenzie KJD. Synthesis and properties of novel photoactive composites of P25 titanium dioxide and copper (I) oxide with inorganic polymers.
Ceram Int 2015;41:13702-8. https://doi.org/10.1016/j.ceramint.2015.07.198.

Falah M, MacKenzie KJD, Knibbe R, Page SJ, Hanna JV. New composites of nanoparticle Cu (I) oxide and titania in a novel inorganic polymer (geopolymer)
matrix for destruction of dyes and hazardous organic pollutants. J Hazard Mater 2016;318:772-82. https://doi.org/10.1016/j.jhazmat.2016.06.016.

Yan S, He P, Jia D, Wang Q, Liu J, Yang J, et al. Synthesis of novel low-cost porous gangue microsphere/geopolymer composites and their adsorption properties
for dyes. Int J Appl Ceram Technol 2018;15:1602-14. https://doi.org/10.1111/ijac.13045.

Yousef RI, El-Eswed B, Alshaaer M, Khalili F, Khoury H. The influence of using Jordanian natural zeolite on the adsorption, physical, and mechanical properties
of geopolymers products. J Hazard Mater 2009;165:379-87. https://doi.org/10.1016/j.jhazmat.2008.10.004.

EL Alouani M, Alehyen S, EL Achouri M, Taibi M. Removal of cationic dye — methylene blue- from aqueous solution by adsorption on fly ash-based geopolymer.
J Mater Environ Sci 2018;9:32-46. https://doi.org/10.26872/jmes.2018.9.1.5.

Barbosa TR, Foletto EL, Dotto GL, Jahn SL. Preparation of mesoporous geopolymer using metakaolin and rice husk ash as synthesis precursors and its use as
potential adsorbent to remove organic dye from aqueous solutions. Ceram Int 2018;44:416-23. https://doi.org/10.1016/j.ceramint.2017.09.193.

He PY, Zhang YJ, Chen H, Liu LC. Development of an eco-efficient CaMoO4/electroconductive geopolymer composite for recycling silicomanganese slag and
degradation of dye wastewater. J Clean Prod 2019;208:1476-87. https://doi.org/10.1016/j.jclepro.2018.10.176.

19


https://doi.org/10.1016/j.jhazmat.2011.01.133
https://doi.org/10.1016/j.jhazmat.2011.01.133
https://doi.org/10.1016/j.clay.2011.11.027
https://doi.org/10.1016/j.matlet.2016.09.044
https://doi.org/10.1016/j.jhazmat.2014.09.038
https://doi.org/10.1016/j.jhazmat.2018.04.049
https://doi.org/10.1007/s10450-018-9972-z
https://doi.org/10.1016/j.matdes.2015.09.126
https://doi.org/10.1016/j.jclepro.2018.09.265
https://doi.org/10.1016/j.reffit.2015.06.007
https://doi.org/10.1080/19443994.2014.938306
https://doi.org/10.1016/j.cej.2016.11.079
https://doi.org/10.1016/j.ceramint.2016.05.143
https://doi.org/10.1246/cl.130851
https://doi.org/10.1246/cl.130851
https://doi.org/10.1080/09593330.2017.1301572
https://doi.org/10.1016/j.clay.2019.105147
https://doi.org/10.1016/j.jclepro.2018.05.094
https://doi.org/10.4028/www.scientific.net/KEM.721.123
https://doi.org/10.4236/msce.2014.27002
https://doi.org/10.1016/j.molliq.2018.05.016
https://doi.org/10.1016/j.arabjc.2013.02.018
https://doi.org/10.1016/j.clay.2016.03.009
https://doi.org/10.1080/19443994.2015.1040077
https://doi.org/10.1016/j.clay.2017.09.013
https://doi.org/10.1016/j.jece.2015.06.005
https://doi.org/10.1080/19443994.2013.792015
https://doi.org/10.1016/j.clay.2017.01.008
https://doi.org/10.1016/j.jclepro.2017.10.078
https://doi.org/10.1016/j.jclepro.2019.04.084
https://doi.org/10.1016/j.partic.2012.10.007
https://doi.org/10.1016/j.partic.2012.10.007
https://doi.org/10.1016/j.ijhydene.2017.06.156
https://doi.org/10.1039/c5ra08255b
https://doi.org/10.1007/s10853-015-9295-3
https://doi.org/10.1016/j.ceramint.2015.07.198
https://doi.org/10.1016/j.jhazmat.2016.06.016
https://doi.org/10.1111/ijac.13045
https://doi.org/10.1016/j.jhazmat.2008.10.004
https://doi.org/10.26872/jmes.2018.9.1.5
https://doi.org/10.1016/j.ceramint.2017.09.193
https://doi.org/10.1016/j.jclepro.2018.10.176

R.M. Novais, et al. Progress in Materials Science 109 (2020) 100621

[181]
[182]

[183]
[184]

[185]
[186]
[187]
[188]

[189]
[190]

[191]
[192]

[193]
[194]

[195]
[196]

[197]

[198]
[199]
[200]
[201]

[202]

[203]

Minelli M, Medri V, Papa E, Miccio F, Landi E, Doghieri F. Geopolymers as solid adsorbent for CO2 capture. Chem Eng Sci 2016;148:267-74. https://doi.org/
10.1016/j.ces.2016.04.013.

Minelli M, Papa E, Medri V, Miccio F, Benito P, Doghieri F, et al. Characterization of novel geopolymer — zeolite composites as solid adsorbents for CO2 capture.
Chem Eng J 2018;341:505-15. https://doi.org/10.1016/j.cej.2018.02.050.

Renforth P. The negative emission potential of alkaline materials. Nat Commun 2019;10. https://doi.org/10.1038/541467-019-09475-5.

Reid A, Zhang Z, Wang H, Ma X, Provis JL. Efflorescence and subflorescence induced microstructural and mechanical evolution in fly ash-based geopolymers.
Cem Concr Compos 2018;92:165-77. https://doi.org/10.1016/j.cemconcomp.2018.06.010.

Najafi Kani E, Allahverdi A, Provis JL. Efflorescence control in geopolymer binders based on natural pozzolan. Cem Concr Compos 2012;34:25-33. https://doi.
org/10.1016/j.cemconcomp.2011.07.007.

Zhang P, Xue X, Dai J-G, Zhang W-D, Poon C-S, Liu Y-L. Inhibiting efflorescence formation on fly ash-based geopolymer via silane surface modification. Cem
Concr Compos 2018;94:43-52. https://doi.org/10.1016/j.cemconcomp.2018.08.013.

Zhang Z, Provis JL, Reid A, Wang H. Fly ash-based geopolymers: the relationship between composition, pore structure and efflorescence. Cem Concr Res
2014;64:30-41. https://doi.org/10.1016/j.cemconres.2014.06.004.

Novais RM, Carvalheiras J, Seabra MP, Pullar RC, Labrincha JA. Red mud-based inorganic polymer spheres bulk-type adsorbents and pH regulators. Mater
Today 2019:2017-8. https://doi.org/10.1016/j.mattod.2019.01.014.

Bajare D, Bumanis G, Technical R. Alkali diffusion in porous alkali activated materials. In: NTCC 2014 Int Conf Non-Traditional Cem Concr; 2014. p. 1-9.
Bumanis G, Rugele K, Bajare D. The effect of alkaline material particle size on adjustment ability of buffer capacity. Medziagotyra 2015;21:405-9. https://doi.
org/10.5755/j01.ms.21.3.7325.

Novais RM, Seabra MP, Labrincha JA. Porous geopolymer spheres as novel pH buffering materials. J Clean Prod 2017;143:1114-22. https://doi.org/10.1016/j.
jclepro.2016.12.008.

Fernéndez-Jiménez A, Cristelo N, Miranda T, Palomo A. Sustainable alkali activated materials: precursor and activator derived from industrial wastes. J Clean
Prod 2017;162:1200-9. https://doi.org/10.1016/j.jclepro.2017.06.151.

Rugele K, Bumanis G, Mezule L, Juhna T, Bajare D. Application of industrial wastes in renewable energy production. Agron Res 2015;13:526-32.
Bortnovsky O, Sobalik Z, Dédecek J, Sazama P, Tvartizkova Z. Geopolymer based catalysts—new group of catalytic materials. Catal Today 2010;164:92-9.
https://doi.org/10.1016/j.cattod.2010.09.008.

Luukkonen T, Heponiemi A, Runtti H, Pesonen J, Yliniemi J, Lassi U. Application of alkali-activated materials for water and wastewater treatment: a review.
Rev Environ Sci Bio/Technol 2019. https://doi.org/10.1007/s11157-019-09494-0.

Chen L, Zheng K, Liu Y. Geopolymer-supported photocatalytic TiO2 film: preparation and characterization. Constr Build Mater 2017;151:63-70. https://doi.
org/10.1016/j.conbuildmat.2017.06.097.

Gasca-Tirado JR, Manzano-Ramirez A, Villasefior-Mora C, Muiiiz-Villarreal MS, Zaldivar-Cadena AA, Rubio-Avalos JC, et al. Incorporation of photoactive TiO2
in an aluminosilicate inorganic polymer by ion exchange. Microporous Mesoporous Mater 2012;153:282-7. https://doi.org/10.1016/j.micromeso.2011.11.
026.

Candamano S, Frontera P, Macario A, Crea F, Nagy JB, Antonucci PL. Preparation and characterization of active Ni-supported catalyst for syngas production.
Chem Eng Res Des 2015;96:78-86. https://doi.org/10.1016/j.cherd.2015.02.011.

Satmon J, Hu ZF, Zhu MQ. Synthesis of novel geopolymer supported nano bimetallic catalysts and its application for isopropanol dehydrogenation. Key Eng
Mater 2018;777:190-5. https://doi.org/10.4028/www.scientific.net/kem.777.190.

Asim N, Alghoul M, Mohammad M, Amin MH, Akhtaruzzaman M, Amin N, et al. Emerging sustainable solutions for depollution: geopolymers. Constr Build
Mater 2019;199:540-8. https://doi.org/10.1016/j.conbuildmat.2018.12.043.

Innocentini MDM, Botti RF, Bassi PM, Paschoalato CFPR, Flumignan DL, Franchin G, et al. Lattice-shaped geopolymer catalyst for biodiesel synthesis fabricated
by additive manufacturing. Ceram Int 2019;45:1443-6. https://doi.org/10.1016/j.ceramint.2018.09.239.

Siyal AA, Shamsuddin MR, Rabat NE, Zulfigar M, Man Z, Low A. Fly ash based geopolymer for the adsorption of anionic surfactant from aqueous solution. J
Clean Prod 2019;229:232-43. https://doi.org/10.1016/j.jclepro.2019.04.384.

Kauppila T, Luukkonen T, Mé&kinen J, Hellsten S, Lassi U, Karppinen A, et al. Geopolymers as active capping materials for in situ remediation of metal(loid)-
contaminated lake sediments. J Environ Chem Eng 2018;7:102852. https://doi.org/10.1016/j.jece.2018.102852.

Dr. Rui Novais has currently a Research Fellow position at the Department of Materials and Ceramic Engineering and CICECO-Aveiro
Institute of Materials at University of Aveiro. He obtained his PhD in Polymer Science and Composites, in 2012 from the University of
Minho. His current research interest is in the synthesis of geopolymers for environmental remediation applications, wastes valorization,
synthesis of ecoceramics for energy production, and on activated carbons. He has published 54 papers, 46 of which are in JCR SCI
journals, 39 in the top quartile (Q1), and 34 are in the top 10% of their areas. He is also the first author of a book chapter on lightweight
inorganic polymers. He has more than 670 citations, and an h index of 15 (Scopus).

Dr. Robert Pullar is a Principal Investigator at the Department of Materials and Ceramic Engineering and CICECO - Aveiro Institute of
Materials at the University of Aveiro. He works in the areas of Sustainable Materials Science and Green Chemistry, sol-gel and nano-
synthesis, and magnetic, dielectric, piezoelectric, photocatalytic, photo/electrochromic, biomimetic/biomorphic and biomaterials made
in bulk, powder and nanoparticle forms. He has published 157 papers, 89 of which are in JCR SCI journals in the top quartile (Q1), 57 are
in the top 10%, and 42 are in journals in the top 3 of their areas. He has a large number of citations (> 4400), an h index of 34 (Scopus),
and a g index of 62. In 2012 he published a major invited review on hexaferrites in Progress in Materials Science, which was the 3rd most
cited PMS article over its first 5 years, has over 30,000 views and has been cited more than 960 times.

20


https://doi.org/10.1016/j.ces.2016.04.013
https://doi.org/10.1016/j.ces.2016.04.013
https://doi.org/10.1016/j.cej.2018.02.050
https://doi.org/10.1038/s41467-019-09475-5
https://doi.org/10.1016/j.cemconcomp.2018.06.010
https://doi.org/10.1016/j.cemconcomp.2011.07.007
https://doi.org/10.1016/j.cemconcomp.2011.07.007
https://doi.org/10.1016/j.cemconcomp.2018.08.013
https://doi.org/10.1016/j.cemconres.2014.06.004
https://doi.org/10.1016/j.mattod.2019.01.014
https://doi.org/10.5755/j01.ms.21.3.7325
https://doi.org/10.5755/j01.ms.21.3.7325
https://doi.org/10.1016/j.jclepro.2016.12.008
https://doi.org/10.1016/j.jclepro.2016.12.008
https://doi.org/10.1016/j.jclepro.2017.06.151
http://refhub.elsevier.com/S0079-6425(19)30103-3/h0965
https://doi.org/10.1016/j.cattod.2010.09.008
https://doi.org/10.1007/s11157-019-09494-0
https://doi.org/10.1016/j.conbuildmat.2017.06.097
https://doi.org/10.1016/j.conbuildmat.2017.06.097
https://doi.org/10.1016/j.micromeso.2011.11.026
https://doi.org/10.1016/j.micromeso.2011.11.026
https://doi.org/10.1016/j.cherd.2015.02.011
https://doi.org/10.4028/www.scientific.net/kem.777.190
https://doi.org/10.1016/j.conbuildmat.2018.12.043
https://doi.org/10.1016/j.ceramint.2018.09.239
https://doi.org/10.1016/j.jclepro.2019.04.384
https://doi.org/10.1016/j.jece.2018.102852

R.M. Novais, et al.

Progress in Materials Science 109 (2020) 100621

Professor Joao Labrincha is an Associate Professor at the Department of Materials and Ceramic Engineering and CICECO-Aveiro
Institute of Materials at University of Aveiro. Following his PhD in Materials Science and Engineering (University of Aveiro, 1993) he
implemented a research line on Wastes Recycling and Sustainable Use of Resources, teaching disciplines on related topics. He is an expert
in ceramics processing. His current research interest is in the development of multifunctional eco-materials, waste-based products
(geopolymers, cements and mortars, pigments) for a circular economy, and on novel photocatalytic materials active under visible-light.
He has 22 patent applications (two of those as International PTC), more than 300 papers (Science Citation Index), > 6470 citations, and
an h index of 42 (Scopus). He is Associate Editor of Clay Minerals and of Journal of Sustainable Metallurgy. He is author/co-author of 8
book chapters and co-editor of 7 books.

21



	Geopolymer foams: An overview of recent advancements
	Introduction
	Methods for identifying relevant literature
	Geopolymer foams synthesis
	Potential applications of geopolymer foams
	Thermal and acoustic insulators
	Adsorbents
	pH regulators
	Catalysts

	Future prospects and challenges
	Conclusions
	mk:H1_11
	Acknowledgements
	References




