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ARTICLE INFO ABSTRACT
Keywords: Geopolymers, composed of an amorphous three-dimensional inorganic network and synthesized by the activa-
Geopolymers tion of a solid alumino-silicate precursor with an alkaline activating solution, have attracted increasing attention

Organic liquid because of their environmental benefits and favorable characteristics. This review deals with the development of

Incorporation s . . . . c e e a . . . .
Emulsion organic/inorganic composite materials made by adding organic liquids into inorganic geopolymer matrices.
Impregnation Firstly, the incorporation processing approaches are presented and are divided into three categories: (i) Direct
incorporation, (ii) Pre-emulsification (iii) Solid impregnation. Their main advantages and drawbacks are dis-
cussed in relation to the aimed properties. Secondly, this review highlights that geopolymers are low-cost can-
didates allowing technologically significant applications, through the incorporation of various organic liquids.
Aside from the well-studied immobilization of industrial waste streams commonly known as stabilization/so-
lidification (S/S), the development of highly porous geopolymer foams and the design of reinforced organic/
inorganic composite matrices are being notably investigated. This review aims at summarizing the main pub-
lished results, and fostering further investigations into innovative uses of organic liquids incorporated into
geopolymers for a wide range of applications.
approach, the reductions in CO; emissions by replacing Portland cement
1. Introduction with geopolymers strongly vary, but they are estimated to be of 30% at
least [6], and can be as high as 80% [7]. Nowadays, geopolymers are one
Nowadays, the world production of Portland cement has reached of the most promising material to replace Portland cement, because of
about 4 billion tons [1], being one of the most produced merchandise their powerful characteristics including good mechanical properties,
worldwide (in volume). Such a significant production induces a high low permeability to liquids, resistance to high temperatures and acidic
environmental impact; the production of Portland cement is responsible attack, etc. [8]. There has been a series of reviews related to geopolymer
for about 0.8 tons of CO, equivalent per ton produced and contributes to in the past few years testifying of the increasing interest for this material
about 8% of anthropogenic CO, emissions [2]. Therefore, there is an [8-18].
urgent need for alternatives to Portland cement, which are able to Incorporation of industrial wastes into cementing materials (by

Stabilization and Solidification i.e. S/S") is well known, because it offers

handle the increasing demand for infrastructure building while reducing
assurance of chemical stabilization of many compounds and produces a

the CO5 emissions.

In the late 1970s, J. Davidovits drew the attention to Alkali Activated mechanically stable waste form [19-21]. However, the stabilization of
Materials (AAM) based on low calcium precursors, and named these organic liquids (OL) in Ordinary Portland Cement (OPC) strongly retards
materials geopolymers by analogy to their organic counterparts [3,4]. and interferes with cement setting, and organic liquids usually do not
Geopolymers can be made from natural alumino-silicate minerals or form strong chemical bonds within the cement as some inorganics do
industrial alumino-silicate wastes such as metakaolin, fly ash, blast [22-24]. Due to these issues, geopolymers have been proposed instead
furnace slag, rice husk ash, etc. mixed with aqueous solutions containing of OPC for the treatment of OL wastes; the influence of OL on geo-
reactive ingredients (potassium/sodium hydroxide, phosphoric acid, polymer properties has been observed as less important [25,26].
potassium/sodium silicates, etc.) [5]. With a life cycle analysis Hydration of OPC is based on dissolution-precipitation reactions. The
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Glossary

AAF Alkali-activated Fly ash

AAM Alkali-activated material

CTAB Cetyl Trimethyl Ammonium Bromide or Cetrimonium
bromide

EDS Energy-Dispersive X-ray Spectroscopy

GEOIL  Composite made of Geopolymer and OIL, i.e. Oil-
containing geopolymer

GP GeoPolymer

IAEA International Atomic Energy Agency

FT-IR Fourier Transform Infrared Spectroscopy

MK MetaKaolin

NAF Non-Aqueous drilling Fluid
OBM Oil-Based Mud

OK Odorless Kerosene

OL Organic Liquid

OPC Ordinary Portland Cement
PCM Phase Changing Material
PEG Polyethylene Glycol

QAS Quaternary Ammonium Salt
SBM Synthetic-Based Mud

SEM Scanning Electron Microscopy
S/S Stabilization/Solidification
TBP TriButyl Phosphate

anhydrous phases dissolve in water until saturation at which the hy-
drates precipitate through a nucleation process. The main reacting
phases in OPC? are Alite (C3S), Belite (C2S) and Celite (C3A and C4AF),
which dissolution-precipitation reactions provide Calcium Aluminate
and Silicate Hydrates (C-A-S-H); C-A-S-H are amorphous, with an atomic
structure arrangement based on lamellar tobermorite models [27,28].

Geopolymers belong to alkali-activated materials (AAM). Unlike
OPC, AAM (and geopolymers) require a strong alkaline (e.g. NaOH)
source to accelerate the dissolution of various inorganic precursors [29].
Theoretically, any material composed of reactive silicates and alumi-
nates can be alkali-activated. Two main types of AAM can be distin-
guished, depending on the amount of Ca present in the raw materials®
[12,30,31]. C-(N)-A-S-H type gels are formed in Ca-rich systems through
hydration mechanisms similar to the formation of C-A-S-H in Portland
cements [32]. N-A-S-(H) type gels are formed in Ca-poor systems
through polycondensation reactions, also called geopolymerization
[33]. It is noted that water is part of C-A-S-H structures (through hy-
dration reactions). On the opposite, for N-A-S-(H) tridimensional
aluminosilicate networks, water is only required as a dissolution me-
dium and is released upon gel formation (i.e. after poly-condensation).
These fundamental differences in raw materials, reactivity or struc-
tures are starting points to understand the distinct behavior of both
systems in the presence of liquid organic species.

In this review, three methods for the incorporation of OL into
cementing materials, and more specifically into geopolymers, are
distinguished (Fig. 1):

(i) Direct incorporation into the reactive slurry, (i) Pre-
emulsification prior to the addition of the solid precursor, (iii) Solid
impregnation prior to the addition into the reactive mixture. In the
following, the processing features of these methods will be discussed and
compared depending on the properties required for the end applications.

Aside from the S/S of industrial waste, the significant efficiency of
geopolymers to incorporate OL offers the possibility to expand the use of
these composite materials to a number of applications. Two of the main
applications already under strong investigation (apart from S/S) will be
presented in this paper. These are the preparation of geopolymer foams
by emulsion templating of vegetable oils, and the incorporation of
organic polymers to design composite materials with reinforced or
emerging properties.

2 The cementing nomenclature consists of abbreviating the oxides and to
replace them by the following capital letters: CaO = C; SiO, = S; Al,03 = A;
Fe203 =F H20 =H; Na203 =N.

3 Systems for which the molar ratio Ca/(Si + Al) is higher than 1 are
considered rich in Ca.
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2. Processing routes

This section describes the main processing routes to introduce OL
into cementing materials (OPC and AAM™Y. Usually, Portland cement
powder is mixed with water, whereas AAM powders are activated with
an alkaline silicate aqueous solution (or with water, in the case of “one
part geopolymers” [30]). Therefore, the addition of an extra liquid (OL)
which is non-miscible with water is adding complexity to the system,
because it will be made up of two distinct liquid phases and of a high
amount of solid particles. Contrarily to the obvious, the OL is not
necessarily incorporated at the end of the process, i.e. directly into the
reactive cement slurry, but it can be introduced at different stages of the
composite manufacturing, using different approaches. Fig. 1 presents a
simplified schematic description of the three main processing routes for
the incorporation of OL into cementing materials:

@ Route 1 represents the direct process. First, the cement paste slurry is
produced by dispersing the solid precursors in the aqueous solution.
The OL is then directly incorporated into the slurry under strong
mechanical mixing before the cement hardens.

@ Route 2 represents the pre-emulsification process. First, the OL is
emulsified in the activating solution still free from any solid pre-
cursor. As soon as a stable emulsion of the OL in the aqueous acti-
vating solution (O/W®) is obtained, the solid precursor is added to
the emulsion to initiate cement hardening.

@ Route 3 represents the solid impregnation process. This process con-
sists of impregnating the OL on a solid powder. It can be divided into
two distinct paths depending on the type of powder that is
impregnated:

o 3.1: The OL is impregnated on the cementing precursor itself and
then mixed with the activating solution.

o 3.2: The organic liquid is impregnated on a dedicated adsorbing
powder before being added to the cement slurry.

2.1. Direct incorporation

The direct incorporation is a common procedure because of its
simplicity (Fig. 1, route 1). All the components are successively intro-
duced into a single container, which is also called “one pot” mixing [34];
the order of addition is very important. As mentioned earlier, the reac-
tive slurries leading to the formation of cementing materials are in fact
aqueous solutions, highly loaded with solid particles. In such instance,
the addition of a water-immiscible liquid (the OL) into the reactive

4 In order to simplify, OPC and AAM will be referred as cement throughout
this document, unless stated otherwise.
> W = Water and O = Oil.
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Fig. 1. Simplified schematic representation of the three main processing routes of incorporation of OL into Portland cement or alkali-activated materials. The sizes of

the components are not scaled.

aqueous slurry resembles the formulation of an emulsion, in which the
dispersed liquid is likely to undergo spontaneous coalescence to mini-
mize the overall Gibbs free energy of the liquid-liquid interface [35]. An
advantage of the direct route is the intrinsic high viscosity of the cement
slurry, which increases the shear stress applied to the dispersed liquid,
thus promoting the creation of smaller droplets. Viscosities of cementing
slurries (OPC and AAM) are hundreds of times higher than that of water,
depending on the formulation parameters [36,37]. In her study on
emulsion fragmentation [38], Mabille studied the influence of viscosity
(n) of the continuous phase on the droplet size distribution. Keeping the
fraction of dispersed phase (2.5 wt%) and the shear rate constant (y =
500 s~1), the author played with the viscous shear stress (o = ny) by
changing the viscosity of the continuous phase. The viscosity ratio be-
tween continuous and dispersed phase and the interfacial tension, both
having an impact on emulsion formulation where also kept constant at
1.0 and 6.0 mN m" respectively. It was observed that the higher the
viscosity of the continuous phase (i.e. the higher the viscous shear
stress), the smaller and the more homogeneous the droplet size distri-
bution. A gradually increasing shear stress (from 170 to 475 Pa) creates
gradually decreasing droplet size distributions from 10 to 5 pm. This was
demonstrated for concentrated emulsions up to 75 wt% of the dispersed
phase. Another advantage of having a higher viscosity of the continuous
phase is that it hinders the coalescence of the formed droplets. To
illustrate this latter point, sedimentation or creaming may occur over
time, and are indirectly responsible for droplets coalescence. The ve-
locity of coalescence and creaming is driven by several parameters, in
particular the viscosity of the continuous phase. It is described using the
Stokes equation [39]:

2(/)11 — /)f)gr2
9u

(€Y

where v, pp, pf, 8, T, | are respectively the droplet velocity (m/s), the
droplet density (kg/m>), the density of the dispersing phase (kg/m®), the
gravity field (m/sz), the spherical droplet radius (m) and the dynamic
viscosity of the medium (Pa.s). This relationship shows that sedimen-
tation or creaming are slowed down as the viscosity of the dispersing
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phase increases,
coalescence.

Several types of OL have been incorporated through the direct route.
Masrullita et al. [40] incorporated 10 wt% of paraffin oil into OPC that
way. Several works describe the easy direct incorporation of vegetable
oils into geopolymer materials, even at high oil amounts [41-43]. Davy
et al. [44] directly immobilized a mineral oil in geopolymer up to 60 vol
%. Despite the viscosity of the geopolymer suspension, the phases can
undergo separation, especially when the amount of incorporated liquid
is high [45,46].

Another concern appears when the viscosity difference is high, i.e.
for organic liquids with low viscosity [38]. If the viscosity difference is
too pronounced, the droplets maintain an equilibrium state upon
shearing and do not break [38], therefore keeping a broad size more
likely to undergo coalescence. Grace [47] evidenced that the closer the
viscosity ratio is to 1, the easier the incorporation of the second liquid;
the incorporation becomes more difficult as the viscosity ratio diverges
from 1 in either directions (bigger or smaller than 1). Composite
organic/inorganic materials have been prepared through the direct
route by mixing geopolymer slurries with curable epoxy resins by hand
mixing only, hence testifying of the easiness of incorporation [45]. In
this process, the key step is to perform the incorporation of the curable
resin at the adequate polymerization rate in order to avoid phase sep-
aration. As an explanation, several authors mention a better chemical
compatibility between the organic and the inorganic phases at an early
stage of resin polymerization, but there may be a viscosity effect as well.
The resin is initially very fluid and becomes more viscous over time
(with the progression of its hardening), hence decreasing the viscosity
difference between the two liquid phases.

Finally, it is worth noting that for most of the direct incorporation
processes presented in this section, no additives (e.g. surfactants) have
been necessary to reduce the interfacial tension and promote the OL
incorporation, even at high amounts (up to 60 vol%). However, the
counterpart of not adding any surfactant is the lack of control over
droplet size distributions and homogeneity [44].

therefore decreasing flocculation and hence
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2.2. Pre-emulsification

When manufacturing OL/cement composites, it is crucial to avoid
phase separation between the OL and the slurry until hardening of the
cementing material. The higher the amount of OL, the most likely the
emulsion is to undergo phase separation. Even if the OL incorporation is
achieved, the droplet size distribution may be large and inhomogeneous
[44]. To avoid these issues, the pre-emulsification process (Fig. 1, Route
2) was developed. It consists in emulsifying the OL into the activating
solution (and make an oil-in-water system O/W) prior to the addition of
solid precursors and fillers. It is reasonably assumed that if the emulsion
shows a good stability over time, the cement material will have suffi-
cient time to set before the system goes back to its thermodynamically
most stable state, the latter being reached when the two liquids are
separated. In addition, by proceeding that way, it is also easier to control
the droplet size distribution and homogeneity. In return, that process
requires an extra step and the use of additives promoting the stability of
the emulsion (e.g. surfactants or polymers). Surfactants are required to
both decrease the interfacial tension between the two liquids and sta-
bilize the droplets. Without surfactant, the viscosity of the aqueous
activating solution is not high enough to stabilize the emulsion for a
sufficient time. However, during the emulsion step, the system is still
free from any solid particles that might act as Pickering stabilizers as
described by Cantarel et al. [25].

The International Atomic Energy Agency (IAEA) mentioned a sig-
nificant increase in the waste proportion which can be incorporated
when using the pre-emulsification technique [48]. In Ref. [48], only 12
vol% of waste could be incorporated using the direct route, whereas up
to 35 vol% could be incorporated using the pre-emulsification tech-
nique, although the latter requires a huge amount of surfactant (30 vol
%).

In particular, Zhang et al. [49] solidified a spent radioactive organic
solvent (by about 10 wt%), namely Tri-Butyl Phosphate/Odorless
Kerosene (TBP/OK), in Portland cement added with Zeolite, calcium
hydroxide or non ionic MR-1 type emulsifier; they named this technique
emulsification-solidification by analogy to the
stabilization-solidification (S/S) process. Dong et al. [50] successfully
immobilized up to 18 wt% of TBP/OK using 4 wt% of Tween 80 (i.e.
Polyethylene glycol sorbitan monooleate, CAS Number: 9005-65-6) as
an emulsifier in a phosphate acid-based geopolymer. Cantarel et al. [25,
36,51] stabilized various organic liquids in geopolymer materials up to
70 vol% by using different surfactants; for instance, for highly fluid
hexadecane, a CetylTrimethylAmonium Bromide (CTAB) cationic sur-
factant is essential. Cantarel et al. focused on the incorporation of 20 vol
% OL, and were able to obtain a small and homogeneous distribution of
oil droplets ranging from a few micrometers to about 50 pm [36].
Although replacing OL by air, Glad and Kriven were able to synthetize
highly porous geopolymers with tailored pore sizes ranging from 200
nm to 10 pm using hydrophobic polymers, i.e. alkoxysilanes such as
dimethyldiethoxysilane (DIDE) [(CH3)2(OCH2CH3)2Si] [52].

Smitha et al. [53] went a step further, and prepared an emulsion of
industrial lubricating oil by phase inversion in OPC. In practice, the
aqueous solution is progressively added under strong mechanical stir-
ring to the oil until a creamy emulsion is obtained; the optimal formu-
lation is of 25%wt oil to cement ratio, i.e. about 10%vol; NaOH serves as
both emulsifier and setting accelerator. Preparing an emulsion by
catastrophic inversion (W/O to O/W or vice versa) is known to provide
high stability because the droplets formed are very small. This is due to
the fact that, at the point of phase inversion, the curvature radius of oil
and water are equal to zero, allowing the formation of very small
droplets (as small as 200 nm [54]); these are significantly more stable
than bigger ones.

Skalle et al. [55] worked on an interesting hybrid mechanism
combining both the direct and the pre-emulsification processing routes.
First, a W/O emulsion is created (Fig. 1, Route 2) before being directly
added to a reactive cement slurry (O/W) (Fig. 1, Route 1), providing a
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double emulsion.

As mentioned earlier in this section, the use of surfactant is most of
the time mandatory to create the emulsions in the presented examples,
but by proceeding that way, the incorporation is controlled throughout
the process.

2.3. Solid impregnation

Among the three main processing routes, the solid impregnation
process (Fig. 1, Route 3) is not as obvious as the direct and pre-
emulsification routes. The amount of OL that can be incorporated is
low in comparison with the two aforementioned routes, i.e. generally
not exceeding a few percent. The advantage of using this route lies in the
fact that the organic liquid is adsorbed onto a solid material early in the
process and it is added in the form of a solid in the cement slurry; ad-
ditives such as surfactants are generally omitted. Therefore, there is no
emulsion to be considered, and no risk of phase separation that may
occur in the course of cementation. The incorporation of a solid in a
cement material is easier than the incorporation of a liquid, and the
properties of the final composites, especially mechanical performance,
are expected to be less impacted.

Some authors are using the impregnation route in order to mimic oil
polluted sands, and to understand in what conditions they can be used as
fillers to produce concretes in particular areas of the world [56]. It has
been evidenced that a quantity of diesel oil contamination as little as 2%,
fixed to sand, causes a significant decrease in compressive strength of
the resulting cement materials. Moreover, when following the evolution
of compressive strength over time, the impact of contaminated sand is
especially observed in the late hardening phase of the material, and less
in the initial setting phase.

Other studies evidenced that hydration reactions of OPC are strongly
affected by the addition of small amounts of organic compounds, leading
to setting and hardening issues [20,57-59]. However, by using the
impregnation route, Almabrok et al. [60] successfully stabilized indus-
trial 10 W mineral oil up to 10 wt% in OPC. They compared the pre-
liminary wetting of the cement precursor or of the sand by the oil before
adding water, but there was no significant difference; the compressive
strength is divided by a factor 3 in both cases. By adding non swelling
kaolinite clay, which acts as an oil adsorbent, the authors were able to
lower the impact on mechanical properties to a factor of 2.5.

The IAEA studied the impregnation process of turbine and pump oils,
and described it as the conversion of OL into dry particles prior to
cementation in Portland cement, using a variety of adsorbents (e.g.
natural or synthetic fibers, vermiculite, clays, diatomeous earth, alkyl
styrene polymer beads) [48]. According to the authors, this technique is
more tolerant of batch-to-batch waste variability and higher waste
incorporation of up to 56 vol% could be attained; this contrasts with
other studies using the impregnation process, which generally allow the
incorporation of a lower amount of liquid (below 10% and often at a few
percent only). However, the IAEA also recognizes that a number of
factors affect the efficiency of the process, including the OL viscosity.
The associated mechanical performance of the composites is not
provided.

The OL waste needing stabilization in cementing materials often
contains toxic species, which must not leach out of the solidified ma-
terial. Therefore, the oil impregnation on an appropriate adsorbent is
helpful to avoid leaching and immobilize the toxic species. For instance,
Sazonov et al. [61] decreased the tritium leaching rate by adsorbing
tritiated oil on various adsorbents (zeolites, active alumina, activated
carbon); the best results are achieved with activated carbon. Mont-
gomery et al. [24] used a commercially available QAS-clay® prior to

6 QAS-clay: Quaternary Ammonium Salt exchanged clay. These clays are
modified beforehand in order to adsorb organic compounds, e.g. by being
added with CTAB (CTAB: CetylTrimethylAmmonium Bromide).
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incorporation. QAS-clays are specifically designed to strongly adsorb
organic compounds. In Ref. [24], the cement-based solidification of
organic effluent waste adsorbed on QAS-clays provides solid bodies,
with unconfined compressive strength significantly higher than the
standard requirement of 350 kPa. Moreover, due to the strong binding of
organics to QAS-clay, their leaching from the stabilized products is very
low. The total organic carbon (TOC) is reduced by over 90% for each of
the tested waste compared with unsolidified ones; the release of heavy
metals is similarly reduced.

El-Naggar et al. [62] impregnated an organic solvent extraction
liquid (2 hydroxy-5-nonylacetophenon) on metakaolin, before adding
the activating solution to achieve a geopolymer-solvent composite
(Fig. 1, 3.1). Leaching tests, and other characterizations, of the formu-
lations containing the solvent extraction liquid proved that the solvent
did not move out of the solidified cement composite, even under severe
acidic attack. The compressive strength was slightly impacted, as shown
by the formulation containing 8%vol of solvent (28 MPa), only exper-
imenting a 4 MPa decrease in comparison with the reference material
(32 MPa). The strength of formulations containing 8%vol solvent could
be further improved from 28 MPa to 54 MPa by increasing the SiOy/-
NayO molar ratio. The authors evidenced the good compatibility of the
solvent with the geopolymer network and its low impact on the hard-
ened material, which contrasts with OPC.

Cuccia et al. [63,64] immobilized radioactive waste oils in geo-
polymers, by preliminary adsorbing the oil on a commercial polymer.
The resulting composite material complies with local leaching rate
regulations but does not fulfill mechanical strength criteria (its
compressive strength is lower than 10 MPa). However, the compressive
strength of the pure geopolymer formulation is of only about 19 MPa.
This means that the poor mechanical properties of the waste containing
sample is not necessarily attributed to a bad oil/geopolymer compati-
bility but rather to the low mechanical properties of the pure geo-
polymer formulation. Formulation parameters (especially the Si/Al
molar ratio) have a strong impact on the connectivity of the alumino-
silicate network formed during geopolymerization, and hence, on the
mechanical properties of the geopolymer materials [65].

2.4. Summary

Although possible, the addition of an extra immiscible liquid into a
cementing material generally increases the setting time, lowers the
mechanical properties, disturbs the flow of reactive slurries, may induce
leaching of the OL, etc. However, by using the most appropriate incor-
poration process in accordance with the end applications, these issues
can be overcome. Unfortunately, studies comparing the different pro-
cessing routes at the same time are scarce [66]. Table 1 compares the
processing routes and aims to summarize the advantages and drawbacks
of using one or another, in order to guide the decision of the most
appropriate path for a specific application. Moreover, all the examples
discussed in this section are generally at a laboratory scale. At the in-
dustrial scale, the pre-emulsification and impregnation processes would
be more challenging because they involve an additional step, which, in
some cases (e.g. when dealing with radioactive waste), might be an
issue. Moreover, these two processing routes require the addition of
costly surfactants or adsorbents, which might be a limiting factor as
well. Other incorporation techniques exist, such as the incorporation
through diffusion of the OL into the cement pore network after cement
hardening, but they are less commonly used [67].

3. Aimed applications

In the past few years, an increasing interest for the incorporation of
OL into inorganic geopolymers has been observed, because if offers a
wide variety of unique applications. This section aims at presenting the
three main applications of the incorporation of OL into geopolymers, as
summarized in Fig. 2. The OL is introduced in the fresh geopolymer
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mortar following one of the processes described previously (Fig. 1).
Interestingly, the type of oil appears to dictate the corresponding
application, as follows:

e Mineral oils — Immobilization of industrial waste by S/S

e Vegetable oils — Production of highly porous materials

e Organic polymers — Production of materials with improved and/or
emerging properties

3.1. Immobilization of waste OL (mineral oils)

3.1.1. Background on oil immobilization into Ordinary Portland Cement
(OPC)

Before detailing the immobilization of OL waste into geopolymers, it
is useful to recall the use of Portland cement for that purpose, because it
has been widely and successfully used for the immobilization of many
compounds.

As detailed earlier, according to IAEA, the direct immobilization of
radioactive OL waste by cementation (i.e. S/S) is one of the best options
because it is simple and cost effective [48]. It offers assurance of
chemical stabilization of many compounds by producing a mechanically
stable waste form, and OPC has been widely studied for that purpose
[68]. A varied but non-exhaustive list of examples is presented below.

Early studies on that topic were presented by Clark et al. [66]. Their
work aimed to determine the most suitable solidification agent for the
disposal of radioactively contaminated OL wastes. Initially, the immo-
bilization of a lubricating oil (mineral oil) in pure OPC from 12 to 50 vol
% was performed using the direct process (Fig. 1, Route 1). All the
samples ended in soft appearing materials, indicating that OPC alone is
not a very effective media to solidify oily wastes. Then, vermiculite, an
adsorbent clay that can retain liquids within the pores of its particle
aggregates, as well as between the clay particles themselves, was used to
adsorb the oil prior to solidification in OPC (Fig. 1, Route 3). OPC
samples prepared with oil-saturated vermiculite set in about three days,
which provided convenient monolithic solids; however, all had an initial
oily appearance on the surface with traces of free liquid, and were not
considered suitable. This is why a third technique, developed by the
Nuclear Technology Corporation (NUTEK) was used. It consists of a
chemical process to solidify radioactive waste oils, by combining an
emulsifying agent (Fig. 1, Route 2) and a setting time accelerator, both
aiming at preventing coalescence of the liquid before solidification.
Adequate solid monoliths were obtained with this procedure, and no
free liquid was observed at oil incorporation rates up to 30 vol%. Being
the best option for the lubricating oil, the NUTEK technology was then
used in the same way to solidify a complex mixture of organic liquids,
but it was not very efficient. The only acceptable sample contained only
6 wt% of the liquid mixture, and even at this low proportion, the smell of
organic vapors was strong. The conclusion of this research is that the
pre-emulsification process using the NUTEK procedure is the best option
for stabilizing lubricating oil, but in the case of an organic mixture, OPC
is not a suitable option.

Masrulita et al. [40] stabilized paraffin oil in OPC and observed that
the more paraffin is added, the lower the compressive strength. Ac-
cording to the authors, this is because the cement cannot efficiently
coalesce with the added hydrocarbon; instead, cavities are formed in the
composite materials, resulting in lower densities and therefore lower
compressive strength.

OPC has often been used for S/S of TBP/OK, which is a common
mixture for extraction of radioactive waste [34,69]. However, the
addition of TBP strongly decreases the compressive strength of the
resulting solid materials [70]. In a recent study [49], about 10 wt% of
simulated radioactive spent organic solvent (TBP/OK) was solidified
with OPC by the emulsification—solidification method (Fig. 1, Route 2).
X-Ray Diffraction (XRD) analysis illustrated that the incorporation of
both TBP/OK and the emulsifier did not change the cement hydration
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Table 1
Summary of advantages and drawbacks of the main incorporation processing routes.
Advantages Drawbacks
Direct o Easy incorporation in one step o Phase separation before setting might occur
o High amount of oil
o No extra additives required
Pre- o High amount of oil o Two steps process
emulsification o Phase separation controlled by preliminary emulsification o Addition of surfactants required
o Controlled size of oils droplets
Impregnation o Useful for high leachable toxic compounds (adsorption on solid o Low amount of oil incorporated

particles)
No phase separation because the liquid is solidified beforehand

[=]

(=]

Two step process

Requires the addition of a solid adsorbent (if not impregnated on the cementing
precursor)

Cost of solid adsorbent

[}

(=]

Emulsion O/W

Vegetable oil
I

Polymers
|

Incorporation and
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Fig. 2. Schematic representation of the three main application of incorporating OL into geopolymer materials: Incorporation of vegetable oil to produce geopolymer
foams (left), stabilization of mineral waste oils (middle), addition of organic polymers to design reinforced materials (right).

products. The resulting compressive strength of the composite material
is of about 19 MPa. Unfortunately, no comparison of mechanical prop-
erties with a liquid free cement was performed.

Several authors presented the impact of crude oil on compressive
strength [71-73]. As discussed earlier, oil-contaminated sands used as
additives in cement manufacturing strongly reduces the compressive
strength of concretes. For instance, sands contaminated with crude oil at
only 5 wt% reduces the compressive strength at 28 days of concretes by
almost 50% (32-18 MPa) [71].

Almabrok et al. [60,74,75] studied the incorporation of various OL in
Portland cement using the impregnation route (Fig. 1, Route 3), in order
to avoid side effects on setting time and strength development. Despite
impregnation, the addition of oil strongly affected cement setting and
strength development, largely due to the perturbation of cement hy-
dration. The addition of more than 10% of mineral oil led to unac-
ceptable materials (compressive strength < 20 MPa) [60]. The addition
of contaminated aggregates at 10 wt% with canola oil, refined mineral
oil or crude oil, decreased the 28-day compressive strength by 71%, 75%
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and 50%, respectively [74]. Moreover, calorimetric measurements
highlight that the hydration of C3S and C3A is inhibited by the addition
of oil, despite their adsorption prior to solidification. Hydration re-
actions are differently impacted by the type of oil; mineral oil is the most
influencing one, whereas crude oil has only a slight impact. This testifies
that inhibition is not due to the addition of oil-contaminated aggregates
but rather to an interaction between the oils and the hydrating phases
[74].

A recent study summarizes the issues faced by the use of Portland
cement for gas well cementing, because of the intermixing of cement
slurry and drilling mud’ that will almost inevitably occur [37]. In most

7 In wellbore processes, drilling muds cool the drill bit and carries the rock
cuttings along back to the surface. Most of the muds are oil-based, using direct
products of petroleum refining such as diesel oil or mineral oil. Sometimes,
synthetic-based muds are prepared using highly refined fluid compounds that
are more adapted to property specifications than traditional petroleum-based
oils.
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cases, the mud-contaminated cement undergoes failure, because it does
not harden properly. As the cement slurry becomes more contaminated,
it strongly thickens until it cannot flow anymore, which is also a major
issue. According to the authors, a mud-to-cement conversion technique
has not been successfully developed and applied for NAFs®
(Non-Aqueous drilling Fluids) so far. Contamination by NAFs is for
instance detrimental to the strength development of Portland cement
slurries, with as strong a drop as of 50% of the original compressive
strength at 15 vol% of contamination [76]. Comparatively,
alkali-activated fly ash (AAF) slurries exhibit superior performances
against NAFs contamination compared to Portland cement [37]. Ac-
cording to the authors, this could be due to the breakdown of NAF
emulsions, releasing an excess amount of water. In AAF containing a low
Ca amount, water is not chemically bound to the N-A-S-(H) gel formed, i.
e. it is only acting as the reaction medium, whereas in Portland cement
water is part of the C-A-S-H structure. Therefore, changes in water
amount might have less effect on the strength development of AAF than
Portland cement. Unlike Portland cement slurries, AAF slurries develop
sufficient compressive strength for cementation purposes at high levels
of mud contamination. An incorporation rate of up to 40 vol% of Syn-
thetic Based Mud (SBM)’ in AAF leads to materials with measurable
compressive strength, while Porltand cement loses the ability to harden
with 30 vol% SBM contamination. Moreover, the incorporation of SBM
into AAF provides flowable slurries (even at 40 vol%), whereas Portland
cement slurries become too viscous. As for strength development, the
excess of water released by the breakdown of the SBM emulsion could
explain the decrease in viscosity observed in AAF slurries. On the con-
trary, the thickening of Portland cement slurries could be explained by
capillary forces, which depend on the affinity of particles for both liquids
[77-79]. In liquid-liquid-particle ternary systems, the addition of the
second immiscible liquid to the particles suspension in the first liquid
results in an increase in viscosity. In such systems driven by capillary
forces, the second liquid stands between the particles leading to
agglomerate formation, which is characterized by an increase in vis-
cosity. Finally, AAF could efficiently solidify two types of SBMs and two
types of Oil-Based Muds (OBMs)'’, meaning that the mud-to-cement
conversion in AAF is a versatile method. Likewise, AAF materials are
more resistant than Porltand cement to a contamination by water-based
drilling [80]. The AAF solid precursor used in that study is class F'! fly
ash, containing a low amount of Ca, leading to the formation of N-A-S-H
i.e. to a geopolymer.

3.1.2. Geopolymers: emerging materials as alternatives for OL
immobilization

Table 2 below summarizes a number of works performed on the
immobilization of OL into geopolymer materials and published in the
recent years.

3.1.2.1. Waste immobilization. The immobilization of radioactive min-
eral oils in geopolymer materials, also named GEOIL (for GEopolymer/
OIL) composites, has been extensively studied in the recent years [25,
36,44,51]. First, the feasibility of incorporating up to 70 vol% of a
mineral oil in geopolymers was demonstrated, while maintaining the
formation of strong monolithic solids [51]. Then, the influence of oil
addition on the mechanical performance and leaching rate of GEOIL has

8 NAFs are invert emulsions (water in oil) containing solids including orga-
nophilic clays, viscosity modifying polymers and dispersing agents.

9 SBM (Synthetic-Based Mud): Invert emulsion where synthetic oil (based on
C16-Cyg internal olefins) is the continuous phase and CaCl, brine is the
dispersed phase. Also contains various additives.

10 OBM (0il-Based Mud): Mineral oil-based mud.

11 Several types of fly ashes exist and are classified according to their oxide
contents. Class F fly ash is poor in CaO and contains a significant amount of
Al,Os.
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been studied [36]. For oils of viscosity on the order of 0.1-2 Pa s, an easy
incorporation of up to 20 vol% in a geopolymer matrix was demon-
strated, where the oil takes the form of an emulsion made of homoge-
neous and spherical droplets. The droplet size ranges from a few pm to
50 pm, with the diameter of the main population being about 5 pm,
showing the good dispersion of the oil in the geopolymer material. As
expected, the compressive strength decreases when the oil content in-
creases, but the effect is not as pronounced as in OPC matrices. In
particular, at 30 days, the decrease in compressive strength for GEOIL
containing 20 vol% oil is about 35% (32-22 MPa) compared to the
geopolymer without oil (reference GP); with 14 vol% oil, the compres-
sive strength of GEOIL is smaller by only 12.5% when compared to the
reference GP (32-28 MPa) [36]. Moreover, the cumulative quantity of
oil compounds released in the leachate at 30 days does not exceed 0.19%
of the organic material initially encapsulated in the sample, demon-
strating the efficiency of the oil encapsulation in GEOIL composite.
Unlike for Portland cement, rheological measurements and Fourier
Transform InfraRed spectroscopy (FT-IR) have shown that there is no
change in the geopolymerization kinetics (in particular in the setting
time) [25]. The reason probably lies in the fact that geopolymers un-
dergo polycondensation reactions to build their gel network, whereas
Portland cement undergoes hydration mechanisms, which is funda-
mentally different.

Despite the fact that highly fluid OL (such as hexadecane) can be
efficiently stabilized into geopolymer matrices, the addition of surfac-
tants can be of use to better control the droplet size distribution, improve
the incorporation quality and the rheology of the paste. In Ref. [25],
CTAB and Pluronic 1L35'? surfactants have been tested (respectively
cationic and nonionic surfactant). Both surfactants provide GEOILs with
rather homogeneous size distributions of oil droplets in the range of
10-100 pm (Fig. 3 [25]). Using surfactants also results in composite
pastes with different rheological behaviors, thanks to the effect of the
surfactant molecules at the intermolecular level.

At such scale, surfactants have the ability to position themselves at
the surface of oil droplets through their polar head, leading to the for-
mation of hydrophobic forces between droplets; the repulsive forces
between these hydrophobically modified droplets are due to the inter-
action of the nonpolar tails of the surfactant molecules attached to the
oil surface. The resulting system consists of a “shell” around each oil
droplet, and induces an increase in viscosity. Several authors observed
this phenomenon with cationic surfactants (for which it is strongest,
owing to the strong adsorption on negatively charged particles) [83-85]
and nonionic surfactants [86-88]. Cantarel et al. [25] also concluded
that metakaolin particles surrounded oil droplets and acted as Pickering
stabilizers (Fig. 4). Without mentioning the Pickering effect, Glad and
Kriven present a similar behavior for metakaolin around oil droplets
[52].

However, the quantity and type of surfactant should be chosen
carefully when incorporating OL in geopolymers, particularly for sys-
tems with a high volume fraction of dispersed phase. In such context, 3D
X-Ray micro-computed tomography quantifies the spatial distribution of
the oil droplets in GEOIL (Fig. 5 [44]) and provides a connectivity
analysis of the 3D oil emulsion. This allows to analyze whether the oil
emulsion percolates (and may leach out of GEOIL). With an industrial
gear oil immobilized at up to 60 vol%, the oil percolation threshold is
reached from 27 vol% incorporation.

In order to overcome the undesirable leaching of OL with the direct
immobilization technique as with Portland cement [89], El-Naggar et al.
[62] have investigated geopolymers as an alternative to immobilize a
solvent extraction liquid of interest in the nuclear industry, loaded with
Cu?* beforehand (LIX-84, made up of 2-hydroxy-5-nonylacetophenon).
FT-IR analyses were performed after leaching tests to verify that the
solvent was still present in the materials and proved the compatibility

12 pluronic L35: Commercial nonionic surfactant.
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Immobilization of mineral waste oils in geopolymer materials; MK = Metakaolin, FA = Fly ash, vol% = volume percentage, wt.% = weight percentage, CTAB =
CetylTrimethylAmmonium Bromide (cationic surfactant), SBM = Synthetic Based Mud, OBM = Oil Based Mud. Pluronic L35 and Tween 80 are non-ionic surfactants.

Alumino-silicates Activating Oil type Amount Surfactant Incorporation process (Fig. 1) Ref.
sources solution

MK Acid: H3PO4 TriButyl Phosphate/odorless kerosene 6-18 wt% Tween 80 ® Pre-emulsification [50]

(TBP/OK)
FA Alkaline: NaOH Paraffin wax 8-15 wt% None ©.@. Impregnation on lightweight coarse ~ [81]
aggregates
MK NaOH Dodecanol About3.5wt  CTAB Impregnation after GP set” [671
%
MK NaOH Motor oil 5-60 vol% None ® Direct [44]
MK NaOH Motor oil (aliphatic compounds) 7-20 vol% None ® Pre-emulsification [36]
MK NaOH Hexadecane 20 vol% CTAB or Pluronic O Pre-emulsification [25]
L35>
MK NaOH Lubricating oils 10 wt% None ©.® Impregnation on commercial [63]
polymer
MK NaOH LIX84 (commercial solvent extraction 0-15% None ®. Impregnation on MK [62]
liquid)
MK NaOH Dimethyldiethoxysilane (DIDE) About 10 wt None © Direct [60]
%

FA NaOH SBM and OBM 10-40 vol% None O Direct [371
MK NaOH, KOH Hexadecane 20-70 wt% None @ Direct [82]

# The solid geopolymer is left in touch with an excess of dodecanol at 60 °C for 30 min.

Fig. 3. Scanning electron micrograph of a calcinated GEOIL composite con-
taining 20 vol% of hexadecane with CTAB (left) or L35 (right) surfactants [25].

Curing

Fig. 4. Pickering-type stabilization of oil droplets in a fresh geopolymer mortar
(left) providing encapsulated oil droplets after curing (right).

between geopolymers and LIX-84. Indeed, leaching experiments indi-
cated that the formulations performed well, because most of the Cu?*
remained in the geopolymer material, even under severe acidic condi-
tions (less than 5% of the total Cu®* leached out).

Cuccia et al. [63] have studied the immobilization of radioactive
waste oil in geopolymer materials with the impregnation process (Fig. 1,
3.2). They used two different types of adsorbents prior to solidification,
i.e. bentonite and a commercial polymer (NOCHAR). For both kinds of
adsorbents, the authors obtained geopolymer matrices with homoge-
neously distributed waste and leaching rates at 150 days compliant with
local regulations.

Apart from alkaline activating conditions, geopolymers can also be
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activated in acidic conditions. This is a valuable asset in specific appli-
cations where alkaline conditions are deleterious. In a recent study,
phosphate acid-based geopolymers were investigated as a solidification
technology for TBP/OK [50]. These acidic-synthesized geopolymers
have reputed to have higher strength, durability, and thermal stability
than alkali silicate-metakaolin geopolymers [90-93]. This is explained
by the formation of berlinite (AIPO4) resulting from the combination of
APY (from metakaolin) and PO3~ (from phosphoric acid). The presence
of this crystalline phase reinforces the structure of geopolymers by
filling air voids (porosity) [92,93]. In Ref. [50], the phosphate
acid-based geopolymer has a high compressive strength of about 79
MPa, and that of solidified TBP/OK forms is up to 59 MPa. The
compressive strength does not decrease drastically with increasing
TBP/OK content. With 18 wt% of TBP/OK, the decrease in compressive
strength is about 25%, which is significant but still more than acceptable
considering the initial high value. Leaching tests demonstrate that a very
limited amount of solidified TBP/OK is released from phosphate
acid-based geopolymers, meaning that TBP/OK is physically well
encapsulated within the solid body. The only drawback is with setting
time, which significantly increases with the addition of TBP/OK.

3.1.2.2. Phase changing materials (PCM). The incorporation of phase
changing materials (PCM) into geopolymers aims to produce smart
materials, able to mitigate temperature changes in their vicinity. PCM
are capable of changing phase from solid to liquid at a specific melting
temperature (or vice versa), and it is usually low (i.e. below 100 °C).
During the phase changing process, a certain amount of energy (i.e.
heat) is captured from or released into the surrounding environment
[94], retarding the change in temperature. Several studies have inves-
tigated the immobilization of PCM in building materials, such as thermal
regulating panels [95]. More precisely, OL such as paraffin [81,96,97] or
dodecanol [67], were incorporated into geopolymers to produce mate-
rials with smart thermal properties. A wall made-up of this type of
material would be able to keep comfortable temperatures inside a
building during daytime (by the endothermic melting of the PCM) and
night-time (through the exothermic solidification of the PCM).

Using the direct incorporation (Fig. 1, Route 1), paraffin is distrib-
uted homogeneously in a geopolymer concrete, among voids and ag-
gregates. However, after a number of temperature change cycles, a
leakage of paraffin to the material surface is often encountered. In order
to overcome that issue, paraffin can be pre-encapsulated or stored into
small (inert and stable) closed polymer capsules to prevent leakage,
before being mixed with concrete [96,97]. Shadnia et al. [97] studied



C. Reeb et al.

GEOILOS

Ceramics International 47 (2021) 7369-7385

GEOIL60

Fig. 5. Spatial representation obtained by X-ray micro-CT of the oil distribution (in light blue) in GEOIL composites containing 5 vol% (left) and 60 vol% (right) of
oil. The oil volume is either not-percolating (left) or percolating (right) [44]. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)

the incorporation of commercial micro-encapsulated PCM (paraffin)
powder into geopolymer mortar. A decrease in mechanical properties is
observed, but geopolymers with up to 20 vol% PCM incorporation are
still convenient with compressive strength exceeding 15 MPa. The heat
capacity curves of geopolymers added with PCM display endothermic
peaks between 20 °C and 30 °C. This corresponds to the melting tem-
perature range of the PCM material, which contrasts with the straight
heat curve of the pure geopolymer material. The higher the amount of
PCM, the higher the amplitude of the endothermic peak, meaning that
incorporated PCM can effectively reduce the transport of heat through
geopolymer bodies.

In a study by Sukontasukkul et al. [81], the PCM is impregnated on
porous lightweight aggregates (Fig. 1, 3.2), which are then used as
coarse aggregates in a geopolymer concrete mixture. The maximum
incorporation is 60 vol% (40 vol% of PCM and 20 vol% of aggregates).
As expected, the compressive strength decreases with the addition of
pure lightweight aggregates (15-5 MPa with 60 vol% of aggregates), but
it increases with the presence of paraffin in the aggregates, due to void
filling by paraffin (5 MPa-7 MPa with aggregates loaded at 65 vol% of
paraffin). The presence of paraffin significantly improves both thermal
storage and heat insulation of geopolymer panels, as shown by the time
delay of 22 min to reach the peak temperature (65 °C) and the ability to
maintain the temperature higher than 55 °C inside the panel for more
than 180 min after the end of heating.

Gasca-Tirado et al. [67] studied the use of dodecanol as PCM in
geopolymers. The incorporation was performed after solidification of
the geopolymer material, which is different from the incorporation
routes presented earlier in this paper (Fig. 1). The solid bodies were
immersed in an excess of liquid dodecanol at 60 °C, which then diffused
into the material through its pore network. The effectiveness of CTAB is
shown as a coupling agent between dodecanol and geopolymer; a sur-
face treatment increases the maximum amount of incorporated dodec-
anol. However, the highest amount of dodecanol remains low (about 3
wt%) and further studies are needed to increase the incorporation ca-
pacity, in particular by modifying the geopolymer porosity. With the
process involved, this method provides a percolating (connected) OL
system.

3.2. Development of highly porous materials (mainly with vegetable oils)

Nowadays, porous geopolymers, also referred to as geopolymer
foams, are becoming of interest because of their unique combination of
properties, i.e. good thermal and chemical stability [15,98,99], high
mechanical strength [100,101], low CO; emission and low energy use
during their manufacture. They have been studied for a variety of ap-
plications, including membrane and membrane supports [102,103],
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adsorbents and filters [104-109], catalysts [94,110-112] and acoustic
and thermal insulators [17,18,113-115].

Over the last 10 years, the number of publications concerning geo-
polymer foams has increased significantly, bringing forth several re-
views related to that topic [17,18,116]. For many of these applications,
the porosity of geopolymer foams needs to be as high as possible and as
open as possible, i.e. the porous network needs to be connected (or
percolating) as much as possible to allow external species to flow in and
out. A significant amount of meso- and macro-porosity'® is intrinsically
present in geopolymers [117-119] and can be optimized simply by
regulating the formulation and processing parameters of its bulk com-
ponents [120,121]. The focus of the following studies is to promote the
introduction of interconnected ultra-macro-porosity' in addition to the
meso- and macroporosity of geopolymers by combining a vegetable oil
and a blowing agent, in general oxygen peroxide HyO-.

In pioneering studies [43,122,123], vegetable oils were used to
produce highly porous and open geopolymers by emulsion templating
(Fig. 6, Red pathway). First, vegetable oils are easily incorporated in the
geopolymer slurries following the direct route (Fig. 1, route 1). Vege-
table oils, mainly triglycerides, then undergo saponification in alkaline
conditions [78], leading to water-soluble soap and glycerol species,
which are easily extracted after GP curing; after removal, these species
leave a large and connected pore network.'® The extraction is usually
done by hot water exchange. In addition, the extraction allows to check
the completion of geopolymerization, since non-fully condensed geo-
polymer materials are sensitive to water, would swell and disaggregate
[41,42]. A very recent study [124] has investigated the influence of
various surfactants on sunflower oil emulsification. It has highlighted
that the pore network could be sized by the use of specific surfactants.
However, vegetable oils mainly allow the formation of meso- or small
macro-pores [125]. It is not the most efficient way to increase total
porosity, but the advantage of vegetable oils is their ability to promote
the connectivity of the pore network. Table 3 summarizes the main

13 In the IUPAC classification of pore sizes, the micropore width does not
exceed 2 nm, the mesopore width is in the range 2-50 nm and the macropore
width is above 50 nm (0.05 pm) [160].

14 The term “ultramacroporosity” refers to pores displaying a width of hun-
dreds of microns, and generated on purpose by the use of a blowing agent, in
contrast with macropores intrinsically present in geopolymers and generally
having a width lower than 100 pm.

15 portland cements could not be considered in this application because they
are water-activated and would not provide the required alkalinity. Despite this
drawback, some studies on the incorporation of vegetable oils in OPC for the
purpose of making lightweight concrete have been performed [161].
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Fig. 6. Simplified schematic representation of synthetic routes to porous geopolymer, by emulsion templating of vegetable oils (red pathway), by direct foaming
using H,O5 as a blowing agent (blue pathway), or through the combined route (black pathway). (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

Table 3
Processing of highly porous geopolymers using vegetable oils; MK = Metakaolin, FA = Fly ash, vol% = volume percentage, wt.% = weight percentage.
Alumino -silicate Alkali Oil type Amount incorporated Amount of Process of incorporation ( Reference
sources ions H20, Fig. 1)
FA NaOH Corn, 4-12 wt% / @ Direct [43]
Palm
MK KOH Canola, 1:1 oil-to-water volume / @ Direct [125]
Biodiesel, fraction
Paraffin
MK KOH Olive 20-45 wt% 5-15 wt% @ Direct [126]
MK KOH Sunflower, Canola, Olive 20-70 wt% 0-20 wt% @ Direct [41]
MK KOH Sunflower, Canola, Olive 0-10 wt% 0-20 wt% @ Direct [127]
MK NaOH Soy bean 20 wt% About 6 wt% ® Pre-emulsification [128]
MK and FA KOH Coconut, Babassu, 25 wt% 6 Wt% ® Direct [129]
Palm Stearin, Beef tallow, Olive, Castor, Sunflower,
Soybean, Biodiesel
MK NaOH Canola 2-6 wt% 0,5-1,5 wt% @ Direct [130]
MK and FA KOH Sunflower 25 wt% 6 Wt% ® Direct [131]
MK NaOH Sunflower 20 wt% / ® Pre-emulsification [124]
research works on the development of highly porous geopolymers using
vegetable oils for emulsion templating, with saponification reactions. Si (s) - Si*t (aq) + 4e~ (R3 1)
Without involving OL, the direct foaming processing route is the B B
most widely used technique for producing highly porous geopolymers 4Hy0 () + 4e” — 2H; (g) + 40H (aq) (R32)
[17,132] (Fig. 6, Blue pathway). With this method, wet geopolymer 4H,0 + Si° — 2H, (¢) + Si(OH), (1) (R3 3)

foams are produced by incorporating air or gas into the homogeneous
slurry, which sets subsequently by curing at a given temperature to
obtain consolidated porous materials. To develop alkali-activated
foams, several frequently selected blowing agents are HyO, [42,101]
(Equation R1), aluminum powder [133,134] (Equation R2), or silica
fume [114,135,136] (Equations R3). These agents decompose in alka-
line conditions and react inside the cement matrix, generating gas and
resulting in the creation of macropores of different sizes and shapes,

through the following decomposition reactions:
Hy0, (1) — 2H0 () + O (g) (R1)

Al (s) + 3H,0 (1) + OH (aq) — AI(OH)* (aq) + 3/2H, (g) (R2)

These foaming agents are very efficient in drastically increasing the
total porosity, but they mainly form a closed pore network [101,133,
131]. This is a drawback for a number of potential applications of
geopolymer foams. Moreover, despite the high viscosity of geopolymer
slurries, foaming is a thermodynamically unstable process, as the gas
bubbles in the wet foams are likely to undergo spontaneous drainage,
continuous Ostwald ripening and coalescence for minimizing the overall
Gibbs free energy of the slurry/air system. Due to the instability of wet
foams, large pores (of hundreds of micron size) and a wide range of pore
sizes are typically present in the final foam. In order to avoid this phe-
nomenon, the most frequently used approach is to add stabilizing agents
such as surfactants, particles or fibers to the suspension or to the liquid
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medium [103,131,137].

Several authors [41,42,127,128] have proposed to combine H;0; (as
a blowing agent) and vegetable oils, in order to benefit from both the
high porosity generated by Oz production (Equation (1)) and from the
capacity of the oils to build connection between pores. The soap mole-
cules generated through the oil saponification are in fact anionic sur-
factants, able to stabilize both the gas bubbles produced by the
decomposition of HyO, and the oil droplets (Fig. 6, Black pathway). For
instance, Bai et al. [41] were able to produce a geopolymer foam with a
total volume porosity of 89%, of which 86% is open. However, these
highly porous materials have low compressive strengths, of less than 1.0
MPa.

Further studies have been dedicated to improving the mechanical
strength of geopolymer foams by varying several parameters, such as
vegetable oil and HyO5 contents [41,127] or the type of oil [129], while
keeping a highly interconnected ultra-macro-porosity. Moreover,
several authors [132,129,126] proposed a heat treatment up to 1200 °C
once the material has hardened. In general, such heat treatment signif-
icantly increases the mechanical compressive strength while maintain-
ing a highly interconnected ultra-macro-porosity. Heating above
1000 °C leads to the formation of crystalline phases (ceramic glasses)
while samples heated below 800 °C remain amorphous (i.e. geopolymer)
[138]. Table 4 summarizes the porous and mechanical properties of
ultra-porous geopolymers synthesized with various processing parame-
ters. It is observed that total porosity is generally very close to open
porosity; this means that the porosity of these foams is almost fully
interconnected. According to Bai et al. [41], 10 wt% Hy04 and 20 wt%
olive oil is a favorable combination regarding final porosity and
strength. As for the heat treatment, an optimal temperature is about
800 °C in order to avoid extensive dimensional changes [138]. Finally,
in order to increase mechanical strength, composite materials are also
added with ceramic particles (silicon carbide) or polyurethane resins in
the geopolymer, as a complement to H2O5 and vegetable oils [126,130].

3.3. Improvement of existing properties or promotion of emerging ones
(organic polymers)

Geopolymers, as ceramics, display a typical brittle mechanical
behavior with low ductility and low fracture toughness. These properties
might represent significant limits for structural applications. A number
of studies aimed at overcoming this drawback by producing geopolymer
composites, improved by the addition of liquid organic polymer com-
pounds, such as water-soluble polymers, polymer emulsions, or water-
immiscible (epoxy or polysiloxane) resins. Table 5 summarizes a num-
ber of research works performed to develop such composites.

3.3.1. Water-soluble organic polymers
The incorporation of functional organic polymers containing

carboxyl groups, amino groups or hydroxide radicals into geopolymers

Table 4
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increases the compatibility between organic and inorganic phases, due
to their interactions with the polar SiOH or Si-O- functions of the geo-
polymer N-A-S-H structure. For this reason, polyacrylic acid, sodium
polyacrylate, polyethylene glycol (PEG), polyvinyl alcohol and poly-
acrylamide have been used as water-soluble polymer reactants into
metakaolin-based concretes. High quantities of water-soluble polymers
could probably be incorporated into fresh geopolymers. However, since
the incorporation of only 1% of such polymer is already leading to a
significant improvement (29%) of compressive strength, these polymers
have not been tested at higher concentrations [144,145].

In [147], the addition of up to 6 wt% of polyethylene glycol (PEG) in
metakaolin-based geopolymers shows a global increase in elastic strain,
associated to a decrease in flexural and compressive strengths. Porosity
increases as the percentage of PEG increases, due to cavities formed after
removal of the polymer particles ranging from 1 to 10 pm and having a
spherical shape. Others authors have studied the effect of PEG molecular
weights. As observed in Ref. [146], the lowest compressive strengths are
observed with the heaviest PEG (20 000 g mol’l). Low molecular
weights PEGs (400 g mol 1), incorporated at up to 10 wt% contribute to
an important increase in compressive strength, probably due to lower
porosity [146].

Composites made of geopolymer and alginate spheres have been
developed through ionotropic gelation [154,155]. Ionotropic gelation is
based on the capability of polyelectrolytes to crosslink in the presence of
multivalent counter ions, to form hydrogels [156]. Sodium alginate is
dissolved in water and then directly added to the fresh geopolymer; the
mix is added with CaCl, (Ca2+) to initiate the ionotropic gelation [154].
Alginate is a natural anionic polysaccharide containing many carboxyl
groups, which are effective for binding metallic ions. However, the
mechanical properties of alginate alone are insufficient and its range of
application is therefore limited. The combination of alginate with a
strong geopolymer network leads to the development of composite
materials capable of adsorbing heavy metals, and useable for waste-
water treatment. In Ge et al. [154], composite spheres with a geo-
polymer/alginate mass ratio of 1:(0.10-0.18) were developed; the
sample at 1:0.16 displayed the highest efficiency for Cu(II) removal from
water, with a value of about 70%.

3.3.2. Polymers in emulsions

To avoid the incompatibility between aqueous and organic phases,
some authors [152] have used a resin emulsion of butyl acrylate and
acrylic acid, which can be easily diluted with metakaolin in the acti-
vating solution. Even if the highest compressive and flexural strengths
are obtained for geopolymer composites reinforced with only 1 wt% of
organic resin, this pathway allows an incorporation up to 5 wt% of
organic materials. Good compatibility between the two phases is
ensured by the polycondensation reaction between carboxylic acid
functions and hydroxyl groups from the aluminosilicate source, which
creates an organic/inorganic continuous gel. Moreover, the water

Porosity and mechanical strength of various geopolymers for different processing parameters.

Sample label and Ref. Oil type Oil wt% H,0, wt% Heat treatment Total porosity” (vol%) Open porosity” (vol%) Compressive strength (MPa)
1 [41] Olive 20 10 none 81.4 79.5 3.11
2 [41] Olive 53 10 none 70.3 68.4 2.38
3 [41] Olive 20 15 none 86.3 84.0 0.78
4 [41] Sunflower 20 10 none 77.0 75.0 2.00
5[131] Sunflower 25 6 none 83.5 66.4 0.45
6 [129] Sunflower 25 6 900 °C 81.0 73.0 0.60
7 [129] Coconut 25 6 900 °C 82.0 79.0 0.70
8 [129] Olive 25 6 900 °C 80.0 77.0 1.50
9 [129] Olive 25 6 600 °C 86.0 80.0 0.50
10 [129] Olive 25 6 1200 °C 76.0 73.0 1.90

@ The total porosity (TP) was obtained based on the relation TP = 100 x (1 - p/po), where p is the bulk density obtained by the ratio of weight over the geometrical
volume and py is the true density of the pore-free solid material, measured with a helium pycnometer.
Y The open porosity was estimated by the Archimedes principle using distillated water.
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Table 5
Processing of reinforced hybrid organic/inorganic geopolymers using organic polymers; MK = Metakaolin, FA = Fly ash, BFS = Blast furnace slag, * = dry extract of
50%.
Alumino -silicate Alkali Organic polymer Incorporated amount Incorporation process ( Ref.
sources ions (%) Fig. 1)
MK NaOH Epoxy resin 30 O Direct [139]
FA NaOH Epoxy resin 20 @ Direct [140]
MK NaOH Epoxy resin 20 © Pre-emulsification [38]
MK NaOH Epoxy resin 20 @ Pre-emulsification [39]
MK NaOH Epoxy resin 25 ® Pre-emulsification [141]
MK NaOH Epoxy resin 25 O Pre-emulsification [142]
MK NaOH Polydimethylsiloxane 15 @ Pre-emulsification [143]
MK, K NaOH Sodium polyacrylate (PAANa),polyacrylamide (PAm), polyethylene glycol 1 ® Direct [144]
(PEG), polyvinyl alcohol (PVA)
MK NaOH Sodium polyacrylate 1.2 © Direct [145]
MK NaOH Polyethylene glycol 10 ® Direct [146]
MK NaOH Polyethylene glycol 6 ® Direct [147]
MK, BFS NaOH Waterborne bisphenol-A epoxy resin 25* © Direct [148]
MK, FA NaOH Waterborne bisphenol-A epoxy resin 4* ® Direct [149]
FA, BFS NaOH Styrene-butadiene emulsion 10% @ Direct [150]
MK, BFS NaOH Acrylic acid/butyl acrylate emulsion and ethylene-vinyl acetate copolymer 7.5% @ Direct [151]
(powder)
MK, BFS NaOH Acrylic acid/butyl acrylate emulsion and ethylene-vinyl acetate copolymer 2.5% ® Direct [152]
(powder)
BFS NaOH Acrylic emulsion 2.5% @ Direct [153]

molecules generated by these reactions are stabilized by hydrogen
bonding with acrylate ester groups, and their evaporation is inhibited in
favor of the geopolymerization reaction [151].

Geopolymer samples have been synthesized with an incorporation
rate from O to 5 wt% of polyacrylic resin emulsion [153]. The results
show that an increase in polyacrylic resin content up to 1 wt% has a
positive impact on compressive strength (it is increased by 36,3%) and
flexural toughness (increased by 104.6%); beyond this concentration the
mechanical properties decline. Further studies confirmed an increase by
50% in the flexural toughness coefficient of geopolymer with the
incorporation of only 0.8 wt% of polyacrylate [145].

Finally, the dilution of Styrene-butadiene latex (as an emulsion) has
been carried out into mixed fly ash/slag based geopolymers. This in-
creases the flexural strength of geopolymer mortars thanks to the
enhanced bonding interactions in the geopolymer cement [150].

3.3.3. Epoxy resins

The first blending tests between water-immiscible organic polymers
and geopolymers have been carried out with an epoxy resin from
diglycidyl ether of bisphenol-A (DGEBA) and diethyltoluene-diamine as
a curing agent [157,158]. A 20 wt% aqueous suspension of kaolin mixed
with potassium silicate and potassium hydroxide was simply added to a
mixture of DGEBA and diamine. After simultaneous curing of both
organic and inorganic parts, epoxy matrices with homogeneously
distributed geopolymer parts were obtained. A composite epoxy mate-
rial containing 20 wt% of dispersed geopolymer has shown improved
thermal stability compared to epoxy alone. These first composite
matrices have highlighted the possibility of combining organic epoxy
resins and inorganic geopolymer cements.

Following these research, composite materials have been synthesized
by dispersing fresh epoxy resins within geopolymers. By playing with
the chemical composition of the components in the mixture, several
types of materials have been developed. They present varied properties
and their applications often depend on the ratio between organic and
inorganic phases.

The first attempts to prepare composite materials with geopolymer
as the continuous phase consisted in reversing the process developed by
Hussain [157,158]. In other words, the organic epoxy phase (epox-
ypolyol and polyamine) is directly introduced into the geopolymer
suspension but phase segregation is observed [142]. The issue was
solved by modifying the process, so as to mix the epoxypolyol and the
polyamine prior to their addition into the geopolymer suspension, to

initiate the polymerization of the epoxy resin. With that method, the
partially cross-linked epoxy resin is efficiently added to the geo-
polymeric suspension without phase segregation. According to the au-
thors, this is due to an improved compatibility between the organic and
the aqueous inorganic phases, leading to a homogeneous and stable
dispersion of organic micro domains into the inorganic continuous
phase. The large number of hydroxyl tails formed during the epoxy ring
opening reaction makes the organic phase “temporarily hydrophilic”,
and hence increasing the compatibility with the aqueous inorganic
phase [141]. If mixing is delayed, the compatibility between the phases
reduces because the dispersed phase recovers its hydrophobic nature
over time. By correctly monitoring the process, 25 wt% of epoxy resin
can be mixed with the geopolymer suspension without needing external
additives. Epoxy resins are easily observed by Scanning Electron Mi-
croscopy (SEM) in hardened geopolymers, in order to analyze their
dispersion state. They are generally incorporated in well-defined

Fig. 7. SEM micrographs of a composite geopolymer material containing 20 wt
% of epoxy resin cured at room temperature for 24 h [45].



C. Reeb et al.

microspheres with diameters in the range of 1-20 pm (Fig. 7 [45]). In
order to evidence the organic-inorganic compatibility, Energy Disper-
sive Spectrometry (EDS) measurements have been performed at the
organic-inorganic interface (Fig. 7, 3), showing the significant presence
of both the elements of the inorganic phase (Na, Si, Al) and the organic
phase (C,0) [45]. In contrast, EDS measurements on areas representing
pure inorganic or organic phases (Fig. 7, 1 and 2 respectively) only
present the respective elements of the phases. Such composite materials
have been developed for different systems, namely the combination of
N,N-diglycidyl-4-glycidyl-oxyaniline, bis-(2-aminoethyl)amine and 2,
4-diamino-toluene [45] and several two-components commercial mix-
tures named Epojet®epoxy [142], Epojet® and EpojetLV® [46,141].
Both two-components Epojet® and EpojetLV® resins contain an aro-
matic amine that contributes to improve the thermal stability of the
geopolymer [141]. Whatever the epoxy resin used, the highest amount
that could be incorporated into the geopolymer without phase separa-
tion is about 25 wt% [141]. The main advantage of adding epoxy resins
in geopolymer materials is the significant enhancement of their
compressive strength and toughness compared to pure geopolymers.

Recently, Roviello et al. [143] have proposed a new class of epoxy
resin, using both melamine as curing agent and amino-
propyltrimethoxysilane as silicon source, to be introduced into geo-
polymers. The advantage of using melamine is the assurance of high
thermal stability and fire resistance due to the presence of an azacyclic
ring. Aminopropyltrimethoxysilane, which can be fixed to the organic
resin via covalent bonds, ensure a high compatibility with the inorganic
silicate matrix thanks to the silane groups. Such composite materials
based on geopolymers are able to contain up to 25 wt% of epoxy mel-
amine resin. They are particularly attractive for designing
thermo-resistant and thermo-insulating wall panels.

Waterborne bisphenol-A epoxy resins have been used to formulate
geopolymers by mold pressing [149]. The authors obtain an optimal
compressive strength of 116 MPa at a molding pressure of 200 MPa.
With an increasing epoxy resin content from 0 to 8 wt%, porosity
gradually increases while the pore size distribution initially reduces and
then increases. Waterborne bisphenol-A epoxy resin and waterborne
polyamine epoxy curing agent have been used together to formulate
geopolymers for in deep water oil well cementation applications [148].
The mixing of epoxy resin and curing agent with geopolymer needs to be
performed after the initiation of both polymerization reactions. During
the cross-linking process of the resin, the epoxy opening ring reaction
initially makes the resin phase hydrophilic and compatible with the
aqueous geopolymer suspension. The amount of organic phase could be
as high as 50% while presenting an excellent dispersion quality up to a
micrometric scale.

Epoxy resin has also been used without amino-organic curing agent.
Direct mixing of 30 wt% of epoxy resin in a geopolymer solution was
carried out in Ref. [139], in order to reduce drying shrinkage and easy
cracking of green anti-corrosion coating applications. The compressive
strength decreased at earlier age with an increasing amount of epoxy
resin due to polycondensation slowdown, but after 28 days, the
compressive strength of samples containing epoxy resin was almost as
high as the resin-free reference. In Ref. [140], up to 20 wt% of epoxy
resin have been added into fly ash based geopolymer suspensions in
order to reinforce thermal and microstructural properties. Composites
containing 5 to 10 wt% of epoxy resins are suitable as geothermal pipes
because of enhanced fire resistance. This is especially the case of the
formulation containing 5 wt% epoxy, which also has the highest tensile
strength (3.33 MPa compared to 2.56 MPa for resin-free GP).

3.3.4. Polysiloxane resins

In order to obtain a closer interaction between organic and inorganic
components within a geopolymer-based material, some authors exploi-
ted the chemical similarity between polysiloxanes and polysialates
[142]. Polysiloxanes are inorganic polymers based on Si-O chains,
containing alkyl or aryl groups bonded to Si atoms, therefore possessing
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a backbone very similar to those characterizing geopolymers
(polysialates).

In Roviello et al. [142], composite polysiloxane-geopolymer samples
have been prepared by incorporating 15 wt% of a commercial oligo-
meric dimethylsiloxane resin into a freshly prepared geopolymeric
suspension under mechanical stirring. Prior to the addition into the
geopolymeric suspension, a Sn (IV) catalyst is added to initiate the
organic polymerization. With this method, by mixing both organic and
aqueous phases, the polycondensation reactions of geopolymer and
dimethylsiloxane are already initiated, improving the compatibility
between both phases. After the full curing of the two, the combination of
SEM and EDS shows that the siloxane phase is well dispersed in the GP
down to a nanometric scale (Fig. 8 [142]). This indicates a very close
interaction between the phases, characterized by the scattered mapping
of carbon. An interpenetrated network between geopolymeric and
siloxane components is probably formed, in which chemical bonds be-
tween aluminosilicate and siloxane species could be present. The
enhanced mechanical properties, along with the high fire resistance of
the resulting composite materials, suggest their usefulness for building
applications and for the production of heat-resistant protective coatings
and adhesives.

4. Summary

Driven by the need for low-cost, eco-friendly engineering parts,
tremendous efforts have been recently devoted to develop varied and
novel processing technologies for the design of geopolymers. More
specifically, the incorporation of OL into geopolymers to create com-
posite organic/inorganic materials has gained significant interest in the
past few years, with a range of possible applications depending on the
type of organic liquid incorporated:

e Mineral oils are efficiently immobilized in geopolymers to treat
various OL waste streams or to produce materials with improved
thermal properties (PCM). The durability of these systems over a
long period is still under investigation, because they are quite recent
in the field when compared to traditional Portland cements, for
which a number of durability studies has been reported.

Vegetable oils, mainly made up of triglycerides, are used as such or in
combination with blowing agents to produce geopolymer foams with
better understanding and control of the pore network design (pore
size distribution and connectivity/percolation).

The possibility of blending organic polymers and inorganic geo-
polymer materials is used for the development of composite mate-
rials with improved or emerging properties.

Unfortunately, studies dealing with the direct comparison between
geopolymers and Portland cements regarding the incorporation of
organic liquids are still scarce, so that it may be difficult to fully testify of
the technical benefits of using geopolymers instead of traditional Port-
land cements.

This review also aimed at highlighting that the method of OL
incorporation into geopolymers needs to be carefully chosen depending
on the end application, which determines the required properties of the
resulting materials. In addition, the industrial feasibility of these pro-
cesses has to be taken into account. In particular, the cost of additives (e.
g. surfactants, adsorbents) or the extra handling of toxic OL may be
practical issues. Following research on S/S of OL in inorganic geo-
polymers, the favorable compatibility between inorganic and organic
phases can be used to broaden the application range of these composite
materials. Among them, this review presents both the production of
highly porous geopolymer foams and the development of polymer-
reinforced materials, which have already been widely investigated. In
the future, other types of OL could be stabilized in geopolymers in order
to develop geopolymer composite materials with emerging properties,
such as geopolymer composites with high corrosion resistance [139] or
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Fig. 8. SEM micrograph at 5000 magnification (left) and EDS mapping at the same magnification of carbon (right) of a geopolymer composite material containing

10 wt% of dimethylsiloxane [142].

biomimetic properties [159], besides possessing a reasonable carbon
footprint.
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