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Introduction and context

The use of radiological matter since the beginning of the 19t century has led and still leads to
the production of radioactive wastes. Most of these wastes are generated in nuclear power
plants, spent nuclear fuel reprocessing plants and other civilian and military nuclear facilities. To
a lesser extent, research centers along with nuclear medicine also contribute to the production
of nuclear wastes. These different applications lead to the formation of various types of
radioactive wastes in terms of radiological activity, radionuclides lifetime, physical state,

chemical composition, etc.

Nowadays, most of these wastes have an appropriate treatment method available for their safe
disposal. This guaranties the durable protection of human health and the environment. However,
some are still deprived of an appropriate treatment solution due to technical challenges and are
temporarily stored in the vicinity of production sites. Among others, this is the case of metallic
wastes producing high amounts of gaseous dihydrogen by corrosion, mixed tritiated wastes
combining chemical toxicity and radiological issues, various organic liquid wastes, etc. [1] In
France and in many other industrialized countries, liquids are strictly forbidden in all final disposal
sites, whatever their chemical nature and their radiological activity [2]. They first need to be
transformed in a solid state. This is generally done by incineration, which results in ashes that
can be further conditioned. However, the radiological or physicochemical properties of some
radioactive liquid wastes do not allow their incineration (e.g. high concentration of **C or 3H, or
the presence of halogen species leading to the formation of corrosive gas during incineration). In
particular, tritiated organic liquid wastes are non-standard waste streams that have proven
difficult to manage due to the high mobility of tritium; incineration is not adapted while avoiding
outflows. There is a significant volume of existing tritiated organic liquid wastes, which have
accumulated on production sites in the absence of a regulated management route. In addition,
a much larger quantity will be produced in the coming years with the operation (and dismantling)
of the ITER nuclear fusion reactor, which is under construction in the south of France. Therefore,
an alternative process must be found for these tritiated liquid wastes that is reliable, robust and

economically viable.

1. Treatment of radioactive liquid organic wastes (RLOW)

The challenge of RLOW disposal in a number of industrialized countries is exacerbated by a
number of factors. The historical absence of a treatment and disposal route (with the exception
of very limited scale incineration) have contributed to the development of a stockpile of legacy
wastes which are aged, in some cases degraded, and both radiologically and chemically
contaminated. These legacy RLOW pose a significant risk to both people and the environment,
given their chemo- and eco-toxicity. As such, the concerned countries have been seeking

alternative technologies for the treatment and disposal of RLOW.
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1.1. Typology and origin of RLOW

The range of RLOW shows a great variability, with typical examples such as the following [3]:

e Scintillation liquids resulting from radiochemical analysis and consisting of at least one
organic solvent (e.g. toluene, xylene, pseudocumene, diisopropylnaphthalenes, etc.) and
one or more scintillators (e.g. PPO: 2,5-diphenyloxazole, butyl-PBD: [2(4-Biphenyl)-5-(4-
tert-butylphenyl)-1,3,4-oxadiazole], p-terphenyl, etc.) [4]. In addition, emulsifiers are
often present in large quantities in order to solubilize the radioactive species into
aromatic solvents.

e Extraction solvents with the most commonly used one being tri-butyl phosphate (TBP),
often diluted with light saturated hydrocarbons such as dodecane [5]. The industrial
emergence of these wastes is due to nuclear fuel reprocessing, aiming at recovering
uranium and plutonium. In some cases, other organic compounds are used for the
extraction of heavy metals, including tri- and tertiary amino-compounds.

o Miscellaneous liquids arising from a variety of decontamination operations. Among
others, these include toluene, carbon tetrachloride, acetone, alcohols, trichloroethane,
etc. Aqueous solutions of organic acids, such as citric acid, picolinic acid, ethylene-diamine
tetra-acetic acid (EDTA) are also commonly used in the decontamination of industrial
equipments [6].

e Industrial oils (lubricating oils, hydraulic fluids, vacuum pump oils, cutting oils, greases,
etc.) used for many purposes such as for reducing the friction between two surfaces in
contact, protecting surfaces against the environment (e.g. corrosion, oxidation),
dissipating heat, etc. In general, all these liquids are mainly composed of mineral oils and
contain several hydrocarbon species (alkanes, naphthenic, aromatics) [7]. In addition,
many additives are present (e.g. viscosity modifiers, anti-wear additives, friction

modifiers, dispersants, detergents, corrosion inhibitors, etc.).

This highlights that RLOW require management steps that do not only take into account their
radioactivity but also their varied chemical composition. It would be useful to have a single

process for the wide variety they represent.

1.2. Reference process for the treatment of RLOW: Incineration

At a worldwide scale, the reference process for the treatment of RLOW consists in the
mineralization of the wastes by incineration. Several industrial treatment units (incineration
plants) are operated in various European countries and can process a part of RLOW. In France, at
the CENTRACO facility managed by Cyclife, ashes and clinkers from the incineration of RLOW are
further immobilized in an appropriate cement formulation and finally conditioned in shielded

metallic drums of 400 L, which are exported as final wastes to industrial disposal sites held by
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ANDRA (the French National Radioactive Waste Management Agency). However, it has been

identified that some RLOW still fall outside the waste acceptance criteria for incineration [8].

For instance, radiological and physicochemical specifications for the CENTRACO incineration unit
in France are given in Tables 1 and 2 respectively. Radiological limitations defined for the
CENTRACO waste streams are given in mass activity per package with the value calculated with
respect to the total net mass of the waste (Table 1). It is observed that the wastes accepted for

incineration are of low radioactive activity.

Table 1: CENTRACO radiological acceptance specifications for RLOW.

After particular

Acceptation (Bqg/g) Direct agreement Prohibited
o emitters <50 50 to 370 =370
of emitters with 3H <20000 20 000 to 40 000 > 40 000
ap emitters without 3H / < 20000 >20000
3H / < 20000 >20000
129) <10 10 to 20000 > 20 000

Table 2: CENTRACO physicochemical acceptance specifications for RLOW.

Limit of mass concentration

Elements
Direct After particular agreement
o <5.0% 5.0t08.0%
S <1.8% 1.8t03.0%
Phosphates (PO4*) <6.7 g.kg? 6.7 to 10 g.kg™*

Nitrates (NOs) <11gkg! 11to 16 g.kg?
Br <0.50 g.kg* 0.50to 1.0 g.kg?
F <0.05 g.kg* 0.05to 1.0 g.kg?

Heavy metals total
Ni
Cd or Se

Hg

Co, Cr, Cu, Mn, Sb, Pb, Sn, Ti, V

< 280 mg.kg™* (ppm)
<65 mg.kg* (ppm)
<3.5mg.kg* (ppm)
< 6.5 mg.kg* (ppm)
<20 mg.kg (ppm)

280 to 400 mg.kg* (ppm)
65 to 100 mg.kg* (ppm)
3.5t0 5.2 mg.kg* (ppm)
6.5 to 10.0 mg.kg™* (ppm)

20 to 40 mg.kg™ (ppm)
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In addition, the concentrations of the chemical elements present in RLOW need to be determined
for Cl, S, phosphates, nitrates, Br, F and thirteen heavy metals which are Ni, Cd, Se, Hg, Co, Cr,
Cu, Mn, Sb, Pb, Sn, Ti, and V. Limitations fixed for each chemical expressed in mass are given in
Table 2. For some elements, the allowed concentration is limited to few ppm, which is very

restrictive.

Finally, RLOW and their composites must have a viscosity allowing their pumping through the

incinerator injection unit, which rules out, for instance, high viscosity oils and greases.

As a consequence, many RLOW do not meet the specifications of current industrial incineration
units and constitute radioactive wastes that are yet deprived of an appropriate management

solution.

1.3. Alternative processes

According to the International Atomic Energy Agency (IAEA) report [6], several alternative
techniques for treating RLOW have been evaluated, such as wet oxidation, silver electrochemical
oxidation, acid digestion, alkaline hydrolysis, phase separation by adduct formation, distillation,
etc. Biological processes have also been considered [9]. At this stage, most of these studied
technologies have not brought a satisfactory operational solution to the issue of RLOW for

different reasons depending on the technologies [3], [6]. These are in particular:

e |nsufficient performances (low yields, slow destruction kinetics).

e Lack of robustness regarding wastes variability and/or volumes.

e |ncompatibility with organic components including heteroatoms (corrosion issues).
e Production of secondary wastes in high amounts.

e Difficulty to reach an acceptable economic balance.

It is to be noted that a supercritical water oxidation process (the DELOS facility) has been
implemented in France at CEA Marcoule. It is operated to treat RLOW but with a limited
processing capacity (200 g.h™) [10]. In 2020, 60 L of high activity RLOW were treated [11]. The
successful operation of this pilot scale facility is an incentive for the development of a scaled-up

unit (1 kg.h') in order to reach industrial needs.

Moreover, some innovative mineralization technologies are still studied in on going R&D projects
but with limited transfer readiness level (TRL) at this stage. This prevents an adequate assessment
of their potential. In particular, this is the case of the MILOR industrial project in France,
supported by the national research program “Investment for the Future” (PIA in French for Plan
d’Investissement d’Avenir). It is conducted by CEA Marcoule in collaboration with the company
A3l. This project aims at providing a versatile process for the treatment of RLOW accounting for
their diversity. Two complementary processes are developed, allowing the mineralization of

RLOW by applying plasma treatments [12]. The first process (IDOHL) uses an inductive plasma of
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low power (5 kW) and is adapted for the treatment of halogenated liquids (with up to 70% of Cl
content) free of mineral charges, such as scintillating liquids containing C or 3H. It is currently in
the route towards industrialization but the treatment flow rate is limited (100-150 mL.h™) due
the low plasma power [13]. The second process (ELIPSE) uses a plasma immersed in an aqueous
solution, which directly absorbs the gases produced by incineration [14]. The flow rate of RLOW
that can be treated is much higher (3 L.h!) due to the higher power of the plasma (45 kW). First
trials validated the technology with destruction rates close to 100% for varied RLOW such as
TBP/dodecane, trichloroethylene and perfluorinated oils. However, this process is not yet ready

for an effective industrial scale application.

1.4. Direct conditioning

Direct conditioning consists in encapsulating RLOW in a solid matrix in order to obtain composite
materials, which can constitute the base of radioactive waste packages and fulfill the

requirements of disposal facilities.

1.4.1. NOCHARZ® technology (Absorption)

High technology polymers manufactured by NOCHAR® (USA) and used for the treatment of RLOW
have demonstrated good results at test sites worldwide [15]. This technology consists of a range
of granulated polymers such as acrylamide co-polymers, acrylate co-polymers or styrene block
co-polymers. These polymers act by making strong physicochemical interactions with liquid
wastes and are frequently blended together to capture and solidify waste streams that vary in
chemical composition. The NOCHAR® polymer technology is mature and has been demonstrated
to immobilize a wide range of RLOW such as oily, aqueous, acidic and basic waste streams [16]-
[18]. The volumetric increase is generally low, typically of about 5-10% of that of the liquid waste
stream. However, in some countries (e.g. France, UK), there are requirements for the acceptance
of low-level waste disposal, in addition to radiological criteria, under which a waste form must
have a minimum unconfined compressive strength (8 MPa in France). NOCHAR® itself does not
meet this criterion and it was therefore suggested that NOCHAR®-solidified RLOW could be
combined with cementation (i.e. incorporation into a cement-based matrix) in order to produce
a final waste form compliant with the industrial handling, storage, transport and disposal
requirements. The long-term stability of NOCHAR® polymers is also a question on hold, which yet
freezes the acceptance of “nochardized” wastes for disposal in France [19]. Finally, it is to be
noticed that NOCHAR® polymers are commercial products, which raises the question of

NOCHAR® as a reliable option in the future (should the NOCHAR® company disappear).

1.4.2. Cementation

Cement-based materials are widely used for the direct conditioning of radioactive wastes due to

numerous advantages, such as robustness (with regards to waste variability), low cost and easy
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manufacturing process, high mechanical strength, excellent resistance to irradiation, possibility

of treating large amounts of wastes, etc. [20], [21].

One of the first studies on the direct cementation of RLOW has been carried out in the USA in
1985 [22]. It consisted in the direct immobilization of a pump oil and a TBP/dodecane mixture in
Portland cement with the addition of an emulsifier and a setting accelerator. However, ensuing
studies have shown that the presence of organics in Portland cement pastes could cause delays
in cement hydration and hardening, and structural defects leading to significant leaching of the
organic compounds [23]-[25]. In addition, the incorporation of organic liquids in fresh Portland
cement grout is generally difficult [26]. To overcome these issues, it has been recommended to
implement an absorption step before the immobilization of RLOW in a Portland cement matrix
[26]-[28]. However, for some difficult RLOW, the final result remains unsatisfying and the

absorption step decreases the amount of RLOW that can be incorporated [26].

More recently, it has been shown that the conditioning of RLOW can be optimized by using
geopolymers and related alkali-activated materials [29] as alternative mineral binders. From
preliminary studies [30]-[32], the main advantages of directly conditioning RLOW using

geopolymers instead of usual Portland cements are the following:

e Theabsence of RLOW/geopolymer interactions, which avoids delays in setting or negative
effects on the final material properties.

¢ A highly beneficial emulsification of the RLOW in the alkaline activating solution.

e A high incorporation rate can be achieved (up to 60% vol), while maintaining sufficient

mechanical properties.

Therefore, geopolymers and related alkali-activated materials (AAM) appear to be promising
solutions for the immobilization of RLOW and are becoming the focus of the nuclear
community [33]. In particular, some successful studies have managed the direct conditioning
of model liquids representing RLOW contaminated with alpha emitters in geopolymer
materials [30], [34], [35]. This topic is also part of the on-going European PREDIS project on the
predisposal management of radioactive wastes [36]. In PREDIS, an entire work package is
dedicated to the direct conditioning of several troublesome RLOW in AAM. However, PREDIS

will not deal with tritiated oils, which direct conditioning in AAM is the focus of this work.

2. Tritiated wastes

2.1. Tritium and its nuclear characteristics

Tritium was discovered in 1934 by Rutherford and identified by Alvarozin 1937. It is a radioactive
isotope of hydrogen written as 3H or T. Its nucleus is made of one proton and two neutrons. It

possesses an atomic mass of 3.0 g.mol™. The half-life of tritium is 12.32 years. It is therefore a
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short life radionuclide. During its radioactive decay into a stable isotope of helium (3He), it emits

a B particle (i.e. an electron) through the following reaction:
3T > 3He + B~

The B radiation emitted from the tritium decay is energetically low (5.7 keV). Accordingly, it is
only thinly penetrating (its average free pathway in water is lower than 1.0 pm) and does not
lead to any external irradiation of living organisms when it is present in the environment.
Therefore, the harmfulness of tritium to living organisms only occurs in case of incorporation

(e.g. ingestion).

2.2. Physicochemical properties of tritium

The chemical properties of tritium are identical to those of hydrogen of mass 1 (*H) [37]. Whether
of natural or anthropogenic origin, tritium is extremely mobile in the environment and in all

biological systems. It exists in three different chemical forms [38]:

Tritiated water (HTO): Also known as “super heavy water”, this is the most abundant form of
tritium in the environment. When tritium is not introduced into the environment in this form,
HTO is most usually the result of gaseous tritium (HT) oxidation resulting from light or bacteria

action.

Gaseous tritium or « tritiated hydrogen » (HT): This chemical form represents only a small
fraction of tritium but it could become more important in the future with the development of
nuclear fission reactors. As a result of oxidation processes, HT transforms into HTO and re-enters

the water cycle.

Organically bound tritium (OBT): This form, in which tritium is bound to organic matter, results
from tritium incorporated in various organic compounds during the synthesis process of living
matter (e.g. photosynthesis). How stable tritium is within such compounds depends on the

nature of the bond between the tritium and the organic molecule. A distinction is made between:

e Exchangeable tritium: There is an exchangeable fraction when hydrogen atoms bound to
oxygen, sulfur or nitrogen are replaced by tritium and are readily accessible for new
exchanges. This fraction of tritium bound in a labile form to biomolecules is in equilibrium
with the concentration of tritiated water in the intracellular environment.

o Non-exchangeable tritium: In that case, tritium is covalently bound to a carbon. This is a
permanent bond as long as the biomolecule itself is not transformed nor destroyed by an
enzymatic reaction. Therefore, the amount of time that tritium remains incorporated in
that form depends on the biomolecular turnover: fast in the case of molecules involved
in the energy cycle, and slower in the case of structuring molecules or macromolecules

such as DNA or energy reserve molecules.
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In the form of tritiated water (HTO), tritium is extremely mobile in the environment and all
biological systems, and thus quickly integrated into numerous cycles of the geo- and bio-sphere.
Figure 1 shows how tritium is transferred in terrestrial environments [37]. It may be found in all
hydrogenated molecules and associated both with water in tissue and with the organic material
of plants and animals. The environmental toxicity of 3H is related only to radioactive emissions of

the pure, low-energy beta type and hence results mainly from uptake processes.

Figure 1: Tritium transfer in terrestrial environments at the air-soil-plant interfaces and in
animals, including to foodstuffs [37].

2.3. Origins of tritium

Tritium is naturally present in the environment. It is mainly produced by the action of neutrons
emitted from cosmic radiations on nitrogen and oxygen present in the atmosphere, representing
an annual production of about 7.0 x 10 Bq (0.20 kg) [38]. Around 99% of the tritium produced

in the upper atmosphere is oxidized into tritiated water (HTO) and dispersed into surface water.

Tritium is also artificially present in the environment due to human activities, mainly from the
nuclear industry (civilian nuclear reactors, military defense, and fusion). During the atmospheric
trials of nuclear weapons, which mainly took place between 1945 and 1963, many radionuclides,
including tritium, were released in the environment. These trials released about 650 kg of tritium
in the atmosphere (240 x 10*8 Bq) [37]. At present, given the half-life of tritium, about 35 kg of
this tritium quantity remains, mainly in surface water [38]. This quantity can be compared against

the permanent inventory of natural tritium, which is of about 3.5 kg (1.2 x 108 Bq) [39].

Nowadays, most of fission nuclear reactors worldwide are pressurized water reactors. The main
source of tritium arising from the operation of this kind of reactor is the neutron activation of
bore 1°B and lithium bLi present in the primary heat transfer fluid [38]. Tritium is also produced
during ternary fission of uranium and plutonium, but it mainly remains confined in the fuel.
However, during the treatment of spent nuclear fuels, tritium is released from the dissolution of
the fuel in the form of oxides. Additionally, some fission reactors use heavy water for their

operation, in which tritium is produced by the neutron activation of deuterium [38]. This is the
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case of CANDU reactors (CANadian Deuterium natural Uranium reactors). Currently, most of the
tritium released worldwide by fission reactors is due to this type of reactors, while they produce
only about 5% of the nuclear electrical supply. Tritium is also an important component of nuclear
military arms, used to enhance the yield and efficiency of fission and thermonuclear weapons.
Finally, the future ITER reactor, aiming at demonstrating the control of fusion energy, will make

use of a large amount of tritium as a primary constituent of the fusion reaction [40].

All these artificial productions of tritium go alongside with the production of tritiated wastes that
need to be taken care of. The majority of tritiated wastes is in a solid state with an estimated
inventory of 4500 m3 in France in 2010. The future operation (and dismantling) of the ITER fusion
reactor, using deuterium and tritium as fuel, will strongly contribute to the formation of tritiated
wastes, with a solid production estimated at 30 000 m3 or 34 000 tons in 2060, while the
production of liquid wastes is more difficult to anticipate [10], [41], [42].

2.4. Strategy for the treatment of tritiated wastes

All tritiated wastes release tritium over time in the form of gaseous tritium (HT or T») or tritiated
water in liquid or vapor form (HTO or T,0). The specific issue related to the treatment of tritiated
wastes arises from the high mobility of tritium. The latter is difficult to contain within waste
packages. Accordingly, safety authorities responsible for the acceptance of waste packages
impose not only a radiological activity specification but also a criterion based on the out-gassing
rate of tritium. Therefore, it is necessary to find adapted solutions for the disposal of this kind of

radioactive wastes. Several strategies exist and are presented in Figure 2 [43].

2.4.1. Interim storage

The interim and safe storage of tritiated wastes is performed directly at production sites or on
dedicated sites. The aim is to wait long enough for the radioactive decay to be sufficient for the
wastes to fulfill acceptance criteria for their final disposal. Due to its short lifetime (half-life of
12.32 year), about 5% of the tritium inventory of a given tritiated waste disappears yearly. Hence,
for tritiated wastes, in France, a storage period of about 50 years is generally sufficient to meet
the acceptance criteria and allow wastes to be placed in disposal sites held by ANDRA [41]. The
advantage of this method lies in its easiness and fast implementation but it does not fully avoid

tritium release in the environment and should not be considered as the sole option.

2.4.2. Preliminary treatment

The implementation of a preliminary treatment aims at reducing the volumes of tritiated wastes

or the tritium content of wastes (detritiation). This has several advantages [42]:

e Downgrade the primary waste classification, and allow the waste to be directly

compatible with disposal criteria.
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e Decrease the interim storage period and the surface of interim storage sites.
e Reduce radioprotection constraints for working people.
e Deplete atmospheric tritium out-gassing.

e Recycle the extracted tritium [10].

Several detritiation processes have been studied but most of them have been ruled out due to
superficial detritiation performances and to the production of large amounts of secondary
tritiated water. However, two efficient processes have been successfully executed [43]. One is a
thermal treatment applied to metallic parts until their fusion. The other is incineration applied to

soft housekeeping wastes.

Although they are interesting, these detritiation techniques still produce secondary tritiated

wastes (mostly tritiated water), which also have to be managed [42].

2.4.3. Direct conditioning

The direct conditioning of short-lived wastes is mainly performed in cementitious materials.
However, the high mobility of tritium suggests to design specific waste packages for reducing the

rate of tritium release. Several strategies have been considered [44], [45]:

e Surface coatings (paraffin, grease, epoxy resin, wax, bitumen ...). Among these coatings,
paraffin and bitumen seemed to be the most promising with the decrease of tritium
release rate by more than one order of magnitude.

e The impregnation of cementitious materials by polymers such as polystyrene or
polyethylene. The objective of the polymer is to fill the porosity of the cement. Monomers
are introduced and polymerization is performed directly inside the hardened
cementitious material by slightly increasing the temperature. The final composite
material displays reinforced mechanical properties but the efficiency for tritium
containment is questionable (thermal cracking is possible).

e The application of external liners made up of high-density polyethylene. They tend to act
efficiently as physical barriers, but their long-term stability has not been studied.

e A multi-barrier approach combining high-density polyethylene liners with containers
made of multi-layer walls and interlayer spacing filled with bitumen or vermiculite. This

technique has proven to be very efficient to limit tritium release.
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Figure 2: Strategy for the disposal of tritiated wastes adapted from [43].

2.4.4. Tritium scavengers within tritiated waste packages

Another possibility for the conditioning of tritiated wastes is to trap tritium directly within waste
packages. This section deals with the issues related to gaseous tritium (HT). Several types of
getters (i.e. trapping compounds) exist to limit the tritium outgassing rate by trapping gaseous
tritium directly within waste packages. In order to be used as a solution for tritiated waste

disposal, getters need to fulfill some specifications [46]:

e The trapping must be irreversible.

e The trapping kinetics must be fast and the trapping capacity must be high.

e The getter should be highly stable for tolerating strong temperature and/or pressure
increase, exposure to irradiation, etc.

e The trapping must take place under atmospheric pressure and at room temperature.

Several types of chemical getters, which are based on chemisorption of Hz (or HT) present in the
vapor phase, have been studied. They can be divided in three main categories: organics, metal

hydrides and metal oxides.

2.4.4.1 Organic compounds

In the 70s, Sandia National Laboratories developed organic getters based on 1,4-bis
(phenylethynyl)benzene  (DEB), dimerized-phenyl-propargyl-ether (DPPE) and 1,4-
diphenylbutadiyne (DPB) with platinum or palladium as catalysts [47]-[50]. These scavengers are

made up of alkene or alkyne species and the reaction mechanism is the hydrogenation of the
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carbon-carbon double or triple bonds. This requires the use of catalysts in order to separate
dihydrogen molecules in separate hydrogen atoms. However, this type of getter cannot be
considered for the trapping of tritium because their melting point is generally low (80°C for DPPE
to 180°C for DBE), which would be an issue in case of fire on the disposal site [46], [51]. Moreover,

they are sensitive to gamma radiation exposure, which reduces their trapping capacity [52].

2.4.4.2 Metal hydrides

Hydride-forming metals or metal alloys can be used as hydrogen scavengers. After adsorption at
the surface of the metal, dihydrogen molecules are dissociated in single hydrogen atoms, which
can be inserted in the interstitial network of the metal structure. The most frequently used
metals are palladium [53], zirconium and titanium [38], [54], [55]. However, the hydride
formation generally requires high temperature and is therefore difficult to implement industrially
[38]. Despite their efficiency, metal hydrides are also known to be reversible getters of hydrogen,
especially in presence of water [38]. They are also sensitive to poisonous gases (02 and CO [56]),

some are pyrophoric [38] and their behavior under irradiation is yet unanswered.

2.4.4.3 Mineral oxides

In the early 80s, Kozawa studied the trapping of dihydrogen using metal oxides in combination
with several catalysts based on palladium, platinum and silver oxide [57]-[59]. Catalysts increase
the trapping capacity and kinetics by allowing the fast dissociation of dihydrogen molecules in
single hydrogen atoms. These atoms then diffuse inside the structure of the oxides to form metal
oxide hydroxides. Among others, getters made of a combination of manganese oxide (MnQ3) and

silver oxide (Ag20) seemed to be the most promising.

Several authors showed that Mn0O,/Ag,0 getters allow an efficient trapping of H, at room
temperature and atmospheric pressure [54], [59], [60]. Galliez [61] proposed a reaction
mechanism explaining how MnO; is irreversibly transformed in MnOOH during the trapping of
H.. In 2011, a patent was filed dedicated to the trapping of tritium using a combination of
manganese oxide, silver oxide and platinum black supported by zeolites [62]. The trapping of
gaseous tritium (HT) is performed at the surface of the getter (metal oxide + silver oxide +
platinum black), whereas tritiated water (HTO) is adsorbed at the surface of the zeolite. Also,
Janberg et al. [63] highlighted the tritium trapping efficiency of Mn0O2/Ag.0 getters during the
transport of nuclear waste packages. Finally, mineral oxides, and more specifically MnO,/Ag,0

getters, are thermally stable in addition to their resistance against irradiation exposure [64], [65].

Accordingly, the use of metal oxides, and more specifically MnO,/Ag,0 blends, seems to be the
most promising option for gaseous tritium confinement, as it best fulfills all the specifications

for disposal, especially in terms of efficiency, stability and safety [46], [51], [66].
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3. The case of tritiated industrial oils: What strategy?

3.1. Origin of tritiated industrial oils

In tritium-related facilities, a large amount of tritiated contaminated oils is produced, mainly
through the tritium-hydrogen (H-T) isotope exchange reaction [67]. For instance, tritium reacts
with hydrocarbons, which are the major constituents of oily wastes, to form tritiated
hydrocarbons [68]. In the presence of oxygen, tritium and hydrocarbons may further undergo
radiochemical oxidation to produce stable tritiated oxides, such as alcohols, carbonyl compounds
and carboxylic acids [67]-[69]. The resulting wastes are complex and it is essential to develop
economic and efficient methods to dispose of these tritium-containing wastes. At present, two
main directions for the safe management of tritiated oils are being investigated. A first approach
is based on decontamination, which, in its ideal form, should allow for both an easy recovery of
tritium and the reduction of tritium content in wastes to a safe level [70]. This is generally

performed by isotopic exchange [68], [71].

The second approach is based on the direct immobilization of tritiated oils into cementitious
materials. In general, a preliminary step (aiming at solidifying the oil) is performed before
incorporation. This can be achieved by absorption on different types of materials such as
NOCHAR® polymers [72], zeolites, active alumina or activated ultrafine carbon [73], [74].
According to Sazonov et al. [73], the tritium diffusion coefficient in « oil — carbon — cement »
compositions ranges from 107'° to 1071 m2.s7%, which is lower by 3 — 4 orders of magnitude
compared to the diffusion coefficient of tritium in cement materials [74]. Preliminary

microencapsulation in a phenol — formaldehyde polymer matrix was also considered [75].

3.2. Scientific issues and research strategy

In this introductive chapter, the issues of RLOW and tritiated wastes have been raised to
understand the context of tritiated oil management. The strategy adopted in this work is the
direct conditioning of tritiated industrial oils in cementitious materials, additionally

functionalized with a hydrogen/tritium getter.

The first objective is to ensure that the solidification/stabilization (S/S) of industrial oils in
cementitious materials is well controlled, with no oil leakage, while maintaining strong
mechanical properties. In particular, alkali-activated materials (AAM) seem to be promising
candidates. As mentioned earlier, industrial oils display varied compositions but most of them
are of mineral origin, indicating the presence of several types of hydrocarbon species as shown
in Figure 3 [7]. Predominant molecules are saturated long-chain hydrocarbons (paraffins) with
straight or branched chains containing 15—-30 carbon atoms, and saturated 5- or 6-membered
hydrocarbon rings (naphthenic) with attached sidechains of up to 20 carbon atoms long.

Aromatic components are also present but in small proportions.
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As a major constituent of industrial oils [7], this work will mainly focus on the direct

conditioning of pure paraffin-based mineral oils.
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Figure 3: Examples of hydrocarbon molecules structures present in mineral oils: (a) paraffin
(alkane); (b) branched paraffin (alkane); (c) naphthenic; (d) aromatic [7].

The second objective is the limitation of tritium release out of waste packages. Trials performed
at CEA Marcoule evidenced that the tritium released from oily wastes is mainly in the form of
tritiated water (HTO), but a significant amount of gaseous tritium (HT) is also observed [76]. The
HT form of tritium is particularly difficult to confine and will be the focus of the present work.
The strategy adopted to avoid HT release consists in functionalizing cementitious materials
with a hydrogen/tritium getter. According to the literature, the preferred getter is made up of
a mixture of MnO;/Ag>0 proposed initially by [59] and studied more precisely in [61]. The
trapping mechanism proposed by Galliez [61] will be discussed later in this work. The release rate
of HTO can be further controlled by formulating cementitious materials with low water

permeability.

To fulfill both objectives, two types of alkali-activated materials are considered in this work?:

! Alkali activation is the generic term which is applied to the reaction of solid aluminosilicate precursors
under alkaline conditions, to produce a hardened binder. Two types of alkali-activated materials can be
distinguished, depending on the amount of calcium present in the aluminosilicate precursors. The term
‘geopolymer’ refers precisely to low-calcium alkali-activated aluminosilicate binders. For instance, blast
furnace slags contain a high amount of calcium and do not fall into this category. More information about
these materials are given in chapter lll.
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e Geopolymers, as they have shown very good effectiveness for RLOW immobilization.
However, the limitation of tritium release might be an issue in this type of materials due
the high amount of free water present is their structure.

o Alkali-activated blast furnace slag cements, in which the oil immobilization might be
more difficult (due to their solid structure similar to that of Portland cements). However,
the amount of free water present in these materials is known to be lower than in

geopolymers, which could be an asset to avoid tritium release, in particular the HTO form.

In order to investigate the proposed objectives, this manuscript is divided in five independent

chapters. Their aims are illustrated graphically in Figure 4.

Chapter | is a literature review on the incorporation of various organic liquids in alkali-activated
materials, and more specifically geopolymer materials. The first part presents the different
processing routes for the incorporation of organic liquids into fresh cementitious grouts. After
discussing the limitations on the use of ordinary Portland cement for the immobilization of
organic liquids, the second part describes the three main potential applications arising from the

good compatibility between geopolymer materials and organic liquids.

Chapter Il aims at understanding the mechanisms enhancing the fixation of mineral oils in
reactive inorganic matrices, by emulsification. This requires using adequate surfactants to
succeed in formulating the emulsion. Six common surfactants of different nature (cationic,
anionic and non-ionic) are evaluated. All characterizations are performed in the fresh state, i.e.
before hardening of the materials with the aim of formulating the best possible emulsion of

mineral oil in fresh alkali-activated materials.

Chapter Ill aims at assessing the most adequate type of alkali-activated material (AAM) for the
immobilization of mineral oil. The originality of this chapter is the direct comparison of two
binders based on different raw materials, under the same processing conditions. Also, it aims at
assessing how alkali-activated materials are impacted by incorporating mineral oils. In other
words, it is a question of whether the impact on mechanical properties is due to physical reasons
only (e.g. porosity increase due to oil incorporation) or chemical reasons as well (e.g. change in

reaction products).

Chapter IV is dedicated to assessing and understanding the efficiency of the MnQO,/Ag,0
hydrogen/tritium getter in alkali-activated materials, which has not yet been performed. In
particular, the getter efficiency is known to be affected by the properties of its surrounding
environment. In the case of cementitious-like materials, these can be the amount of free water,

the sorption of ions, redox reactions, etc.

Chapter V aims at determining the long-term confinement of RLOW within geopolymer (GEO)
matrices, in order to help allowing their acceptance in industrial disposal sites. In particular,

environmental water seepage is usual and may dislodge RLOW from GEO with time. To this
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purpose, the Surface Free Energy (SFE) of a typical GEO matrix is determined through wetting
angles measurements. For instance, the knowledge of the SFE allows: 1) quantifying the affinity
of any liquid for GEO materials and 2) drawing wetting envelopes to predict the wetting of any

liquid on the GEO surface.

Despite being collectively connected by the issue of tritiated industrial oils conditioning, all
chapters are completely independent and can be read separately. To facilitate their reading,

Chapter II, lll and IV are preceded by preamble sections aiming at providing basic knowledge.
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Chapter | is a literature review on the incorporation of various organic liquids in alkali-
activated materials, and more specifically geopolymer materials. The first part presents the
different processing routes for the incorporation of organic liquids into fresh cementitious
grouts. After discussing the limitations on the use of ordinary Portland cement for the
immobilization of organic liquids, the second part describes the three main potential
applications arising from the good compatibility between geopolymer materials and organic

liquids.
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Geopolymers, composed of an amorphous three-dimensional inorganic network and synthesized by the activa-
tion of a solid alumino-silicate precursor with an alkaline activating solution, have attracted increasing attention
because of their environmental benefits and favorable characteristics. This review deals with the development of
organic/inorganic composite materials made by adding organic liquids inte inorganic geopolymer matrices.
Firstly, the incorporation processing approaches are presented and are divided into three categories: (i) Direct

incorporation, (ii) Pre-emulsification (iil) 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 immeobilization of industrial waste streams commonly known as stabilization/so-
lidification (5/5), 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.

1. Introduction

Nowadays, the world production of Portland cement has reached
about 4 billion tons [1], being one of the most produced merchandise
worldwide (in volume). Such a significant production induces a high
environmental impact; the production of Portland cement is responsible
for about 0.8 tons of CO, equivalent per ton produced and contributes to
about 8% of anthropogenic CO; emissions [2]. Therefore, there is an
urgent need for alternatives to Portland cement, which are able to
handle the inereasing demand for infrastructure building while reducing
the CO, emissions.

In the late 1970s, J. Davidovits drew the attention to Alkali Activated
Materials (AAM) based on low calcium precursors, and named these
materials geopolymers by analogy to their organic counterparts [3,4].
Geopolymers can be made from natural alumino-silicate minerals or
industrial alumino-silicate wastes such as metakaolin, fly ash, blast
furnace slag, rice husk ash, etc. mixed with aqueous solutions containing
reactive ingredients (potassium/sodium hydroxide, phosphoric acid,
potassium/sodium silicates, ete.) [5]. With a life cycle analysis

* Corresponding author.
E-mail address: catherine. davy@centralelille.fr (C. Davy).

approach, the reductions in CO, emissions by replacing Portland cement
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
of the most promising material to replace Portland cement, because of
their powerful characteristics including good mechanical properties,
low permeability to liquids, resistance to high temperatures and acidic
attack, etc. [3]. There has been a series of reviews related to geopolymer
in the past few years testifying of the increasing interest for this material
[8-181.

Incorporation of industrial wastes into cementing materials (by
Stabilization and Solidification i.e. $/8') is well known, because it offers
assurance of chemieal stabilization of many compounds and produces a
mechanically stable waste form [19-21]. However, the stabilization of
organic liquids (OL) in Ordinary Portland Cement (OPC) strongly retards
and interferes with cement setting, and organic liquids usually do not
form strong chemical bonds within the cement as some inorganics do
[22-24]. Due to these issues, geopolymers have been proposed instead
of OPC for the treatment of OL wastes; the influence of OL on geo-
polymer properties has been observed as less important [25,26].

Hydration of OPCis based on dissolution-precipitation reactions. The

! Stabilization and solidification (5/5) is a process by which contaminants are immobilized and rendered immobile.
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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/8 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 (C35), Belite (C,S) and Gelite (GzA and C,AF),
which dissolution-precipitation reactions provide Calcium Aluminate
and Silicate Hydrates (C-A-S-H); C-A-5-H are amorphous, with an atomic
structure arrangement based on lamellar tobermorite models [27,25].

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 inorganie 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-5-H in Portland
cements [32]. N-A-5-(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-S5-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 strue-
tures are starting points to understand the distinet 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 slumry, (ii) 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.

? The cementing nomenclature consists of abbreviating the oxides and to
replace them by the following capital letters: CaO = C; 8i0, = §; Al,05 = A;
Fe,0; = F; H,O0 = H; Na,0; = N.

* 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"). 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-miseible with water is adding complexity to the system,
because it will be made up of two distinet 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 deseription 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 sluiry under strong
mechanical mixing before the cement hardens.

@ Route 2 represents the pre-emulsification process. Fist, 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 [341];
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
(1) of the continuous phase on the droplet size distribution. Keeping the
fraction of dispersed phase (2.5 wi%) and the shear rate constant (y =
500 s 1), the author played with the viscous shear stress (¢ = 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 wi% 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. Itis described using the
Stokes equation [39]:

_2p, —p))er

o (68

i

where v, p, pg g 1, I are respectively the droplet velocity (m/s), the
droplet density (lg/m?), the density of the dispersing phase (kg/m>), the
gravity field (m/s”), 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, therefore decreasing flocculation and hence
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
ig 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 [33], therefore keeping a broad size more
likely to undergo coalescence. Grace [47] evidenced that the closer the
viseosity 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].
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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. [42], 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 wit?), namely Tr-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 (5/5) 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 etal. [25,
36,51] stabilized various organic liquids in geopolymer materials up to
70 vol% by using different swfactants; for instance, for highly fluid
hexadecane, a CetylTrimethylAmonium Bromide (CTAB) cationic sw-
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) [(CHs)2(OCH»CH3)25i] [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 (Fiz. 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 slury; 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 mimie 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 ecement, using a variety of adsorbents (e.g.
natural or synthetic fibers, vermiculite, clays, diatomeous earth, alkyl
styrene polymer beads) [45]. 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

® 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 5i0,/-
Na,O 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 ecriteria (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
mechanieal 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, ete. 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:

o Mineral oils — Immobilization of industrial waste by 5/S

¢ Vegetable oils — Production of highly porous materials

¢ 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. §/5) is one of the best options
because it is simple and cost effective [45]. It offers assurance of
chemical stabilization of many compounds by producing a mechanieally
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 (Fiz. 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 organie 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 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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Drawbacks

o Phase separation before setting might occur

o

Twao steps process
Addition of surfactants required

o

C. Rech etal.
Table 1
Summary of advantages and drawbacks of the main incorporation processing routes.
Advantages
Direct o Easy incorporation in one step
o High amount of oil
o No extra additives required
Pre- o High amount of oil
emulsification o Phase separation controlled by preliminary emulsification
o Controlled size of oils droplets
Impregnation o Useful for high leachable toxic compounds (adsorption on solid

particles)
o No phase separation because the liquid is solidified beforehand

o Low amount of oil incorporated

Two step process

o Requires the addition of asolid adsorbent (if not img
precursor)

Cost of solid adsorbent

o
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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-
draton. 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 Cs5 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 sttong a drop as of 50% of the original compressive
strength at 15 vol% of contamination [76]. Comparatively,
alkali-activated fly ash (AAF) slwries exhibit superior performances
against NAFs contamination compared to Portland cement [37]. Aec-
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-5-(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 shuries 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 shuries 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 sluiries 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 [20]. 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

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

® SBM (Synthetic-Based Mud): Invert emulsion where synthetic oil (based on
Cy6—C;n intemal olefins) is the continuous phase and CaCl, brine is the
dispersed phase. Also contains various additives.

1 oBM (Oil-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 L35'" swfactants 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 swface 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) [83-55]
and nonionic surfactants [86-58]. 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 [39], 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 = 0il Based Mud. Pluronic L35 and Tween 80 are non-ionic surfactants.

Alumino-silicates Activating 0il type Amount Surfactant Incorporation process (Fig. 1) Ref.
sources solution

MK Acid: HaPOy TriButyl Phosphate/odorless kerosene 6-18 wilh Tween 80 8 Pre-emulsification 501

(TBP/OK)
FA Alkaline; NaOH Paraffin wax 8-15 wilh None ©.(. Impregnation on lightweight coarse  [31]
aggregates
M NaOH Dodecanol About3.5wt  CTAB Impregnation after GP set” 671
%
ME NaOH Motor oil 5-60 volh None @ Direct 44
MK NaOH Motor oil (aliphatic compounds) 7-20 vol%h None @ Pre-emulsification [36]
ME NaOH Hexadecane 20 vol% CTAB or Pluronic @ Pre-emulsification 251
L35>
ME NaOH Lubricating oils 10 wilbd None ©.3 Impregnation on commercial 53]
polymer
ME NaOH LIX84 (commercial solvent extraction 0-15% None ®. Impregnation on MK 621
liquid)
MK NaOH Dimethyldiethoxysilane (DIDE) About 10 wt None @ Direct 601
%

FA NaOH SBM and OBM 10-40 vol% None  Direct 371
ME NaOH, KOH Hexadecane 20-70 widh None @ Direct B2

? 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
loeal regulations.

Apart from alkaline activating conditions, geopolymers can also be
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activated in acidie 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 (AIPO,) resulting from the combination of
Al*" (from metalaolin) and PO}~ (from phosphorie acid). The presence
of this crystalline phase reinforces the structure of geopolymers by
filling air voids (porosity) [92,23]. 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 /O

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 [31,96.97] 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
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GEOILE0

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 wversion 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. [31], 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 dodecancl 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 networlk. The effectiveness of CTAB is
shown as a coupling agent between dodecanol and geopolymer; a swr-
face treatment increases the maximum amount of incorporated dodec-
anol. However, the highest amount of dodecanol remains low (about 3
wit%) 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 [15,96,99], high
mechanical strength [100,101], low COy 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 conceming geo-
polymer foams has increased significantly, bringing forth several re-
views related to that topie [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 HzOs.

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 shuries 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 extraetion 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

¥ 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].

' 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.

13 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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Table 3
Processing of highly porous geopolymers using vegetable oils; MK = Metakaolin, FA = Fly ash, vol% = volume percentage, wt.% — weight percentage.
Alumino -silicate Alkali 0il type Amount incorporated Amount of Process of incorporation ( Reference
SOUICes ions Ha0s Fig. 1)
FA NaOH Corn, 412 with / @ Direct 431
Palm
ME KOH Canola, 1:1 oil-to-water volume ¥ ® Direct 1251
Biodiesel, fraction
Paraffin
ME KOH Olive 20-45 wt 5-15 witlb @ Direct [126]
ME KOH Sunflower, Canola, Olive 20-70 wtds 0-20 witlb @ Direct [411
MK KOH Sunflower, Canola, Olive 0-10 widh 0-20 witdb @ Direct [127
MK NaOH Soy bean 20 widh About 6 wtdh @ Pre-emulsification [128]
ME and FA KOH Coconut, Babassu, 25 wilh 6 wtdh ® Direct [1291
Palm Stearin, Beef tallow, Olive, Castor, Sunflower,
Soybean, Biodiesel
MK NaOH Cancla 2.6 witlh 0,5-1,5 wtlh @ Direct [130]
ME and FA KOH Sunflower 25 wilh 6 wtdh ® Direct [131]
MK NaOH Sunflower 20 widh b @ Pre-emulsification [124]
research works on the development of highly porous geopolymers using
vegetable oils for emulsion templating, with saponification reactions. i’ (s) — it (aq) + e (R31)
Without involving OL, the direct foaming processing route is the
most widely used technique for producing highly porous geopolymers ~ #H120 (1) +4e” — 2H, (g) + 40H" (ag) (R32)
[17,132] (Fig. 6, Blue pathway). With this method, wet geopolymer 4H,0 + S — 2H, (g) + Si(OH), () ®R33)

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 H;O, [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:

(R1)
(rR2)

H: 05 (1) = 2H,0 (1) + 05 (g)

Al (s) + 3H,0 (1) + OH (ag) — AIOH)* (aq) + 3/2H, (g)
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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 H20» (as
a blowing agent) and vegetable oils, in order to benefit from both the
high porosity generated by O, 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 swr-
factants, able to stabilize both the gas bubbles produced by the
decomposition of H,0, and the oil droplets (Fig. 6, Black pathway). For
instance, Bai et al. [41] were able to produce a geopolymer foam witha
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 mechanieal
strength of geopolymer foams by varying several parameters, such as
vegetable oil and H,0; 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 °Cremain 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% H202 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 H,0, 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 duetility 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 8i-O- functions of the geo-
polymer N-A-5-H structure. For this reason, polyacrylic acid, sodium
polyacrylate, polyethylene glycol (PEG), polyvinyl aleohol 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 elastie 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 !). Low molecular
weights PEGs (400 g mol '), 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, (Ca®") 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(Il) 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 act-
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
funetions 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. 0il type 0il wit H202 witl Heat treatment Total porosity” (vol%) Open porosity” (vol¥t) Compressive strength (MPa)
1 [41]1 Olive 20 10 none 81.4 79.5 311
2 [41]1 Olive 53 10 none 70.3 68.4 2338
3 [<11 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 80.0 770 1.50
9129 Olive 25 6 600°C 86.0 80.0 0.50
10 [129] Olive 25 6 1200°C 76.0 73.0 1.80

# The total porosity (TP) was obtained based on the relation TP = 100 x (1 - p/p,), 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.

® 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)
ME NaOH Epoxy resin 30 @ Direct [139]
FA NaOH Epoxy resin 20 @ Direct [140]
MK NaOH Epoxy resin 20 @ Pre-emulsification [38]
MK NaOH Epoxy resin 20 @ Pre-emulsification [391
ME NaOH Epoxy resin 25 @ Pre-emulsification [141]
MK NaOH Epoxy resin 25 @ Pre-emulsification [142]
ME NaOH Polydimethylsiloxane 15 @ Pre-emulsification [143]
ME, K NaOH Sodium polyacrylate (PAANa),polyacrylamide (PAm), polyethylene glycol 1 @ Direct [144]
(PEG), polyvinyl alcohol (PVA)
ME NaOH Sodium polyacrylate 1.2 @ Direct [145]
ME NaOH Polyethylene glycol 10 @ Direct [146]
ME NaOH Palyethylene glycol 6 @ Direct [147]
ME, BFS NaOH Waterborne bisphenol-A epoxy resin 25* @ Direct [148]
ME, FA NaOH Waterborne bisphenol-A epoxy resin 4% @ Direct [149]
FA, BFS NaOH Styrene-butadiene emulsion 10* @ Direct [1501
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 LY @ Direct [152]
(powder)
BFsS 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 0 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 camried 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].
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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, i, 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
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 organie

amino-

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 waterbome
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
micrometrie scale.

Epoxy resin has also been used without aminoc-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 wit% 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 geopolymerie 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 propetties.

L]

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/5 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 [152], besides possessing a reasonable carbon
footprint.
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Chapter |l

Emulsification of low viscosity oil in AAM materials

Which surfactant for the
most stable emulsion ?

Chapter Il aims at understanding the mechanisms enhancing the fixation of mineral oils in
reactive inorganic matrices, by emulsification. This requires using adequate surfactants to
succeed in formulating the emulsion. Six common surfactants of different nature (cationic,
anionic and non-ionic) are evaluated. All characterizations are performed in the fresh state,
i.e. before hardening of the materials with the aim of formulating the best possible emulsion

of mineral oil in fresh alkali-activated materials.
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Preamble Chapter Il

Preamble chapter I

The main objective of this chapter is to control the incorporation of industrial oils in fresh AAM
grouts. In the interest of industrial simplicity, the selected incorporation process is the direct
incorporation (Figure 1) of oil in fresh AAM slurries, as described in [1]. First, solid precursor
particles (metakaolin or blast furnace slag) are introduced in the alkaline activating solution
to prepare fresh AAM grouts. The dissolution of all solid particles is not immediate and AAM
grouts can be considered as highly concentrated suspensions of solid particles dispersed in
aqueous solutions. It is within this complex environment that the oil is introduced, forming an
emulsion due to its lipophilic nature, which contrasts with the hydrophilic nature of the
activating solution. In the absence of additives facilitating the emulsion formation and stability
(Figure 1, 1), the formed emulsion is of poor quality and might be unstable, resulting in
(partial) phase separation. On the contrary, the addition of surfactants (Figure 1, 2) helps
promoting the formation of stable emulsions, displaying much smaller and homogenous oil

droplets.
Solid precursors

Large and

“\0.,/ hetﬁr:ger;eous
= oil droplets @

Unstable emulsion
Phase separation

Small and
homogeneous

@ oil droplets
Addition of
surfactants

>

Stable emulsion
No phase separation

Figure 1: Description of the system under investigation.
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1. Emulsions

Emulsions are multiphasic systems composed of at least two non-miscible liquids. One of the
liquids is suspended in the other one in the form of spherical droplets of varying sizes ranging
from several dozen nanometers to hundreds of microns. The suspended liquid is called the
dispersed phase and the dispersing liquid is called the continuous phase. In general, the most
hydrophilic liquid is written « W » for water and the most lipophilic liquid is written « O » for
oil. Accordingly, direct emulsions in which oil is dispersed in water (O/W) are distinguished
from indirect emulsions in which water is dispersed in oil (W/O). The formation of an emulsion
is in fact the creation of an interface between two immiscible liquids with the change in free

energy written as follows [2]:
AG=AA-y—T-AS (1)

With AG the free enthalpy difference at constant T, P and n, AA the interfacial surface area
variation between the two liquids, y the interfacial tension and AS the entropy difference.
During the formation of an emulsion, disorder and entropy increase but the interfacial tension
is stronger and counterbalances the entropic factor (AG > 0). Emulsions are therefore non-
spontaneously created and require an external energy supply. Most of the time, this energy
supply is in the form of mechanical shearing provided by several types of agitators. This is also
why emulsions are kinetically stable (metastable) but thermodynamically unstable. It can be
understood from Eq. 1 that the lower the interfacial tension, the more stable an emulsion and
the slower the phase separation. In the absence of any stabilization mechanism, emulsions
break down to go back to their thermodynamic stable state. This happens when the interfacial
area between the two phases is minimal, i.e. when both phases are macroscopically
separated. Figure 2 below represents the destabilization mechanisms that can be encountered

(creaming, flocculation, Ostwald ripening, coalescence) [3]:

Creaming or
sedimentation

\ Coalescence /
——— O O

o S &
8%%{%%9 Flocculation % @CB —_— O O —_— O @

\ Oos /%3\

Ostwald ripening Oo O

Figure 2: Schematic representation of emulsions destabilization mechanisms [3].
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Sedimentation or creaming find their origin in the density difference between the two liquids:
if the dispersed phase is the lightest, creaming will be observed, whereas if the dispersed
phase is the heaviest, sedimentation will be observed. The droplets migration, caused by

gravity, is described by the Stokes relation [4]:

L = 2y~ pr)ar? @
I

With v the speed limit of moving droplets, pp the droplets density, pr the density of the

dispersing phase, g the gravity field, r the radius of spherical droplets and p the dynamic

viscosity of the continuous phase. It is deduced that the kinetics of sedimentation/creaming

decrease with increasing viscosity of the continuous phase. Consequently, this decreases the

rate of flocculation and coalescence due to the fact that sedimentation/creaming partially

contribute to these destabilization mechanisms.

Interestingly, the advantage of oil emulsions in AAM grouts is the intrinsic high viscosity of
the dispersing phase, i.e. the AAM grout. Thanks to this high viscosity, most of the
destabilization mechanisms are slowed down. However, if the emulsion is concentrated and
poorly formulated with the presence of large and heterogeneous oil droplets, it might break
down anyway (at least partially). Emulsifiers (surfactants) are generally used to improve

emulsions quality and stability.

2. Surfactants

The primary role of surfactants when formulating emulsions is to reduce the interfacial tension
vy between the two liquids, allowing the formation of smaller and more homogeneous
droplets. The interfacial tension can be defined considering a container filled with water
(Figure 3). Within the liquid, water molecules benefit from homogeneous attractive
interactions with all their neighboring water molecules: hydrogen bonding, van der Walls
bonding, dipole-dipole interactions. The balance of forces is therefore zero. On the contrary,
water molecules present at the surface lose part of their cohesive interactions with
neighboring molecules. The balance of forces is therefore non-zero and molecules at the
surface are subjected to a pendular force (tension), which attracts them towards the liquid.

This is the interfacial tension, which was first defined by Gibbs as follows [5]-[7]:

_ (66)
v aA T.Vn

It characterizes the amount of free energy (G) required to form an interface of surface (A)
between two distinct phases, at constant T, V and n. The interfacial tension is expressed in

N.m™ and is equivalent to a unit of energy per area in J.m=2.
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\_Air
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y

® Missing cohesive forces between
neighboring water molecules

Cohesive forces between
neighboring water molecules

Resulting force F directed
towards the liquid

O Water molecule

{_} Missing water molecule

Figure 3: The physical origin of the interfacial tension: water molecules present at the surface
are missing attractive interactions and are seeking to move back within the liquid [8].

Surfactants are amphiphilic molecules, composed of a hydrophilic part (polar head) and a
hydrophobic part (unpolar tail). This property provides surfactant molecules the ability to
adsorb at interfaces between two liquids of distinct polarity, hence reducing the interfacial
tension. Thus, they facilitate the possibility of creating smaller droplets when formulating
emulsions. Surfactants are generally classified in four distinct categories depending on their

polar head nature [9]:

e Anionic: sulfates, sulfonates, organophosphorus, etc.

e Cationic: quaternary ammoniums salt, alkylamine salts, amine oxides, etc.
e Zwitterionic: alkyl betaines, imidazole and amino acids derivatives, etc.

e Non-ionic: with ester, ether or amide bonds, amines, etc.

The selection of the appropriate surfactant in the preparation of emulsions is still often based
on the semi-empirical Hydrophilic Lipophilic Balance (HLB) [10]. It was defined by Griffin in
1949 and is a way of ranking surfactants depending on their hydrophilic-lipophilic nature [11].

Each surfactant can be attributed an empirical HLB value, comprised between 0 and 20:

e |f HLB < 8, the surfactant is rather lipophilic: W/O emulsion are favored.
e If HLB > 12, the surfactant is rather hydrophilic: O/W emulsions are favored.
e [f8<HLB< 12, the surfactant is considered equilibrated.

It is noted that the above-mentioned considerations are only valid for equilibrated volume
fractions of liquids (50/50 v/v). Indeed, the volume ratio has an impact on the type of emulsion
that is formed, the major phase having a tendency to be the dispersing phase. Among others,
a good way of calculating the HLB value of surfactants is the empirical scale of David [12]. Itis
based on the surfactant chemical structures, and more specifically on the mass percentage of

each hydrophilic/lipophilic groups:

HLB = 7+ Z(HLB associated to each of the molecule groups) 3)
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The HLB provides an empirical assessment of the most adapted surfactant for a given

application [13] but it should not be used thoughtlessly as it contains numerous limitations.

In addition to improving emulsions quality by decreasing the size of dispersed droplets,
surfactants also improve emulsions stability by preventing coalescence from occurring.
When two droplets come into close contact, van der Waals attractive interactions become
very strong and tend to bring droplets together until disruption of the liquid film, resulting in
coalescence and phase separation. Depending on the chemical nature of the surfactant
present at the interface, van der Waal attractions might be overcome by steric repulsion (non-

ionic) and/or electrostatic repulsion (ionic) [10].

3. Pickering emulsions

Rather than being stabilized by surfactant molecules, Pickering emulsions characterize
mixtures of immiscible liquids stabilized using solid particles [14]. The concept of wetting,
describing the ability of a liquid to spread over a solid surface is the base of Pickering
emulsions. At equilibrium, a drop of liquid on a solid substrate produces a contact angle 6,
which is the angle formed between planes tangent to the surfaces of solid and liquid at the

wetting perimeter (Figure 4) [10].

YLv

O

Figure 4: Graphical representation of the Young-Dupré relation, relating the wetting angle
(0) to the interfacial tensions (y.v, yst, Ysv).

Theoretically, it is possible to predict the wetting from the interfacial tensions respective of
the phases in presence (solid, liquid, vapor). It just requires writing the balance of capillary

forces presented in Figure 5, by projection on the solid plane, as:

YiG* €SO = Y56 — Vis (4)

The Young-Dupré relation is deduced, allowing to predict the contact angle from interfacial

tensions:

Vs¢ — Vis _ Vs —Vis
YiG YL

(5)

cos O =

It is noted that the lower the superficial tension of the liquid (y.), the higher its ability to wet
a solid surface. By contrast, the higher the surface energy of the solid (ys), the higher its ability
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to be wet by a liquid. When a drop of liquid is placed onto a solid, the liquid either spreads to
form a thin (uniform) film (6 = 0°) or remains as a discrete drop. In practice, good wetting is

considered if 8 < 90° and poor wetting is considered if 6 > 90°.

Considering Pickering emulsions, the attachment energy of a solid particle at the O/W
interface depends on the contact angle 8 and the interfacial tension y. Considering a spherical
solid particle of radius r with negligible gravity due to its small size, the energy required to

remove such a particle from the interface between two liquids is given by [2]:
AE = ynr?(1 + cos 0)? (6)

The positive sign corresponds to the extraction of particles towards the oil phase and the
negative sign corresponds to the extraction of particles towards the water phase. This
equation shows that absorption is low for contact angles ranging from 0° to 20° and 160° to
180°. The closer the contact angle to 90°, the higher the attachment energy [15], [16]. The
consequence of a high attachment energy is that once attached at the interface, solid particles
are very difficult to remove. This is why Pickering emulsions are considered as more stable

than classical emulsions stabilized by surfactants. Few additional remarks can be addressed:

e Theinitial location of particles is important for the stability of Pickering emulsions. Yan
et al. [17] demonstrated that particles need to be present in the continuous phase
before the introduction of the second liquid to form the emulsion.

e The size of particles is a key parameter of Pickering emulsions. It determines their
ability to remain in solution or to position themselves at the interface. Accordingly, the
lower the particle size, the higher the emulsion stability [18]. To facilitate the
understanding of Pickering emulsions, particles are generally considered as spherical.
However, their shape and roughness also determine their wettability and play a role
in their stabilizing effect.

e The size of dispersed droplets decreases when the amount of solid particles increases
[18], [19]. In addition, when the amount of particles is high, the formation of
tridimensional flocculated particles has been observed, stabilizing even more the
emulsion as the contact between two droplets becomes more difficult [20].

As it was illustrated in Figure 1, the objective of this work is to immobilize industrial oils in
fresh AAM grouts. It is therefore important to take solid particles (metakaolin and blast
furnace slag) into account, especially because they are present in high quantity (> 40 wt. %).
The presence of particles in such a high quantity is expected to impact the emulsion stability
as in the case of Pickering emulsions. For instance, Cantarel et al. [21] proposed a
stabilization mechanism for hexadecane emulsions in fresh geopolymer grouts, based on

hexadecane droplets surrounded by metakaolin particles (Figure 5).
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Figure 5: Model of emulsion stability for hexadecane/geopolymer composite [21].

4. Surfactants and solid particles

As well as they adsorb at the interface between two liquids in emulsions, surfactants might
also adsorb at the surface of suspended solid particles. For instance, superplasticizers (i.e. a
particular case of surfactants) are often used to reduce the viscosity of cementitious grouts
[22]. As they prevent droplets from coalescence via electrostatic repulsion or steric hindrance,
they also prevent solid particles from forming agglomerates, which are responsible for higher

viscosities (Figure 6).

Electrostatic repulsion Steric hindrance

Figure 6: Schematic representation of (left) electrostatic repulsion and (right) steric
hindrance, which are generated from adsorbed superplasticizers (surfactants) on cement
particle surface [22].

On the contrary, a number of studies also report the presence of hydrophobic attractive forces
after the addition of surfactants, which create agglomerates of particles [23]-[25]. A possible
explanation is that polar solvent molecules squeezed between two hydrophobic surfaces have
reduced freedom to form structures in certain directions, since contact with the particle
surfaces is essentially avoided. Therefore, the hydrophobic surfaces have a preference to
associate with each other. In addition, it is found that hydrophobic interactions extend over a

much longer range than van der Waals forces [26]. These hydrophobic interactions may exist
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naturally or be induced by adsorbed hydrophobic species [27]. Graphite and coal are a few of
the solids possessing natural hydrophobicity and their aggregation is observed in polar
solvents. However, surface hydrophobicity of solid particles is often induced by the adsorption
of surfactants. Forinstance, Pitois et al. [28] highlighted the effect of surfactants on increasing

the yield stress of fresh cement pastes owing to hydrophobic forces.

5. Conclusion

This preamble section aimed at pointing out that the studied systems are quite complex. Many
parameters might impact the mineral oil emulsification in AAM. First, two distinct types of
AAM are considered, implying many differences: 1) the type of solid precursor particles
(chemical nature, size, shape, roughness), 2) the amount of suspended particles (higher in
blast furnace slag system), and 3) the composition of the activating solutions, which impacts
the interfacial tension. Also, the positioning of surfactants in these complex quaternary
systems n (aqueous activating solution, mineral oil, solid particles, and surfactants) is not
straightforward. Surfactants are added to improve the emulsion quality and stability by
positioning themselves at the interface between the two liquids. However, they might as well
adsorb at the surface of solid precursor particles, hence modifying the rheology of final
mixtures. Finally, the affinity of solid precursor particles (present in large quantities) for the
mineral oil is a question on hold. Solid particles could interact with the oil and even participate

to the emulsion stability as in Pickering emulsions.

All these questions will be the topic of the following chapter with the aim of assessing the
best surfactant(s) for the incorporation of mineral oils in AAM, either based on metakaolin
or on blast furnace slag. The stability of emulsions is only required until hardening of the
AAM but formulating emulsions with oil droplets as small as possible is an objective as they
will be more efficiently encapsulated within AAM and also less detrimental to final
mechanical properties. To this purpose, several surfactants will be studied in this chapter to

improve the emulsion of a mineral oil in fresh AAM slurries.
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Abstract

This research aims to understand the mechanisms enhancing the fixation of low viscosity
mineral oils, including tailings, in reactive inorganic matrices, by emulsification. To this
purpose, significant amounts of a model low viscosity pure mineral oil (20%vol) are
immobilized in alkali-activated materials (AAM), either based on metakaolin or blast furnace
slag. In such case, Portland cement-based matrices are not adequate (emulsification delicate
to manage and excessive setting retardation). Various surfactants are used to ease the oil

emulsion.

Visual observation and rheology evidence two distinct groups of surfactants. One contributes
to structuring the oil/AAM fresh mix, with greater viscosity than without surfactant; the other
includes non-structuring surfactants, without change in viscosity. Each group depends on the
AAM considered. Characterization of diluted ternary suspensions (solid particles — oil —
activating solution) relates the structuring effect to interactions between oil and solid

particles, through the surfactants non-polar hydrocarbon tails.

Whatever the AAM and the surfactant, the oil droplet size decreases significantly, without
consistent correlation with the interfacial tension between oil/activating solution. Surfactants
exhibit different efficiency depending on their solubility in the continuous phase and

interfacial tension alone does not explain the reduction in oil droplet size.

A detailed discussion featuring two distinct surfactant mechanisms for the stabilization of oil

emulsions in AAM is undertaken.

Keywords: Alkali-activated cement (D), BFS, Composite (E), Geopolymer, Surfactant, Emulsion
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1. Introduction

1.1. Industrial context

The immobilization of varied wastes into cement-based materials by
solidification/stabilization (S/S) is a common procedure, because it ensures a chemical

stabilization of many compounds and produces a mechanically stable waste form [1], [2].

For immobilizing organic liquids (OL), although heat treatment and calcination are common
industrial procedures, it is a delicate option for radioactive OL waste, due to current
regulations limiting radiologic activity and due to the composition of the waste in specific
(heavy) chemical compounds. Currently, large amounts of radioactive organic wastes are
stored temporarily in the vicinity of nuclear facilities, awaiting further and longer-term
treatment. For these reasons, the S/S of radioactive OL has been investigated, particularly in
cement matrices; see for instance [3]. More recently, a number of studies has been published
on the conditioning of organic liquids in geopolymer cements; these are referred to in the

review paper by Reeb and al. [4].

In the case of organic liquids (OL), their incorporation in cement-based materials is also of
interest for various applications, e.g. the formation of porous materials (through emulsion
templating and removal of the dispersed phase [5], [6], the design of composite materials with
improved and/or combined properties [7] or the immobilization of industrial wastes [8], [9].
The process is similar to that of cement paste foaming, although specific phenomena might

occur with OL [10], [11], such as saponification of vegetable oils [6].

Several methods to incorporate OL into cement-based materials are distinguished [4]. These
are 1) the direct incorporation into a reactive cement slurry, 2) the pre-emulsification prior to
the addition of a solid cement precursor or 3) the impregnation into solids prior to the addition
into the cement slurry. The micro-encapsulation of organic liquids into polymer shells prior to
their incorporation into a cement slurry has also been proposed, but it is expensive and
technically challenging [12]. The direct process is particularly interesting because it offers the
possibility to incorporate large amounts of OL. However, practical issues remain for the
adequate incorporation of low viscosity OL into cement matrices, mainly due to the instability
of the mix [4].

1.2. Scientific background

Cement matrices for waste immobilization. Portland cements have been widely studied to
immobilize organic compounds, but issues exist regarding cement setting and strength
development in presence of OL [13]-[15]. Comparatively, alkali-activated materials (AAM)

display better performance for OL immobilization [16]-[18]. Nowadays, AAM are also of
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interest because of their lower environmental impact, their reasonable cost and their use in
various applications such as insulation, catalysis or filtration [19]. AAM require a strong
alkaline source (e.g. NaOH) to accelerate the dissolution of inorganic solid precursors

composed of reactive silicates and aluminates [20].

Depending on the amount of Ca present in the raw materials, two main types of solid phases
are obtained [21]-[23]. 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 [24]. N-A-S-(H) type solids
are formed in Ca-poor systems through polycondensation reactions, also called
geopolymerization [25]. The main distinction between these two solid types is that water is
part of the C-(N)-A-S-H tobermorite-like structures (through hydration reactions) [26],
whereas water is not part of the N-A-S-(H) tridimensional aluminosilicate networks, being only
required as a dissolution medium and being released upon solid formation (through poly-
condensation reactions) [27]. These fundamental differences in raw materials, reactivity and
solid structures explain the distinct behaviors of both systems in presence of OL species. More
specifically, while the presence of organic compounds generally disturbs the setting and
hardening of C-(N)-A-S-H binders [28]-[30], the mechanism of geopolymer formation is such
that liquid/liquid interactions are not damageable for the synthesis of composite

organic/inorganic materials [9],[31].

Emulsification processes. The immobilization of an OL in a cement matrix is performed by
emulsifying the OL using a mechanical stirring apparatus (rotating blade and container). The
external stirring energy brought to the system allows forming smaller droplets by progressive
break-up of the OL phase. The formation of a stable emulsion requires to control the droplet
size distribution, and ideally to form uniform droplets smaller than 1 um. The droplet break-
up processes are critical in this regard. The main parameters driving these phenomena are
presented in Appendix Al. They are the capillary number (under laminar flow or turbulent
flow driven by viscous forces, as used in the pioneering works of Grace [32]) and the Weber

number (under turbulent flow driven by inertial forces).

Emulsion stability. Emulsions require an energy input because they are thermodynamically
unstable. Even after production, they tend to go back to their thermodynamically most
favored state, i.e. when the two liquids are separated in distinct phases. One of the most
problematic emulsion breakdown process is coalescence (i.e. the fusion of two or more
droplets into larger ones). This mechanism is driven by the disjoining pressure. It is described

in more details in Appendix Al.

In cement chemistry, C stands for CaO, N for Na,O, A for Al,Os, S for SiO; and H for H,0.
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Moreover, for a given emulsion, gravitational forces imply that larger droplets move faster
than smaller ones to the top of the mixing container (if their density is lower than that of the
medium — it is creaming) or to the bottom (if their density is larger than that of the medium —
it is sedimentation); this is described by Stokes equation, modified for concentrated emulsions
[33]. It is usually considered that stable emulsions, i.e. emulsions with negligible creaming,

correspond to droplet velocities below 1 mm/j [31].

Effect of surfactants. In order to allow droplets deformation until break-up, surfactants are
used to lower the interfacial tension, by positioning themselves at the interface between the
two immiscible liquids [34]. More specifically, they allow the formation of finer and more

homogeneous droplet size distributions [11].

Surfactants also play a major role in emulsion stability by limiting coalescence through various
mechanisms: 1) smaller droplets, which are formed by adding surfactants, are generally less
susceptible to surface fluctuations, 2) surfactants enhance the Gibbs elasticity of the droplets,
and this dampens the interface fluctuation due to the Marangoni effect [33], 3) surfactants

increase electrostatic and/or steric repulsions, which in turn increases the disjoining pressure.

The purpose of adding surfactant is therefore twofold - decrease the interfacial tension to

improve the emulsion quality, and limit the coalescence of droplets.

Effect of the presence of solid particles. AAM matrices are made by stirring an aqueous
alkaline solution with solid alumino-silicate particles made of blast furnace slag (BFS),
metakaolin (MK) or else, until obtaining a homogeneous slurry (i.e. a fresh paste). Therefore,
the addition of OL into AAM slurries leads to the formation of complex ternary systems, being
simultaneously emulsions (due to the presence of OL) and suspensions (due to the presence

of solid particles).

For instance, Cantarel et al. [9] have proposed that the solid particles could act as oil
stabilizers, as observed in Pickering emulsions. In specific conditions, the addition of an
immiscible liquid to a suspension of solid particles leads to the formation of so called “capillary
systems”, characterized by a strong structuration of the medium [35],[36]. In such capillary
systems, the oil positions itself in between particles thanks to capillary forces, hence creating

agglomerates of particles, which strongly increases the viscosity of the initial suspension.

In these ternary systems, surfactants also interact with solid alumino-silicate particles. For
instance, the adsorption of surfactant polar heads at the surface of solid particles could occur
either via hydrogen bonding [37] or via electrostatic interactions [38]—[40]. It has been
observed that the adsorption of surfactants at the surface of suspended solid particles could
lead to the formation of “hydrophobic forces” with strong impact on the rheology of the

suspensions [37],[39],[41],[42]. Some authors have highlighted different behaviors for
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surfactants in cement paste, such as precipitation [43], interaction with cement grains or no
interaction with cement grains [44], which lead to contrasting impact on the properties of the

fresh mix (rheology, surface tension, stability).

1.3. Aims and scopes

The present study aims at understanding the formation and stability mechanisms occurring
when emulsifying a mineral oil (an alkane) into two distinct types of fresh AAM pastes. Various
surfactants (cationic, anionic, and non-ionic) are added to the fresh AAM paste containing oil,
and contribute to the emulsion quality and stability. The AAM are either alkali-activated BFS
(AABFS), leading to a C-(N)-A-S-H gel, with a high Ca content, or MK-based geopolymer (GP),
leading to N-A-S-(H) solids, with a low Ca content. The incorporation consists in adding 20%vol.
of a model low viscosity organic liquid, i.e. a non-reactive mineral oil, which cannot be

immobilized without surfactant addition.

In the following, the consistency of the fresh slurries is determined by combining visual
observations and rheology. These elements are used to determine whether the usual
conditions for droplets breakup and small droplets formation are reached, following the work
initially proposed by Grace [32]. Two different behaviors (structuring/non-structuring) of the

fresh emulsions are also discussed.

Once the conditions for the formation of an emulsion are reached, different mechanisms tend
to destabilize it. In order to discuss gravitational effects as destabilizing factors, oil droplet size
distributions are quantified, and the average droplets velocity is determined using the

modified Stokes law for concentrated suspensions.

The contribution of interfacial forces to the formation and stability of the emulsions is
discussed after measuring the interfacial tension between the oil and the activating solution
added with different surfactants. Interfacial tension and mean droplet size are correlated, in

order to highlight the two different surfactant behaviors.

Finally, the effect of solid MK or BFS particles on the emulsion stability is assessed by
determining the behavior of diluted ternary suspensions (solid particles-oil-activating
solution). Mechanisms explaining the emulsion formation and stability, depending on the

surfactant involved, are discussed.

2. Experimental

2.1. Raw materials

An aqueous sodium silicate solution (Betol 39T) was obtained from Woellner (Germany).

Sodium hydroxide (purity > 99%) was purchased from VWR International (USA). A commercial
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pure mineral oil (Finavestan A360B) was obtained from Total (France); its density is of 0.87
g/cm3 (+/- 0.01). This oil is chosen due to its absence of additives, to its absence of reactivity
in alkaline media, and to its low viscosity (of about 0.1 Pa.s at a shear rate of 100 s?).
Metakaolin (MK) powder of M1000 grade was obtained from Imerys (France) and blast
furnace slag (BFS) particles were purchased from Ecocem (France). The density, the median
diameter (dso) and the Specific Surface Area (given by the provider) for MK and BFS particles

are given in Table 1.

Table 1: Properties of MK and BFS particles.

Density (g/cm3) dso (um) Specific Surface Area (m?/g)
MK 2.40 15.0 17.00
BFS 2.90 11.0 0.45

Two dyes adapted to staining organic liquids, namely Sudan blue Il and Sudan red Ill, were
obtained from Sigma Aldrich (USA). The surfactants used in this work are listed in Table 2. SDS,
Brij 010, Tween 80 and Span 80 were purchased from Acros Organics (USA). CTAB and
Glucopon 225DK (hereafter referred to as Glucopon) were obtained from Sigma Aldrich and
BASF (Germany), respectively. Owing to their HLB, all surfactants (except Span 80) are
predominantly hydrophilic, so that they are added to the aqueous activating solution of MK
or BFS. Preliminary investigations show that all surfactants (including Span 80) are partly to
fully soluble in these solutions. Xanthan gum (Sigma Aldrich, USA) was obtained from Sigma
Aldrich (USA).
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Table 2: Denomination and chemical description of surfactants tested in this study.

Chemical description Commercial name Category HLB?
Cetyl Trimethyl Ammonium Bromide CTAB Cationic (+) 10
Sodium Dodecyl Sulfate SDS Anionic (-) 40
Polyoxyethylene (10) oleyl ether Brij 010 Non-ionic (@) 12.4
C8-C10-alkyl polyglucoside Glucopon 225DK Non-ionic (@) 13.5
Polyoxyethylene (20) sorbitan Tween 80 Non-ionic (g) 15
monooleate
Sorbitan monooleate Span 80 Non-ionic (@) 43

2HLB = Hydrophilic Lipophilic Balance. Surfactant are hydrophilic if HLB > 10; Surfactants are lipophilic
if HLB < 10; Surfactants are equilibrated if HLB = 10.

2.2. Preparation of composite materials

In order to obtain a MK-based GP paste, the components (sodium silicate, sodium hydroxide,
water and MK) are weighed with a molar composition of 3.5 SiOz: 1.0 Al,03: 1.0 Na;O : 14.0
H,0.

For the AABFS paste, the components (sodium silicate, sodium hydroxide, water and BFS) are
weighed with a water/BFS mass ratio equal to 0.45 and a mass concentration of sodium
hydroxide of 10%. This allows a good workability of the paste and reasonable hardening of the

material [45].

In both cases, the molar concentration of surfactant with respect to the volume of activating
solution (sodium silicate, sodium hydroxide and water) is 3.103 mol.L?, allowing a good

incorporation of the oil.

Further details on AAM slurry manufacturing, dyeing and density are given in Appendix A2.

2.3. Rheology

The viscosities of fresh materials were measured on an AR1000 rheometer (TA Instruments)
at 25°C and using a vane geometry. A gradually increasing shear rate from 102 to 100 s was
applied to the fresh mixtures over a period of 3 min, followed by a gradually decreasing shear
rate in the same conditions. Flow curves (shear stress T as a function of shear rate y) were

plotted, from which viscosity 7 is deduced (n = t/y).
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Flow curves were also modeled using the Herschel-Bulkley relationship, which appears as a
suitable candidate to describe AAM rheological behavior [46],[47]. This relationship involves

three varying parameters, and is applicable to fluids with non-linear evolution as follows [48]:
o= g+ Ky" (1)

where op is the yield stress (Pa), K is the consistency index (Pa.s) and n is the flow index.
Comparing K values is possible for fluids with similar n values. Shear thinning is observed when

n<1, and shear thickening for n > 1.

2.4. Droplet size measurements

The sample preparation consists in carefully diluting a droplet of an alkali-activated paste
containing oil with an aqueous gel of xanthan gum at 0.5 wt.% prepared beforehand (Figure
1). The dilution prevents cement hardening and freezes the oil droplets thanks to the high
viscosity of the gel. A drop of the dilution is then placed on a glass slide and observed with an

optical microscope (Keyence VHX-5000) in reflexing mode.

Solid particles:
Metakaolin or BFS

@ Oil droplets
[] Activating solution

[ Xanthan gum gel

Figure 1: Schematic representation of the dilution of fresh alkali-activated slurries
containing oil (1) in a xanthan gum gel (2) followed by microscopic observations (3).

For each sample, diameters of at least 100 droplets were measured manually using the Image)
software to determine droplet size distributions. The median diameter dspis the diameter for
which the cumulative volume fraction is equal to 50%. In addition, the mean volume diameter
(d[4,3]) and the standard deviation, as an indicator for polydispersity (P), were calculated as

follows:
e Mean volume diameter from De Brouckere [49]:

Ytd*o;

a3l = X1 d%0;

(2)
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e Polydispersity index:

(3)

i(di — dso)?

where o is the total number of droplets with diameter di (um) and n the total number of

droplets analyzed.

2.5. Interfacial tension

For a spherical droplet of radius R, made of fluid 1 and located inside fluid 2, Young Laplace’s

equation [50] reads:

AP = ”ﬁ (4)

Where AP is the pressure difference at the interface and vy, is the interfacial tension between
the two immiscible fluids. ¥, , is interpreted as the force by unit length, which holds the surface
between fluid 1 and fluid 2.

Y12 is measured for an oil droplet placed inside a solution, which is either deionized water or
one of the two alkaline activating solutions of the AAM of this research. For each surfactant
considered individually, each solution is prepared with a concentration of 3.103 mol.L™ and

let under mechanical stirring for several hours.

The interfacial tension is determined at 25°C using an automatic drop tensiometer TRACKER™
(Teclis scientific) in the rising drop configuration. First, a droplet of oil is produced from a
needle in the mix of activating solution and surfactant contained in a tank. Then, a camera
follows the drop formation and a photograph is recorded once the drop is stable. Finally,
thanks to the TRACKER™ software and by using models based on Young-Laplace’s equation,

the droplet size and shape are analyzed automatically to determine the interfacial tension y4,.

2.6. Diluted ternary suspensions

In order to observe the effect of each surfactant on the interactions between solid particles
and both liquid phases (activating solution (AS) and oil), diluted ternary mixtures were
formulated with a low amount of solid particles (5%vol.). Except for that strong reduction in
particle content, the other formulation parameters have been chosen in order to be as close
as possible to actual pastes. In practice, all components were weighted and poured in 20 mL
flasks, and mixtures were homogenized for 1 min using an Ultraturrax® stirrer (10000 rpm).
The oil was colored in blue using a Sudan blue Il organic dye in order to be easily traceable.

Table 3 below summarizes the formulated compositions. After mixing, samples were left to
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rest during 3 days until stabilization to an equilibrium state, after which pictures of each

sample were taken (see Results section).

Table 3: Summary of formulated ternary mixtures. The volume of oil is 20%vol. The volume
of particles (MK and BFS) is 5%vol. The concentration of surfactants is 3.10 mol.Ll. The
mixtures G1 to G14 were formulated with the AS of a MK-based GP as aqueous phase. The
mixtures L1 to L14 were formulated with the AS of an AABFS as aqueous phase.

MK-based GP activating solution AABFS activating solution

Surfactants
Sample N° MK amount Sample N° BFS amount

G1 - L1 - None
G2 - L2 - CTAB
G3 - L3 - Brij 010
G4 - L4 - Glucopon
G5 - L5 - SDS
G6 - L6 - Span 80
G7 - L7 - Tween 80
G8 5%vol. L8 5%vol. None
G9 5%vol. L9 5%vol. CTAB
G10 5%vol. L10 5%vol. Brij 010
G11 5%vol. L11 5%vol. Glucopon
G12 5%vol. L12 5%vol. SDS
G13 5%vol. L13 5%vol. Span 80
G1l4 5%vol. L14 5%vol. Tween 80

3. Results and analysis
3.1. Formation of the AAM-oil emulsions

3.1.1. Macroscopic observations

Without surfactant, in the MK-based GP paste, a small fraction of oil coalesces at the surface
and oil droplets are visible to the naked eye (Figure 2, red dots). For the AABFS paste, a
significant amount of oil quickly coalesces at the surface (Figure 2, red spots). The
incorporation of the oil is slightly more efficient in MK-based GP than in AABFS, but it is not
sufficient for oil immobilization; without surfactant, the emulsions are not properly

formulated and not stable.
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Comparatively, Figure 2 shows that all tested surfactants improve significantly the
incorporation of the oil in both AAM, with homogeneous mixtures and no coalescence. Oil
droplets are no longer visible to the naked eye; thanks to the use of surfactants, the emulsions

are properly formulated and stable.

From these macroscopic observations alone, two distinct effects of surfactants are noted. A
number of surfactants lead to flowable mixtures with an aspect similar to the paste without
surfactant. These are called “non-structuring” surfactants. They are SDS and Glucopon for MK-
based GP, or CTAB, SDS, Glucopon, Brij 010 and Tween 80 for AABFS. In contrast, the other
surfactants lead to thick pastes, which are viscous and non-flowable mixtures. They are
described as “structuring” surfactants. These are CTAB, Brij 010, Span 80 and Tween 80 for
MK-based GP, or Span 80 for AABFS. It is to be noticed that the surfactants corresponding to
each type differ, depending on the AAM considered. The structuration of the paste is
attributed to an agglomeration of solid particles in presence of certain surfactants [51]; it is

investigated further in this research.

First, the mechanisms of structuration or non-structuration of the pastes are investigated

below, by quantifying the macroscopic observations through rheology measurements.

R:Ifi::z':;:e Non-structuring surfactants Structuring surfactants
surfactants (stable viscosity) (higher viscosity)
CTAB
MK-based SDS Brij 010
GP Glucopon Span 80
Tween 80
CTAB
AABFS GIucopon Span 80
Brij 010
Tween 80

Figure 2: Macroscopic observations highlighting the influence of surfactants on the
incorporation of oil (colored with organic red dye) in fresh AAM.

3.1.2. Rheology of fresh AAM

Flow curves obtained for AAM slurries with different surfactants are presented in Figure 3 (for
MK-based GP) and Figure 4 (for AABFS) respectively. Back and forth evolutions (from 1072 to

100 s and from 100 to 102 s?) are nearly stackable for all the samples. Therefore, only back
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measurements are presented, in order to have a better readability and to avoid the plastic

effect observed at low shear rates when moving forth.

100000
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Figure 3: Influence of surfactants on the evolution of flow curves in MK-based GP paste:
without oil (top), with 20%vol. of oil (down).

For MK-based GP pastes without oil (Figure 3, top), Glucopon and SDS do not significantly
influence the viscosity of MK-based GP pastes, as observed earlier by Kaddami and Pitois [52].
Span 80 only slightly increases viscosity in the absence of oil. On the opposite, the addition of
Tween 80, CTAB or Brij 010 induces a strong viscosity increase, by one order of magnitude at

low shear rate. This indicates a structuration of the solid particles suspensions.

For MK-based GP pastes added with oil (Figure 3, down), the impact of surfactants, which is
observed without oil, is confirmed and strongly amplified. Tween 80, CTAB and Brij 010 all
induce a similar and significant structuration of the paste, with a viscosity increase by more
than one order of magnitude at low shear rate. The effect of Span 80, leading to a viscosity
increase, is more pronounced in presence of oil (with an increase by a factor of 2 at low shear
rate). Despite the incorporation of oil, SDS and Glucopon do not have a significant impact on

the rheology of the system.

70



Chapter II: Incorporation of low viscosity oil in alkali-activated materials

For the AABFS pastes without oil (Figure 4, top), except for Span 80, all flow curves are
superposed, with no significant influence of the surfactants on the viscosity of the fresh
materials. Span 80 is the only surfactant leading to a significant increase in viscosity (by 50%
at low shear rate). For AABFS pastes containing oil (Figure 4, down), flow curves are not exactly
superposed anymore, but the influence of surfactants is limited in comparison with the
observations made on MK-based GP pastes. Except for Span 80, which causes a significant
increase in viscosity by a factor of 2, none of the tested surfactants significantly affects the

rheology of AABFS pastes containing oil, especially at high shear rates.
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Figure 4: Influence of surfactants on the evolution of flow curves in AABFS pastes without
oil (top), or with 20%vol. oil (down)

Finally, the flow curves from Figures. 3 and 4 were fitted using the Herschel-Bulkley model.
Although not shown, it is noted that all pastes have a flow index n smaller than one. As
expected from the literature [46],[47], this indicates that AAM have a shear-thinning behavior.
Shear thinning mixtures display high viscosities when they are not subjected to any shearing
other than gravitational shearing (i.e. at rest); in such case, oil droplets are stable because no

significant droplet movement is expected. This is investigated further in Sub-section 3.2.2.
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Moreover, yield stress oo is a useful parameter to confirm the structuration, because the
higher the structuration, the greater oo. Yield stress values op are presented in Table 4. The
yield stress of MK-based GP pastes is strongly impacted by CTAB, Brij 010 and Tween 80
surfactants, leading to non-flowable slurries, especially in presence of oil (co> 80 Pa), whereas
Glucopon and SDS provide similar yield stress to that of the reference paste. As for viscosity,
Span 80 only increases significantly oo in presence of oil, in good correlation with the
structuring behavior of the paste (Figure 2). In AABFS pastes, yield stress variations are limited,
except with Span 80. Most of the surfactants provide a similar yield stress to the reference
paste. Span 80 is the only surfactant significantly affecting the yield stress (and the flowability)
of AABFS pastes; it is also the only surfactant leading to a structuration of AABFS paste.

Table 4: Yield stress values oo obtained with the Herschel-Bulkley model of the
experimental flow curves

Yield stress oo (Pa) MK-based GP AABFS

Oil content 0%vol. 20%vol. 0%vol. 20%vol.

Reference 2.2 4.1 249 20.1

Glucopon 2.4 4.2 13.9 28.9

CTAB 30.8 103.5 16.7 23.9

Brij 010 20.6 1194 18.1 17.1

Tween 80 42.0 79.8 19.6 16.0

Span 80 3.5 13.3 35.1 63.0

SDS 2.6 6.0 18.7 22.2

3.1.3. Analysis: formation of the emulsion

In order to determine if the viscosity ratio p is in the good range for easy droplet break-up (see
Appendix A), the latter was calculated between the AAM slurries (i.e. continuous phase) and
the oil (i.e. dispersed phase) for a given shear rate of 100 s> (Table 5). Only extreme cases are
presented; reference slurries (without surfactant) represent the lowest viscosity of the
continuous phase, whereas slurries containing Tween 80 and Span 80 represent the highest
viscosity of the continuous phase in MK-based GP and AABFS slurries respectively. According
to the correlation between Cac and p proposed by Grace [32], all the formulated slurries
display a viscosity ratio p in the adequate range to have a low critical capillary number Cac (i.e.
Cac quite close to 1). This is indicative of an easier break-up of the OL droplets and a good

incorporation of the OL.
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Table 5: Viscosity ratios p (= na/nc) calculated based on viscosity measurements at a given
shear rate of 100 s and a temperature of 25°C for MK-based GP or AABFS pastes with
20%vol oil (reference: without surfactant, or with most influential surfactants)

. Viscosity Viscosity ratio
Phase considered
at 100 s (p=nd/nc)
Dispersed Mineral oil (Finavestan) 0.130 -
MK-based GP (reference) 1.119 1.16 x 10?
AABFS (reference) 1.854 7.0x 107
Continuous
MK-based GP (Tween 80) 3.434 3.8x107
AABES (Span 80) 3.314 3.9x 102

3.2. Performance of AAM-oil emulsions through droplet size measurements

This part investigates the droplet size distributions of the OL dispersed in the fresh AAM
slurries, in order to determine whether creaming and coalescence (i.e. emulsion instability)

Can occur.

3.2.1. Droplet size measurements

Examples of microscopic observations of fresh materials are given in Figure 5 with their
corresponding droplet size distributions. The complete set of microscopic observations and
their corresponding droplet size distributions are given in Appendix B1 (MK-based GP samples)
and Appendix B2 (AABFS samples).

It is to be noticed that when using Tween 80 in MK-based GP (Figure 5, b), agglomerates of
particles are observed despite the dilution. Moreover, these agglomerates surround very

small oil droplets.

Figure 5 also shows that without surfactants, large droplets are present in both types of AAM.
The majority have a diameter lower than 100 um in MK-based GP, whereas the majority have
a diameter higher than 100 um in AABFS. These droplet sizes are in accordance with
macroscopic observations previously discussed (Figure 2). This confirms that without
surfactants, the oil droplets are observable to the naked eye in both matrices, the resolution

capability of human eye being about 100 um.
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Figure 5: Microscopic observations of fresh AAM containing 20%vol. of oil after dilution in
a xanthan gum gel: MK-based GP without surfactant (a), AABFS without surfactant (c), MK-
based GP + Tween 80 (b) and AABFS + CTAB (d).
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The median diameters (dsg), the mean volume diameter (d[4,3]) and the standard deviation

(P) have also been quantified (Table 6).

Table 6: Influence of surfactants on the statistical parameters determined from the
droplets size measurements. Structuring surfactants are highlighted with a grey
background; Non-structuring surfactants appear without background.

MK-based GP AABFS

Surfactants = dso(um) | d[4,3] (um) P dso(um) = d[4,3] (um) P
Reference 82.18 169.03 6.15 135.66 165.42 5.30
SDS 4.60 32.11 0.81 66.38 85.67 2.45
Glucopon 4.83 17.77 0.32 22.83 43.78 1.28
CTAB 3.40 11.81 0.23 10.99 25.82 0.46
Brij 010 2.64 4.41 0.07 32.16 72.04 1.71
Tween 80 3.16 4.30 0.05 35.28 52.41 1.43
Span 80 3.62 10.67 0.16 21.51 42.34 0.83

Without surfactant, the comparison of dso evidences the better incorporation of oil in MK-
based GP paste (dsp = 82 um) than in AABFS paste (dso = 136 um), as observed in Figure 2. A
huge impact of surfactants is noted with significantly smaller droplet sizes in both AAM. In
MK-based GP slurries, dsg is lower than 5 um whatever the surfactant used. In AABFS slurries,
the impact is smaller, with dso comprised between 10 and 66 um. The addition of surfactant
does not change the fact that the oil is more efficiently dispersed in MK-based GP slurries than

in AABFS slurries. However, dso does not take proper account of large droplets.

The comparison of surfactant efficiency is more adequate when using the mean volume
diameter d[4,3], which is more sensitive to the presence of large droplets. The latter is indeed
an important parameter, because even if large droplets are present in a limited number, they
represent an important volume proportion of oil. Mean volume diameter d[4,3] values show
that without surfactant, significant amounts of large oil droplets are present in both MK-based
GP slurries (d[4,3] = 169 um) and AABFS slurries (d[4,3] = 165 um).

In MK-based GP pastes, structuring surfactants (CTAB, Brij 010, Span 80 and Tween 80) are
consistently more efficient to reduce droplet size than non-structuring surfactants (SDS and
Glucopon). Tween 80 and Brij 010 are the most effective ones (d[4,3] < 5um). In AABFS pastes,
no trend for droplet sizes, related to structuring or non-structuring surfactants, is observed.

CTAB is the most efficient, while SDS, Tween 80 and Brij 010 are the least effective surfactants
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to reduce oil droplet sizes. More importantly, in presence of surfactants, fewer large droplets

are present in MK-based GP than in AABFS matrices.

A homogeneous droplet size distribution expresses an effective emulsion formulation. It is for
instance an asset to avoid Ostwald ripening* [33]. Homogeneity of the droplet size distribution

is assessed through the polydispersity index P (Table 6).

Without surfactant, the polydispersity index P is very high in both matrices (P > 5). With
surfactants, for MK-based GP pastes, P is smaller than one, with a value as low as 0.05 (with
Tween 80). For AABFS pastes, P ranges from 0.46 (with CTAB) to 2.45 (with SDS). This is
consistently smaller than the paste without surfactant (P=5.30). Again, this confirms the better

incorporation of oil in MK-based GP than AABFS, here in terms of emulsion homogeneity.

3.2.2. Droplets velocity as an indicator for emulsion stability

After mixing, oil droplets migrate with a certain velocity, which depends on the balance
between gravitational forces and hydrodynamic forces. For an emulsion of an organic liquid
(OL) into a given continuous phase (here, the GP or AABFS paste), the modified Stokes law for

concentrated suspensions reads [53]:

4.6¢
1 -
L 2pgr* [T A=y -
9 nc(l - (P)

Where v is the droplet migration velocity (in m.s?), g is gravitational acceleration (in m.s?),
Ap is the density difference between the continuous phase and the droplet (in g.cm3; it is
positive for ascending droplets, and negative for descending ones), r is the droplet radius (in
m), 7. is the dynamic viscosity of the continuous phase (in Pa.s), and ¢ is the volume fraction
of oil (here, 20%).

The density difference Ap between the paste and the droplet is 0.88 g.cm™ for MK-based GP
and 1.13 g.cm™ for AABFS paste, meaning, in both cases, an ascending motion for the oil
droplets, i.e. a potential for creaming. The viscosity 1. of the continuous phase is taken at a
low shear rate value of 102 s’%; it ranges between 308 and 7460 Pa.s (MK-based GP, without
surfactant or with the most viscosifying surfactant Tween 80), or between 2190 and 6070 Pa.s
(AABFS paste without surfactant or with the most viscosifying surfactant Span 80). The
average droplet radius r is taken as half the value of dso (see Table 6 for values without and

with surfactants).

*Ostwald ripening is due to the diffusion of individual molecules (here, of oil) from smaller droplets to larger
droplets because of the difference in Laplace’s capillary pressure between small and large droplets. Therefore,
Ostwald ripening can be inhibited by homogenizing the oil droplet sizes.
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From these values, the droplet migration velocity is calculated as 13 nm.j* for MK-based GP,
and 6.3 nm.j for AABFS paste. With surfactant, the droplet velocity becomes close to zero,
with values on the order of 10°-10 mm.j . It is usually considered that stable emulsions, i.e.
emulsions with negligible creaming, correspond to droplet velocities below 1 mm.j* [53]. With
that criterion, it is clear that all emulsions are stable and hydrodynamic effects may be

neglected.

3.3. Formation and stability of AAM-oil emulsions: effect of the interfacial
tension

3.3.1. Direct measurement of the interfacial tension

An important parameter characterizing the influence of surfactants on the formation and
stability of emulsions is their capacity to reduce the interfacial tension between two liquids.
The lower the interfacial tension, the smaller the size of the dispersed droplets and the better

the formation of the emulsion. Smaller droplets also improve the stability of the emulsion.

The mean interfacial tension between Finavestan oil and deionized water, or each of the two
activating solutions (AS), is given in Table 7. In addition to the interfacial tension, the solubility
of the surfactants in aqueous solutions was visually assessed; it is also indicated in Table 7.
Surfactants are categorized as soluble if the solution is perfectly clear, and categorized as

(partly or fully) insoluble otherwise.

Table 7: Influence of surfactants on the interfacial tension (y) between Finavestan A360B
and the aqueous solutions of GP and AABFS pastes.

Aqueous

solutions | Surfactant ? CTAB  SDS  BrijO10 Glucopon Span80 Tween 80
(g 4881 772% 1932+ 522: 818+  2105:  1017%
Deionized VM- 0.58 0.14 1.67 0.08 0.49 0.49 0.53
t
water Solubility - s s s s PS s
(i S461% 2657% 1551% 5273% 640  2464%  1037%
AS of MK- V1T 216 139 0.61 1.05 1.04 1.30 2.11
based GP
ase Solubility - PS PS PS s PS PS
(mimy 6150% 483+ 2093+ 3220+ 687+ 4317 17534
Asof  VIMT 038 012 091 291 0.09 2.31 0.66
AABFS
Solubility . s PS PS s PS PS

2S = soluble ; PS = partially soluble or insoluble.
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Surfactant solubility. Despite being mostly hydrophilic, the majority of the surfactants is only
partly soluble in the activating solutions. They are therefore unable to fulfill properly their
surface-active function. This is explained by the very high ionic strength of the activating
solutions, which drastically lowers the activity of water. Concerning nonionic surfactants, the
activity of water is not strong enough to create the hydrogen bonding necessary for their
solubility. For ionic surfactants, the low activity of water inhibits the solvation of newly formed
ions, and therefore hinders the surfactant dissociation. Moreover, some dissolved polar heads
might recombine with ions present in the activating solutions, forming a precipitate like in the
case of CTAB [43].

Interfacial tension. Without surfactants, the presence of sodium hydroxide (in both activating
solutions) increases the interfacial tension in comparison with deionized water, in accordance

with the literature [54],[55].

In deionized water, despite its lipophilic nature, a sufficient amount of Span 80 is solubilized
in water, as the decrease in the interfacial tension shows. As expected from their HLB values,
CTAB, Brij 010, Tween 80 and Glucopon are soluble and lead to interfacial tensions lower than
10 mM.m. SDS is also soluble but does not decrease the interfacial tension as efficiently as

the previously mentioned surfactants.

In the activating solutions, Glucopon is fully soluble in both activating solutions and therefore

efficiently reduces the interfacial tension.

SDS reduces the interfacial tension with a nearly equivalent efficiency in water and both
activating solutions. This indicates that despite the visual insolubility of SDS in the activating
solutions, the solubilized amount is high enough for SDS to exert its surface-active function.

The precipitation of SDS is in agreement with the results reported by Feneuil et al. [44].

CTAB, which is fully soluble in the AABFS activating solution, reduces effectively the interfacial
tension in this system. However, CTAB only slightly reduces the interfacial tension in the MK-
based GP activating solution. This is probably due to the fact that the quaternary ammonium
polar heads of CTAB precipitate with anionic silicate ions present in the activation solution and

form a white precipitate [43],[56].

Brij 010 is almost insoluble in the GP activating solution, as confirmed by its limited impact on
the interfacial tension. On the opposite, in the AABFS activating solution, Brij 010 decreases
the interfacial tension by a factor of about 2 compared to the solution without surfactant.

However, the obtained value (32.20 +/-2.91 mN.m?) is 6 times bigger than in deionized water.

Tween 80 and Span 80 both have the same lipophilic tail but differ by their polar heads. They
are mainly insoluble in the activating solutions. Despite this, with water and with the MK-

based GP activating solution, they significantly reduce the interfacial tension with a
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comparable efficiency. They are less efficient to reduce the interfacial tension with the AABFS
activating solution, especially Span 80. Indeed, Span 80 is less soluble that Tween 80, as shown
by their HLB values.

3.3.2. Relationship between interfacial tension and OL droplet size

In an attempt to relate the structuring or non-structuring behavior of surfactants to the effect
of interfacial tension, the mean volume diameter d[4,3] was plotted as a function of interfacial

tension (Figure 6).

For non-structuring surfactants, droplet size and interfacial tension follow a linear
relationship. In their case, the lower the interfacial tension (allowed by the surfactant), the

smaller the droplet size.

For structuring surfactants, however, droplet size and interfacial tension do not follow a
particular trend. Moreover, the surfactants with a low impact on interfacial tension (Tween

80 and Brij 010) are the most efficient to decrease the droplet size.

This confirms that the interfacial tension is not the only driving force controlling the oil

emulsification. It justifies the following study on diluted ternary suspensions.
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Figure 6: Influence of the surfactants on the evolution of mean volume diameter in
function of interfacial tension.
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3.4. Formation and stability of AAM-oil emulsions: role of solid particles

In this section, diluted ternary systems added with surfactants are investigated in order to
better understand the mechanisms of AAM-oil emulsion stability. Fresh AAM containing oil
are ternary systems made up of two immiscible liquid phases (aqueous activating solution and

oil) and one solid phase (MK or BFS particles), added with surfactant (as a 4" component).

For MK-based GP or AABFS, Figure 7 shows emulsions of oil in activating solution added with
each surfactant (Figures 7a and 7c), and the same emulsions added with solid particles (Figures
7b and 7d). All these mixtures are presented after thorough mixing and 3 days of stabilization
to reach an equilibrium state. This method allows to compare the effect of each surfactant on
the emulsification of oil, either without particles (Figures 7a and 7c) or in presence of solid

particles (Figures 7b and 7d).

3.4.1. Influence of surfactants in the absence of particles (G1-G7 & L1-L7)

As expected, samples without surfactants and particles (G1 & L1) undergo oil creaming and
coalescence. Whatever the surfactant added, oil creaming persists after decanting (Fig. 7a and
c). However, observations of upper phases (i.e. oily phases) using an optical microscope
evidence a resistance to coalescence thanks to the use of surfactants, with still visible oil
droplets (Supplementary Materials - Appendix B3). Moreover, most of the oily phases in
presence of surfactants (Figure 7, G2 to G7 and L2 to L7) are less translucent and display a
higher volume than the references (G1 and L1). In particular, Glucopon is the best surfactant

to increase the oil volume, i.e. to limit coalescence, in both AAM.

3.4.2. Influence of particles in the absence of surfactants (G8 & L8)

For MK-based GP without surfactant (G8, Figure 7b), a significant amount of MK particles is
present in the oil, as shown by the greater volume of the oily phase in comparison with G1.
This means that oil and MK particles interact, i.e. that they have good chemical affinity.
However, a significant amount of MK particles is settling, indicating that the interactions

between MK and oil are partial.

For AABFS without surfactant (L8), some BFS particles remain in the oil but the volume of the
oily phase is almost identical to reference L1, meaning that the majority of BFS particles has

actually settled.
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Figure 7: Pictures of diluted ternary mixtures taken after thorough mixing and 3 days
stabilization. The oil is dyed in blue. Each system (GP or AABFS) uses a different
composition of AS. Top pictures (a and c) are without solid particles, while bottom pictures
(b and d) are with solid particles. The tubes framed in red correspond to the surfactants
promoting attractive forces between the oil and the solid particles.
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Unfortunately, it is impossible to quantify the amount of particles in both phases because the
effective volume of particles is much bigger than the initially introduced volume (5%vol). This
means that the particles are “swollen” by the activating solutions, which is in accordance with
their high water demand. By comparing G8 and L8, it appears that MK particles have more
affinity for the oil than BFS particles. The exact origin of this observation is delicate to
determine because on the one hand, MK and BFS particles differ e.g. in their chemical nature,
size and shape and on the other hand, activating solutions differ e.g. in their density and
viscosity. Samples G8 and L8 were formulated by inverting the activating solutions and the
same observations were made. This allows ruling out the fact that MK particles settle less than
BFS particles due to distinct properties of the activating solutions. In comparison with the low
density of the activating solutions, the density difference between solid particles, respectively
2.4 g/cm3and 2.9 g/cm3 for MK and BFS particles, is not high enough to explain the observed
variations. Another interpretation is that finer particles remain in the oily phase, whereas
larger particles settle due to their weight. However, the median diameters of MK (15 um) and
BFS (11 um) particles are close, and do not support this hypothesis. The significantly higher
specific surface area (see Table 1), and possibly a higher chemical affinity of MK particles for
the oil (compared to BFS) are considered adequate explanations for this phenomenon.
Whatever the exact phenomenon involved, a better wetting of the MK particles by the oil is

obtained, which explains the higher amount of MK particles in the oil phase.

3.4.3. Influence of surfactants on the interaction between MK particles and both
liquid phases (G9-G14)

Two distinct effects of the surfactants are observed. With CTAB, Brij 010, Span 80 and Tween
80, corresponding respectively to samples G9, G10, G13 and G14, a coexistence of the three
components occurs in one single phase, with almost no remaining MK particles at the bottom
of the flask. These surfactants lead to attractive forces between oil droplets and solid particles,
allowing the ternary systems to become almost monophasic, with a major upper phase
composed of a tri-phasic network (activating solution—oil-MK particles), while the bottom
phase is mainly an excess of the activating solution. These upper phases differ in their
structuration, being for example gelled (with CTAB) or rather fluid (with Tween 80). This gelled
or fluid consistency indicates that the stabilization of the suspension is not related to the alkali-
activation of MK particles. On the contrary, Glucopon and SDS (samples G11 and G12) do not
promote interactions of MK particles with oil. These surfactants induce a settling of MK

particles, which is even more important than without surfactant (see reference sample G8).

Being related to the same surfactants, a correlation is done between the strong interactions
of MK particles and oil mixed with CTAB, Brij 010, Span 80 or Tween 80 and the structuring

behavior observed in Figure 2.
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3.4.4. Influence of surfactants on the interaction between BFS particles and both
liquid phases (L9-L14)

The influence of surfactants on the interactions between the three components (BFS particles-
oil-activating solution) strongly differs in the AABFS system compared to MK-based GP. In
presence of CTAB, Brij 010, Glucopon or SDS, respectively samples L9, L10, L11 and L12, the
majority of BFS particles have settled and the oily phase is creaming; volume variations are
limited from one mixture to another. In other words, the volumes of particles and liquid
phases are similar to the sample without surfactant (sample L8). These surfactants do not
promote the coexistence of the three components in one single phase. Span 80 is the only
surfactant promoting a total interaction between the three components, with almost one
single phase remaining and a slight excess of activating solution at the bottom. This behavior
is directly correlated to the structuring behavior observed previously on the corresponding
paste (Figure 2). Tween 80 has a similar effect to Span 80, but the three components coexist
in two distinct phases. The bottom phase contains less oil (i.e. it is less blue) in comparison
with the upper phase; the bottom phase corresponds to settled material, while the upper
phase floats above the mix, due to density differences. This is not sufficient to promote

structuring of the corresponding paste.

3.4.5. Comparison and analysis of the diluted ternary suspensions

In order to quantify the results for the samples with particles (G8-G14 and L8-L14), each mix
is considered as the assembly of three distinct phases (Figure 8, top left). The upper phase is
called “oil emulsion”, because it corresponds to the emulsion of oil in the activating solution,
together with a fraction of solid particles (oil emulsion); the middle phase or “aqueous phase”
represents the activating solution, and the bottom phase or “solid suspension” represents the

settled solid particles.

With this convention, the relative thickness of each phases was measured using the software
Imagel, assuming that the total thickness of the mix is equal to 1. As all the phases have the
same horizontal dimensions (i.e. that of the tube inner diameter), the thickness is directly
proportional to the phase volume fraction. Results are plotted on a ternary diagram (Figure 8)
depending on their phase volume fractions. This diagram shows the presence of two distinct

groups of surfactants.

The first group of surfactants (Figure 8, red zone) represents those, which do not promote the
coexistence of the three components in one single phase; they also include the samples
without surfactants in the diagram. The second group (Figure 8, green zone) represents
surfactants promoting the coexistence of the three components in one single phase (oil

emulsion). In the MK-based GP system, surfactants mainly belong to the second group,
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whereas in the AABFS system, surfactants mainly belong to the first group. Those two groups,
identified from the study on diluted suspensions, match exactly those identified visually in
Figure 2. This means that the interactions between solid particles-oil-surfactant directly

explain the rheological behavior of AAM paste (i.e. structuring or non-structuring).

Solid suspension

\ . ) ® MK-based GP
-I— Oil emulsion 0,0 O AABFS

1.0 * Reference

Aqgueous phase
Surfactants

B None
Brij 010
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0,6 Span 80
B Tween 80
m CTAB

0,2

I" Solid suspension 08

—

0.4

Group 1
Non-structuring
0,6

0,8
Group 2
10 & Structuring
V4 7 7 i 7 T 7 v ’ ¥ 7 0,0 &
Aqueous 0,0 0,2 04 0,6 0,8 1,0 Oil
phase emulsion

Figure 8: Ternary diagram representing the volume fractions of the three phases in tube G8
to G14 and L8 to L14. The black star corresponds to the volume fractions initially added
(75%vol. activating solution, 20%vol. oil, 5%vol. solid particles).

3.5. Discussion: two distinct patterns concerning the effect of surfactants
describe the emulsion formation and stability

All the results presented in this study evidence that surfactants have different impacts on the

properties of fresh AAM throughout the incorporation of mineral oil.

e Rheological measurements (flow curves) along with macroscopic observations
highlight the presence of “structuring” and “non-structuring” surfactants.

e Interfacial tension measurements evidence variations in the ability of surfactants to
act as surface-active agents due to solubility variations in the activating solutions.
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e Droplet size quantification confirms the efficiency of all surfactants to incorporate oil
in AAM, meaning that the interfacial tension is not the only driving force improving the

quality of emulsions.

e The study of ternary systems (activating solution — oil — solid particles) shows that some
surfactants allow the coexistence of the three components in one single phase, while
others do not.

These observations lead to the conclusion that surfactants contribute to the incorporation of
oil in AAM via two distinct mechanisms. These can occur simultaneously or not. They are

summarized in Figure 9.

In the classical mechanism or mechanism of action 1 (Figure 9, left), the surfactant simply
reduces the oil droplet size by decreasing the interfacial tension. This is actually the classical
way by which emulsions are formulated. In that case, the particles do not have a direct role
on the stability of oil droplets. In order to allow Mechanism 1, surfactants need to be
sufficiently soluble in the continuous phase to reduce effectively the interfacial tension, by

positioning themselves at the interface between both liquid phases.

The singular mechanism or mechanism of action 2 (Figure 9, right) is more complex and
involves the solid particles. For instance, is has been shown that clay modified by surfactants
are good candidates to form Pickering emulsion [58]. However, the stabilization of the ternary
systems in our research cannot be directly considered as a Pickering emulsion [9], because
Pickering systems are characterized by oil droplets at least ten times bigger than stabilizing
particles [59]. In our case, the sizes of oil droplets are of the same order of magnitude as BFS
and MK particles (i.e. a few microns). For instance, the mean size of oil droplets in MK-based
GP pastes containing Brij 010 is below 10 um, which is smaller than the mean particle size of
MK (> 10 pm).

The viscosity increase of fresh AAM in the presence of structuring surfactants and oil also
recalls capillary systems studied by Koos [35],[36],[60]. In these ternary systems, oil droplets
place themselves between solid particles, hence creating aggregates that are leading to a
strong structuration of the mixture. However, in these systems controlled by capillary forces,
the addition of surfactants tends to decrease the structuration of the medium, because the

amplitude of capillary forces is proportional to the interfacial tension.

In our case, the viscosity increase of AAM pastes due to structuring surfactants, even in the
absence of oil, indicates the formation of particle aggregates. They have been observed in this
study in Figure 5b. This occurs very probably via the interactions of surfactant polar heads with
MK or BFS hydrophilic surfaces. In such instance, the lipophilic chains of the surfactant remain
vacant and available to interact with each other, creating aggregates of particles. A wide range

of studies evidenced the formation of these “hydrophobic forces” due to the presence of
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surfactants at the surface of suspended solid particles, with strong impacts on the viscosity of

the corresponding suspensions [42], [44],[51].

In particular, the presence of the aggregates induces an important increase in the effective
volume fraction of solid particles, when compared to suspensions containing individualized
particles [61]. The well-known Krieger and Dougherty equation describes that the apparent
viscosity depends on the effective solid volume fraction [62]. According to Sakamoto et al.
[63], these attractive forces might be due to air bridges formed between particles, created by
the coalescence of micrometric air bubbles stabilized by surfactants and introduced in the
mixture upon mechanical stirring. The parallel between air bubbles and oil droplets, which are
incorporated in AAM, could explain the presence of attractive forces and higher viscosities. In
Mechanism 2, as the mineral oil (an alkane) is chemically similar to the lipophilic chains of the
surfactants, it is thought that the oil positions itself between solid aggregates in the form of
droplets. This causes an even greater increase in viscosity. From an energy point of view, it is
less costly for the oil to interact with the lipophilic chains of the surfactant than directly with

the continuous aqueous phase.

To fulfill Mechanism 2, surfactants need to be insoluble in the continuous phase and able to
adsorb at the surface of solid particles via their polar heads. For example, it has been shown
that alkyl poly-glucosides are unlikely to adsorb at the surface of kaolinite particles [64];
anionic surfactants are incapable of adsorbing at the surface of smectite particles in alkaline
conditions because of electrical repulsion [42]. With this interpretation, it is clear that

Glucopon and SDS surfactants cannot act via Mechanism 2 in fresh AAM.

Moreover, the two mechanisms described in Figure 9 are extreme cases, in which surfactants
are whether perfectly soluble or completely insoluble. In such case, they are purely acting via
only one of the two mechanisms. In practice, most surfactants are at least partially soluble in
the activating solutions and probably act via a combination of both mechanisms, as it was
inferred when measuring the interfacial tension. For instance, Tween 80 is soluble enough in
MK-based GP pastes to effectively reduce the interfacial tension (Mechanism 1) and it also
adsorbs at the surface of MK particles, causing a strong increase in viscosity (Mechanism 2).
With these two mechanisms in mind, a surfactant would be inefficient if it was simultaneously
insoluble in the activating solution and incapable of adsorbing at the surface of solid particles.
This could be the case of Brij 010, which is almost insoluble in AABFS pastes, and does not
anchor at the surface of BFS particles as shown by interfacial tension and rheological

measurements.

Finally, it is easier to promote the agglomeration of particles in MK-based GP mixes than in
AABFS mixes (Figure 7). In other words, the classical mechanism seems to be favored in AABFS

and the singular mechanism seems to be favored in MK-based GP. This might be due to the
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higher surface area of MK (17 m2.g%) in comparison with BFS particles (0.45 m?.g) [65], which

promotes surface interactions significantly higher in MK pastes.

Mechanism 1 (M1) Mechanism 2 (M2)
Rheology Non-structuring Structuring
of .
Surface active Efficient Poor or Moderate
property
0I|-.SO|IC| pa.rtlcles Low o
interaction
Oil droplet size Finer and more homogeneous than Finer and more homogeneous than
distribution without surfactant without surfactant

Concept mapping

Span 80
Glucopon CTAB
MK-based GP sDS Tween 80
Brij 010
Glucopon
SDS
AABFS CTAB Span 80
Tween 80

Figure 9: Schematic representation of the two action mechanisms of surfactants for the
incorporation of mineral oil in AAM. Classical mechanism 1 (left) and singular mechanism 2
(right). The light blue background represents the AS, the red circles represent the oil
droplets and the brown hexagons correspond to the particles (BFS or MK). The green
circles and the black lines correspond to the surfactant heads and tails respectively.
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4. Conclusions

A low viscosity and non-reactive mineral oil was successfully incorporated in a proportion of
20%vol. in alkali-activated pastes made of MK or BFS particles, in order to form stable
composite materials (oil immobilization). In both types of AAM, the oil incorporation is
insufficient without surfactant, because heterogeneous and large visible droplets are
observed. The use of cationic (CTAB), anionic (SDS) or non-ionic (Brij 010, Tween 80, Span 80

or Glucopon) surfactants successfully improves the incorporation of the oil in fresh AAM.

Rheological investigations, interfacial tension measurements and the analysis of diluted
ternary suspensions show that surfactants proceed in two distinct behavior patterns to
improve the incorporation of oil in AAM. The classical mechanism (Mechanism 1 or M1)
reduces the interfacial tension to stabilize the emulsion of oil; it is the main surfactant
mechanism in AABFS slurries. The singular mechanism (Mechanism 2 or M2) promotes the
interaction of solid particles with the oil to stabilize the emulsion of oil; it is the main
mechanism of action in MK-based GP slurries. These behavior patterns depend on the
solubility of surfactants in the activating solutions and are valid for any alkane-type oil

incorporated in AAM.

According to droplet size measurements, the incorporation of mineral oil exhibits higher
performance in MK-based GP than in AABFS.

Finally, from an applicative point of view, M1 should be favored if a good workability of fresh
AAM is required, whereas M2 should be targeted if the stability of the hardened composite
AAM over time is the most crucial feature, in particular to potentially provide a better

resistance to leaching (owing to greater oil-particles interactions).

Only a few surfactants will be considered in chapter Ill as described below:

AABFS MK-based GEO
e Glucopon (M1) e Glucopon (M1)
e CTAB (M1) e CTAB (M2)
e Span 80 (M2) e Brij 010 (M2)

Tween 80 is not considered as its behavior is similar to Brij 010 and SDS is not considered
because of its poor efficiency. Span 80 is considered in AABFS only because it is the sole
surfactant acting under M2 in this material. Brij 010 is considered in GEO only because it is
less efficient in AABFS.

88




Chapter II: Incorporation of low viscosity oil in alkali-activated materials

Acknowledgments

This project has received funding from the European Union’s Horizon 2020 research and
innovation program for Nuclear Fission and Radiation Protection Research (Call NFRP-2019-
2020) under grant agreement No. 945098 (PREDIS). Chevreul Institute (FR 2638), Ministére de
I’'Enseignement Supérieur et de la Recherche, Région Hauts de France, and FEDER are

acknowledged for supporting and funding part of this work.

89



Chapter II: Incorporation of low viscosity oil in alkali-activated materials

Appendix A
Al- State-of-the-art on emulsions

Emulsification processes. In order to create an emulsion, e.g. of an OL into a cement slurry,
stirring occurs first under a laminar fluid flow (at low blade speed), and then under turbulent
flow at greater blade velocity. The main driving parameters of the process are the capillary

number Ca (in laminar regime) and the Weber number We (in turbulent regime).

The capillary number is defined as the ratio between the shear stress and the capillary

pressure, and it is written as [66]:

_ ne Ry
Y

Ca (6)

where 1. is the dynamic viscosity of the continuous phase (in Pa.s), y is the applied shear rate
(in s1), y is the interfacial tension (in N.m™) and R is the droplet radius (in m). The critical
capillary number Cac is the value above which a droplet of radius R breaks (due to viscous

forces overcoming surface tensions), creating smaller droplets.

The pioneering works of Grace [32] have shown experimentally that the Ca. depends on the
viscosity ratio p, defined as: p = na/nc, where nq is the dynamic viscosity of the dispersed phase
and nc is the dynamic viscosity of the continuous phase. In the viscosity ratio p range between
0.01-1.0, Cacis minimal and on the order of 1, meaning that droplet break-up is easy, whereas

at lower or higher viscosity ratios, the value of Cac increases very quickly.

In a turbulent flow regime, the break-up of an OL droplet is due to both viscous forces and

inertial forces within the scales of macro-turbulence and Kolmogorov micro-turbulence (i.e.

\ D2
for a droplet Reynolds number R, = pc YR /477c greater than 5, where p.. is the density of the

continuous phase), the inertial forces are predominant [67]. In such case, a Weber number W
is defined as the ratio between the kinetic energy of a droplet due to turbulent fluctuations
(ec) and the energy related to the interfacial tension (&;). The break-up of a droplet occurs for

a critical Weber number on the order of 1.

In the vicinity of the mixing blade, the turbulent flow regime corresponds to droplet sizes on
the order or below the scale of Kolmogorov micro-turbulence. In such case, the droplet break-
up is mainly due to viscous forces (and not to inertial forces), and the capillary number Ca is

considered again.

Stability of the emulsion. A major destabilizing process for emulsions is coalescence, i.e. the

fusion of two or more droplets into larger ones.
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The coalescence of two neighboring droplets is driven by disjoining pressure . The latter
depends on the distance h between the two droplets; it is described as the sum of an
electrostatic repulsion e (negative value), a steric repulsion 15 (negative value), and the Van

der Waals attraction ma (positive value) [33]:
w(h) = g + g + My @)

The interfacial film is stable if [Ty + 7g| > 4.

A2- Preparation of the AAM slurries

For both materials, the first step consists in preparing the alkali-activating solution. Sodium
hydroxide pellets are dissolved in water purified by reverse osmaosis. In the case of MK-based
GP, sodium silicate solution (Betol 39T) is also added. The blend is left to cool down to room
temperature for several hours. After cooling, the surfactant is added to the activating solution,
and the mix is stirred mechanically at 800 rom with a helical blade. At this stage, the solid
precursor powder (MK or BFS) is quickly added to the activating solution and the mixing is
carried out for 5 minutes until stabilization. Finally, the mineral oil is introduced in the cement
paste at a constant flow rate of 4 mL.mm™™ in order to obtain a composite material with an oil

volume concentration of 20%vol (% of the total cement paste + oil volume).

Visual inspection of all pastes is performed, and photographs are taken (see Results section).
For these observations, the oil was colored in red using an organic dye (Sudan Il red) to create

a stronger contrast between both liquid phases.
Pastes without coloring dye are used for rheology measurements (see Sub-section 2.3).

After hardening, the densities of pure AAM pastes (i.e. without oil) are 1.75 g.cm™ (+/-0.02)
and 2.00 g.cm (+/-0.02) for MK-based GP and AABFS respectively.
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Appendix B
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Appendix B1: Influence of surfactants on the size of oil droplets in MK-based GP:
microscopic observations and corresponding droplet size distributions.
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Appendix B2: Influence of surfactants on the size of oil droplets in AABFS: microscopic
observations and corresponding droplet size distributions.
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Appendix B3: Microscopic observations of upper phases of samples G2 x500 (left) and S4
x300 (right)
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Chapter lli

How are alkali-activated materials impacted by
incorporating low viscosity organic liquids?

OIL/AAM composite

Stable OIL/AAM s
materials

emulsion
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Chapter lll aims at assessing the most adequate type of alkali-activated material (AAM) for
the immobilization of mineral oil. The originality of this chapter is the direct comparison of
two binders based on different raw materials, under the same processing conditions. Also, it
aims at assessing how alkali-activated materials are impacted by incorporating mineral oils. In
other words, it is a question of whether the impact on mechanical properties is due to physical
reasons only (e.g. porosity increase due to oil incorporation) or chemical reasons as well (e.g.

change in reaction products).

99







Summary Chapter lll

PREAMBLE CHAPTER I cccueuueiuiiiiiiiiiiiiiiiiiiinniineeieeieamsemsmssessiiiiiiieiietiteteitesmssssssssssssssimesssisstiessessssssssss 103
1. CLASSIFICATION OF ALKALI-ACTIVATED MATERIALS .....cccooiiiiiimnnnnretiieiiiiiinnnenentieeeisieiinmsmsseesseseesses 103
2. AAM WITH LOW CA CONTENT: GEOPOLYMERS......cccooivmmruneiniiiiiiisisnnnieneeeiniiisisnsnnneeeiecesssssssssenen 104
2.1. STRUCTURE ...ttt tetenesteue st seeuemeeeeseaeseeae st eeese st eseseseeeaen s et esenseaesea e eeese st ebes e eeeses e ssene et eeeneaeebeseaseseneeeenns 104
2.2. FORMULATION ... ttueattteetete et eteteseetesesseseseaeeseesseseneeeeseseetes e seetesesees et e e s eneasesese s et eneaseaeneseeaeneseeaenessenens 105
3. AAM WITH HIGH CA CONTENT: C-A-S-H ...cuururiiiiiiiiiiiiiiinnntiieiiiinicinnnnsieieeeieniisenmessssmeeeisssensnssssen 106
3.1. STRUCTURE ...ttt ittt sttt s a e s s s e ae e s hb e e e et e e sh s e b s e st s eb b e eb b e bb s et e eaa s e b s b e b s 106
3.2. FORMULATION L.ttt ea bbb a bbb s s ae s b s s bt s sae e sabesas e sbaesnae e 107
4, WATER PERMEABILITY OF AAM ...cciiiiiiiiiimmmmnmnnneiiiiiiiiiiiiieeiiiiiitemmesisssssssssesiimiimeiiesttestssssses 108
REFERENCES .....coitiiiiiiintientiiieiiiiiiiiieteteesiniiesiissessssneeestnssssssssssssnestessssesssssssssssnentesasssesssssssssareessesssssossssans 110

CHAPTER Ill: HOW ARE ALKALI-ACTIVATED MATERIALS IMPACTED BY INCORPORATING LOW VISCOSITY

ORGANIC LIQUIDS? ...ciiiieiiinnnrennnsenimisssssssssssssasssssssssssssssssssssssssssssssssssssssasssssssessssssssssssssassssssesssssssssasasssssssssss 113

ABSTRACT ..ceveetiiiiiiiiiiniiiieiietitetiseetestasssssssssssssssssssssississesaesessssssssesssssssssssssssssssssssssasssssssssssssessesssssassassssssssss 113

1. INTRODUCGCTION ... ciitiiiiiiitiineiietiaessssssssssssssssssmssismsssessessssstsessssssssssssssssssssssssssssaessessssssesseasssssssasssssssssssss 114

1.1. INDUSTRIAL CONTEXT 1. tettvuuneerersueeerrssuteeeessseaeeessssneeessesnnnsssssnnsessssaneeessssnseessssnnessessssnseessssneeessssnoneesssnnns 114

1.2. SCIENTIFIC BACKGROUND. ...cuuuuiietitneeeetttiieeeretteteesssnneesssssneeessssensessssnseessssneesssssnesessssssessesssoeeesssssneeerses 114

1.3. AAIIMS AND SCOPES ..vvvteeeitttieeetetieeeettt e eeesauaeeessesaaessssaaneresastnseesssaneesssssnsssssannseesssnnsesssssnsnessssnnesssnsnns 115

2. MATERIALS AND IMETHODS .....ccceuutuueummniiiisiiiisiiniinmsimnmmmseisssssssssssssssssssssssssssmssmssssssmsssssssssssssssssssssssses 116

2.1. RAW IMATERIALS .. vvttieeetttieeeeeesteeesessnieeeesssneesssssneessssnnessssssnnssessssneeessssnseessssnsseessssnseessssnneesssssnnessessnns 116

2.2. PREPARATION OF COMPOSITE MATERIALS «.vevvuuneeerrruneeerresnneessesnneeessssnseesssneeesssssnnessssssnssssssneseessssnsnessssnns 117

2.3. CHARACTERIZATION OF COMPOSITE MATERIALS 1.vvvuterrtrtneeeertuneeeeressneseessanesessssneeessssnenessssnnessssnsnseessssnneeesses 118

D7 20 R = ¢} V2 [olo 1 ol g 1o [lo Tot £ =T {1 [ ¢ O P 118

23.11 Density and Porosity MEASUIEMENT ....cccuiiiiiiriieertiee ettt st sbee st eestaeessreessbeessaesaseesanes 118

23.1.2 Compressive StreNgth MEASUIEMENTS.....c.viv e ittt e sre e e e s ste e s sabeeseaesans 119

23.13 2D SEM ettt e e s bt e e e eh bbbt e e b e ae s s e b bt e e e s e b bbe e e ee b aee e s snrrees 120

2.3.1.4 3D X Ray micro-Computed Tomography (3D X Ray MICro-CT)....ccceveverueeruerieesiereenieeseeeseeeneesseesaennns 120

2.3.2.  Chemical CRAIrACLEIIZATION ........oeevueeeiieieiieesieeesiit e stitest ettt este st e ete st e e ststeesstaessssessasessnseaens 122

2.3.2.1 LY Lol o Rror-Y Lo o Ty g =1 YA OO SRR TP UPRPOPPPONY 122

2.3.2.2 X RAY Diffraction (XRD) ...ccceeueerierueerteeiteeteesreieeseesteesseeseeseeesesseesssensaesssessessssenseessesssesssesssessesssense 122

2.3.2.3 Solid state Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) .....cccovveviineeneerieenennns 122

3. RESULTS AND DISCUSSION .....cccevetumuunnrnnssssinseiisminsinmeiensemssssssssssssssssssssssssssssssssssssesssssassssssssssssssssssssssns 123

3.1. PHYSICAL CHARACTERIZATION ..vetutieeurteritteesittesirteeensteibae st eesabaestesssbasess bt e shaaeebbeesabesesbbaesaneesanneessseeenns 123

3.1.1.  Visual assessment of the incorporation of LVOL in hardened AAM .............oeeeeevveeeecviveeeeeeivennn. 123

3.1.2. Influence of LVOL and surfactants on the mechanical strength and pore structure of AAM...... 125
3.1.21 Effect OF SUMTACtANT....coueieee ettt ettt st st sae e e s

3.1.2.2 Effect of 20%vol LVOL
3.1.2.3 Effect of 40%vol LVOL

3.1.3.  Influence of surfactants on the emulsion in hardened AAM ....

101



3.1.3.1 Qualitative emulsion droplet aNalYSis .......eeevueeriiiiiieiiieeeeee e s e 132

3.1.3.2 3D representation and analysis of emulsion COAlESCENCE .......cuevvevvirierieieeceeee e 134

3.1.3.3 QUANTILALIVE @NAIYSIS .evveieiieieiiie ettt s se e et e e sa e e s te e enbbe e e steeesabeenneaenane 136

3.1.4.  Chemical CRAIrACLEIIZALION ........eeevueeeiieieiieeiieesiit e stitese ettt st e e eate st eesistaesstaesssaesssseesseaens 137
3.14.1 Influence of LVOL or surfactants on the heat evolution of fresh AAM........cccceciiiiiniiinieniecnicnieen. 137

3.1.4.2 Influence of LVOL or surfactants on the crystalline reaction products of AAM .......cccccccevevveevenivennen. 138

3.1.4.3 Influence of LVOL or surfactants on the amorphous reaction products of AAM ........cccccecvvevvennvennen. 141

4. CONGCLUSIONS ......coottiiiriermeesmnenseesssssssissssissmsiisremmemssssssssssssssssssssssssssssssssnssssssanssrssssssssssssssssssssssssssssssss 144
ACKNOWLEDGIVIENTS .....iiiuiuiiiiiiimueiietiienesiiiieasiistisasssssieresssesstemmessssssssmssssssstessssssssssssssssssssasssssssssssnssssssses 145
Yo =1 | N 146
REFERENCES .....ccoeiiiiiiieiienientinnesiiiiiiiisiisississinniirenmsssssssssssssssssssssssssssssnismsssnseresssssssssssssssssssssssssssssssssssssnassassans 152

102



Preamble Chapter Il

Preamble Chapter lll

This chapter compares the two main types of alkali-activated material (AAM) for the
immobilization of mineral oil. Despite being part of the same family, they strongly differ in
terms of raw materials, reaction products, activating solutions, etc. This preamble section aims

at shortly describing these two types of materials.

1. Classification of alkali-activated materials

The most apparent difference between alkali-activated binders and a traditional Portland
cement is that the hardening of Portland cement is induced simply by mixing dry cement
powder with water, whereas alkali-activated materials (AAM) are generally obtained by the

activation of solid powdered precursors by an alkaline source [1].

AAM are obtained through the chemical reactions between two components, the alkaline
activator (generally an aqueous liquid), and an aluminosilicate reactive solid precursor
(generally a fine powder). Alkali activators are composed of alkali metals, in the form of
hydroxides and/or silicates, dissolved in an aqueous solution. Materials used as solid
precursors, mainly composed of aluminosilicates, are usually in a powdered and amorphous
(reactive) mineralogical state. Figure 1 (left) presents the main raw materials used to prepare
AAM in a ternary diagram CaO-SiO;-Al;0s, into perspective with conventional Portland

cement.

Sio, Si0;

06

Portiand cement
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ca0o * Emesione & .
203 1 09 08 o7 06 0s 04 03 02 01 0

Figure 1: Ternary diagram Ca0O-Al,03-SiO; of (left) raw materials used to prepare AAM [2]
and (right) reaction products formed after alkali activation [1].

In discussing the chemistry of AAM, it is necessary to classify these systems as a function of
the gel network that dominates their structure. This distinction is drawn based on the amount
of calcium present in raw materials as seen in Figure 1. Ca-rich systems are generally
considered when the molar ratio Ca/(Si + Al) is greater than 1. Two main gel types are

distinguished:
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e In Ca-rich systems, the major phase is a hydrated calcium aluminosilicate gel noted
“C-A-S-H” (in the cement industry, C is for CaO, A for Al;03, S for SiO; and H for H,0).
Raw materials leading to the formation of C-A-S-H gels are generally blast furnace slags
(BFS) or class C fly ashes.

e |n Ca-poor systems, the major phase is a sodium (or potassium, lithium or a mix of
these) aluminosilicate gel noted “N-A-S-(H)” (or M-A-S-(H) with M=Na;0, KO or Li,O
or a mix of these, and N=Na;0). Raw materials leading to the formation of N-A-S-(H)
gels are generally metakaolin or class F fly ashes. The N-A-S-(H) gel is an amorphous

reticulated 3D aluminosilicate framework.

The Q"(mAl) notation is often used to describe the local environment of silica atoms in the C-
A-S-H and N-A-S-(H) aluminosilicate networks. Q represents a Si atom, n its degree of
connectivity with neighboring oxygen atoms and m the number of second neighboring

aluminum atoms [3]. This notation is illustrated in Figure 2 forn=4and 0 < m < 4.

Si Si Si Si Al
o~ -~ o~ - o~

| ] | ] |
Si Si Si Si S! Si Al Si Si Al Si. Al Al Si. Al
\o/ ’:,\O/ \o/ E\O/ \0/ .::\o/ \o/ ,_\O/ \o/ \O/
o 0 o o o

7 / / o /

Si Al Al Al

Q*(0Al) Q*(1Al) Q*(2A1) Q*(3Al) Q*(4Al)

Figure 2: Coordination of Si atoms described in the Q"(mAl) notation, forn=4and 0<m <
4[3].

2. AAM with low Ca content: geopolymers

2.1. Structure

In the late 70s, J. Davidovits drew the attention to Ca-poor AAM based on metakaolin and

named these materials geopolymers by analogy with organic polymers [4].

N-A-S-(H) gels are formed by poly-condensation reactions using water as a solvent, after which
water is released. Hence, water is not part of the final N-A-S-(H) framework and is presented
into brackets. It is said that water is free and mainly present in pores whose sizes and
proportions depend on the formulation conditions. Provis et al. [5] proposed that N-A-S-(H)
gels and zeolites structures are locally similar. However, although N-A-S-(H) gels are very
similar to zeolite-like crystalline structures, they appear as disordered (amorphous) when the
scale of observation is higher than a few Angstréms and are therefore difficult to observe using
analytical techniques based on diffraction. Figure 3 represents the N-A-S-(H) structure as
proposed by Barbosa et al. [6]. It is comprised of Si** and AI** cations in tetrahedral

coordination (Q?), which are linked together by oxygen bridges. This provides a tridimensional
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solid framework in which the negative charges from each tetrahedral Al (AlOs) are

counterbalanced by alkali cations (e.g. Na*).

Figure 3: Schematic representation of the three-dimensional N-A-S-(H) structure as
proposed by Barbosa et al. [6].

2.2. Formulation

The following information are given for Na-based geopolymers, but they are also useful for K-
and Li-based geopolymers. Acid-activated geopolymers also exist, but they are not considered

in this research due to a very limited knowledge of their durability.

The composition of a sodium-based geopolymer is generally defined by three molar ratios: 1)
Si02/Alx03; 2) H,0/Na20; 3) Na,0/Al.0s. These parameters influence the microstructural
arrangement of the N-A-S-(H) gel and, as a consequence, the macroscopic properties of the
final solid material. In general, the Al content is fixed by the solid aluminosilicate precursor,
which is the only source of Al. Other species are adapted in the alkali-activating solution to
meet the desired molar ratio. Accordingly, the activating solution is generally a mixture of

alkali silicates and alkali hydroxides.

Si02/AlSiO3 (Si/Al): The molar ratio Si/Al is the most important parameter in formulating
geopolymers. For instance, Duxson et al. [7] have shown that mechanical properties are
improved with increasing Si/Al in the range 1.15 to 1.90. This is explained by the Loewenstein
principle, which states that Al-O-Al bindings are not favored thermodynamically [8]. Hence, if
the amount of Si is not sufficient, aluminosilicate chains will be shorter and not fully
interconnected, whereas in Si-rich systems the formation of widely interconnected
frameworks is possible. The pore structure is also impacted by the Si/Al ratio. For formulations
with Si/Al < 1.4, the microstructure comprises large interconnected pores, while formulations
with Si/Al > 1.65 display a fine, homogenous and non-connected pore network [7]. It is noted
that high Si contents lead to the presence of Q3 coordinated Si, which reduces the

polymerization degree and the mechanical performances of the final materials [1], [7].
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H20/Na;0: The molar ratio H,0/Na0 is also important. Indeed, on the one hand, the amount
of water must be sufficient to allow an effective mixing of the reactants and ensure a good
mobility of the ionic species. This is associated with a good workability of the fresh grout. On
another hand, the amount of water should not be too high to avoid diluting the reactants,
which would lead to increased setting times. As it is not part of the final structure, a high
amount of water also drastically decreases mechanical properties by creating more numerous

and larger pores. This was for instance shown by Barbosa et al. [6].

Na.0/AlL0z (Na/Al): A molar ratio Na/Al close to 1 seems to be the optimum concerning
mechanical performances of geopolymer materials [9]. Hydroxide (HO") ions contribute to
dissolving AI** and Si** cations from the solid precursor, whereas Na* ions contribute to
forming the N-A-S-(H) network by counterbalancing negatives charges arising from the

[AlO47] species.

3. AAM with high Ca content: C-A-S-H

3.1. Structure

There is a consensus on the main hydrated product formed during the activation of Ca-rich
systems. This is a poorly crystalline calcium aluminosilicate gel, noted C-A-S-H and similar to
the C-S-H gel formed in Portland cement but with a lower Ca/Si ratio and the incorporation of
Al [10]. C-A-S-H gels are made from hydration reactions, meaning that water is part of the final
solid framework. A significant part of the water is therefore chemically bound, contrasting
with the free water present in the N-A-S-(H) structure. However, free water is also present in
C-A-S-H systems, owing to the excess of water required to have workable fresh grouts. In
general, it is considered that C-A-S-H gels have a weakly organized structure similar to the
tobermorite 14A arrangement. The tobermorite architecture is composed of silicate chains
(Q% or Q@3) along which repeating units called “dreierketten” follow one another. Some

additional rules are acknowledged:

e Aluminum is present only in bridging sites [11].

e According to the Loewenstein principle, Al-O-Al bindings are not favored
thermodynamically [12].

e There are no Q°or Q}(1Al) in the structure of a C-A-S-H.

e C-A-S-H might be written C-(N)-A-S-H due to the fact that Na* could replace Ca%* in the

gel structure even if it is not favored [13].

A schematic representation of the C-A-S-H structure taking into account the above-mentioned

information is given in Figure 4 [1].
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Figure 4: Tobermorite-like C-A-S-H structure. Blue triangles represent tetrahedral silicates,
red triangles represent Al substitution at bridging sites, green bands represent CaO layers
and circles represent various ionic species present in the aqueous intermediate layer (Ca?*,
Na*, HO, ...) [1].

3.2. Formulation

Although numerous generalities are widely accepted about the C-A-S-H structure, several
parameters can affect their microstructure and hence modify the macroscopic properties of
the final solid materials. The formulation of Ca-rich systems is generally controlled by two
parameters: 1) The type of activation; 2) The water to solid precursor mass ratio (W/S). The

Ca content is fixed by the solid aluminosilicate precursor, which is the only source of Ca.

Type of activation: Contrarily to Ca-poor systems, Ca-rich precursors can be effectively
activated by alkali hydroxides, silicates, carbonates or sulfates [14]. Alkali metal hydroxides
and silicates are the most widely used [13]. In general, the hydroxide activation accelerates
the reactivity, which leads to an early decrease in the mobility of the ionic species in the
system. On the contrary, the activation by silicates leads to a slower reactivity, allowing a
uniform precipitation and a higher degree of reaction. This difference results in materials with
larger and more numerous pores in hydroxide-activated materials. The type of activation also

modifies the Ca/(Si+Al) molar ratio.

Ca/(Si+Al): The Ca/(Si+Al) molar ratio varies depending on the type of activation (i.e. on the Si
supply) and the composition of solid precursors (i.e. on the Ca supply). Hydroxide-activation
leads to a higher Ca/(Si+Al) than silicate-activation. Consequently, studies conducted by
Puertas et al. [10] and Jiménez et al. [15] highlighted that hydroxide activation results in the
formation of Q2 species mainly, while the amount of Q3 species is low. This indicates that linear
aluminosilicate chains are hardly connected, leading to the formation of an open
microstructure with a higher porosity and lower mechanical performances. On the contrary,
silicate activation generates a high number of Q3 species, implying a higher connectivity
between aluminosilicate chains. The resulting microstructure is denser, more compact with a
lower porosity and higher mechanical performances. Other than the type of activation, the

amount of Ca present in the solid precursor also affects the Ca/(Si + Al) ratio. It has been
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observed that the gel connectivity, irrespective of the type of activation, increases with
decreasing amount of calcium, which is in accordance with previously discussed observations
[16].

Water/Slag (W/S): In terms of reactivity and workability, the importance of water is similar in
Ca-rich systems as is Ca-poor systems. It is well known that increasing the amount of water in
Ca-rich AAM decreases the mechanical performances of the final solid material [17]. However,
Yang et al. [18] also highlighted that if the amount of water is too low, mechanical
performances decrease as well. This can be understood by the fact that in Ca-rich AAM, water

is part of the formed C-A-S-H framework.

Solid precursor composition: Ca-rich AAM may be obtained from the activation of blast
furnace slag (BFS). The composition of BFS varies significantly depending on its origin but it
can be simplified in a quaternary system: MgO-Ca0-SiO,-Al;0s, with other components
considered as negligible [14]. Due to structural restrictions in the tobermorite-like structure,
the presence of high amounts of Al and/or Mg lead to the formation of secondary phases,
impacting the final properties [14]. For instance, some authors mention hydrotalcite as a
second main phase intertwined with the C-A-S-H gel [13] and systems activated with alkali

hydroxides generally lead to the formation of AFm secondary phases [19].

4. Water permeability of AAM

The above-mentioned formulation parameters affect the percolating pore network of AAM
binders, which has a direct impact on the ability of AAM to resist fluid mass transport and

degradation.

In particular, water permeability of AAM is one of the key transport properties (besides
diffusivity) to assess their durability [20] and their ability to confine HTO. Water permeability
is driven by the pore volume, size and morphology (succession of small and bigger pores,
presence of non-percolating pores, etc.). The type of precursor and the amount of water are
the two main factors influencing the gel structure of AAM and thereby their water
permeability. This is summarized by Nguyen et al. in Figure 5 [21]. In terms of precursor type,
N-A-S-(H) gels result in a much higher water permeability (10 m.s) compared to C-A-S-H gels
(1013 m.s?) [21]. This is generally attributed to the intrinsic higher porosity of N-A-S-(H) gels
[21], but it is mainly due to the easiness to generate cracks in N-A-S-(H) solids [22], [23], which
are significant fluid pathways. For both types of gels, a higher amount of water leads to a

greater permeability due to the larger pore volume and pore sizes.

Among the C-A-S-H, the type of activation (hydroxides or silicates) also influences the pore
structure. Blyth et al. [21] highlighted that silicate-activated BFS possesses lower permeability

than ordinary Portland cement (OPC) paste at similar water content. On the contrary,
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hydroxide-activated BFS are three orders of magnitude more permeable. This is explained by
the smaller pore volume and the finer pore size distribution of silicate-activated BFS in
comparison with hydroxide-activated BFS [20], [24].

Water/binder ratio
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Figure 5: Water permeability of AAM depending on the type of solid precursors and the
amount of water [21].
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Abstract

This research determines an adequate alkali-activated material (AAM) for the incorporation
of huge amounts (20 or 40%vol) of low viscosity organic liquids (LVOL), e.g. for waste
stabilization/solidification. The selected AAM are either based on high-Ca content blast
furnace slag, or on low Ca-content metakaolin, i.e. on a geopolymer matrix.

First, the selection of the AAM is performed to ensure no LVOL leakage and a sufficient
compressive strength f. (> 8MPa). Surfactants are compulsory to allow incorporation. After 90
days curing, for slag pastes, fc ranges between 10-20 MPa at 20%vol LVOL, but it is zero at 40%
LVOL, whatever the surfactant. For geopolymer pastes, the AAM-LVOL composites have an
average fc of 25 MPa at 20%vol LVOL, and of 15 MPa at 40% LVOL.

With surfactant, the AAM solid pore structure of slag pastes is denser (with smaller specific
surface area and micropore amount); it is unchanged for geopolymer pastes. Whatever the
surfactant, air entrained bubbles are present. Their proportion is maximal with Glucopon.
Together with LVOL presence, this generally contributes to decreasing f..

The emulsion (entrained air+LVOL droplets) is characterized in hardened AAM by combining
2D Scanning Electron Microscopy and 3D X-Ray micro-computed tomography. Surfactants
significantly decrease the emulsion droplet size distribution. For geopolymer pastes up to
40%vol LVOL, the most adequate surfactants are Brij 010 and CTAB; for slag paste up to 20%
vol LVOL, it is CTAB.

Moreover, the setting reactions are not impacted by LVOL or surfactants, and neither are the
reaction products. It is concluded that the decrease in mechanical performance of AAM-LVOL
composites is only due to physical reasons, particularly the decrease in AAM proportion, the
emulsion quality (coalescence, droplet size and shape) and air entrained bubbles.

Keywords: Alkali-activated materials (AAM), geopolymer (GEQ), blast furnace slag (BFS),

surfactants, low viscosity oil.
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1. Introduction

1.1. Industrial context

The incorporation of organic liquids (OL) into cementing materials has several significant
benefits. These include the immobilization of radioactive waste from the nuclear industry or
from medical uses [1]-[3], the design of composite materials with increased thermal inertia by
incorporating phase changing materials (PCM) [4]-[7], the formulation of ultra-porous
materials (i.e. foams) by OL extraction [8]-[10], or the development of materials with

reinforced and/or emerging properties [11]-[13].

Although significant research has been conducted on incorporating OL into ordinary Portland
cement (OPC), it is not of practical use, due to the difficulty of incorporation and consequent
unfavorable characteristics, such as delayed setting time, loss of strength and uncertain long-

term stability, all of which are increased with increasing OL content [14]-[18].

The issues of the incorporation of OL can be addressed by using alkali-activated materials
(AAM) instead of OPC. AAM do not only provide performances comparable to conventional
OPC concretes, but also additional advantages, including high OL incorporation rates (up to
20-60%vol) [19]-[21], rapid development of mechanical strength, small drying shrinkage, high

fire resistance and superior acid resistance [22]-[24].

1.2. Scientific background

Two main types of AAM are distinguished, depending on the selected raw materials [25]. The
alkali-activation of solid precursors with low calcium contents (e.g. class F fly ash or metakaolin
MK) results in N-A-S-(H) gels through poly-condensation. N-A-S-(H) possess a three-
dimensional imperfect (amorphous) aluminosilicate structure with predominant Q* silica
structural units. On the other hand, alkali-activated solid precursors with high calcium
contents (more than 10% Ca, e. g. blast furnace slag BFS or class C fly ash) result in C-(N)-A-S-
H gels through hydration reactions. C-(N)-A-S-H consist of a partially polymerized chain-like
silica structure with mainly Q! and QZ silica structural units, and minor proportions of Q3 and
Q* units. They are of very similar structure to the main solids present in Portland cements.
Since these two families of AAM (based on N-A-S-H or C-A-S-H) have such different solid
structures, it is useful to check their adequacy for encapsulating low viscosity organic liquids
(LvoL).

With AAM, several strategies exist for the incorporation of OL [26]. The direct route (where
the OL is directly poured into the fresh GP slurry) is easy to implement, and large amounts of

OL can be incorporated [21], [27], [28]. After the formation of OL droplets by mechanical
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stirring, the intrinsic viscosity of AAM-slurries generally helps to prevent OL coalescence until

hardening of the paste.

However, at high incorporation rates (more than 10%vol) and for low viscosity OL (below 1
Pa.s, [29]), coalescence of OL droplets becomes more favorable, and this leads to phase
separation i.e., to the loss of the OL emulsion. In such cases, the addition of surfactants is
compulsory to maintain emulsion stability. Surfactants can reduce the size of dispersed
droplets by decreasing the interfacial tension, which stabilizes the emulsion. Several types of
surfactants have proven their efficiency for the incorporation of OL in AAM, especially cationic
[30] and non-ionic ones [31]. Surfactants are also organic molecules with versatile chemical
structures; they can adsorb at the surface of solid precursors. In particular, [2] proposed that
complementarily to decreasing the surface tension, the addition of surfactant promotes the
agglomeration of solid particles at the surface of the OL droplets, similar to a Pickering-like
stabilization mechanism. Surfactants also promote the stabilization of air bubbles introduced
during the mixing of the fresh cement slurry. This may enhance the total porosity of the

material and reduce its mechanical strength and long-term stability [32]-[34].

1.3. Aims and scopes

This research determines the most appropriate AAM for the immobilization of high amounts
(up to 20 or 40%vol) of low viscosity OL (LVOL). The two main types of AAM are tested. They
are either made of N-A-S-(H) solids (i.e. of geopolymer GP, based on a MK solid precursor) or
made of C-(N)-A-S-H solids (based on BFS, and similar to Portland cements). Two typical
formulations are selected from the literature for their excellent mechanical performance, one
for MK-based AAM [1], [2], [22], [27], [28] and the other for BFS-based AAM [35]. MK is alkali-
activated with sodium silicates (to get a typical stoichiometry with excellent mechanical
strength) and BFS with sodium hydroxide because the LVOL emulsion is easier with this
activator. Surfactants are used and compared to assess their effect on the LVOL emulsion, and

to choose the most adequate one.

The adequacy of the AAM-surfactant pair for LVOL immobilization is determined mainly in the
hardened state, for durations of up to 90 days, firstly from the physical viewpoint, and

secondly from the chemical viewpoint.

The physical characterization aims to ensure the absence of LVOL leakage, a minimal
compressive strength (f. = 8MPa according to industrial specifications [36]), and to correlate
the emulsion morphology to the density, pore structure and mechanical performance of the
AAM+surfactant+LVOL composites. Each OL emulsion is characterized in 2D, by Scanning
Electron Microscopy (SEM), and in 3D, in a non-destructive manner, by X Ray micro-computed

tomography (X Ray micro-CT).
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The chemical assessment combines isothermal micro-calorimetry, X Ray Diffraction (XRD) and
295j, 27Al solid state MAS NMR to determine whether the presence of surfactant or LVOL
impacts significantly the AAM structure. Moreover, the different chemical nature of the solid
precursors and the reactivity differences (hydration for slag vs. condensation with MK) may
lead to distinct interferences. In particular, a smaller degree of polymerization, due to OL
presence or to surfactant adsorption at the interface of the solid precursors, could be

responsible for poorer mechanical properties.

Investigating both physical and chemical aspects is favorable from a durability perspective.

2. Materials and methods

2.1. Raw materials

A pure mineral oil (Finavestan A360B) with a density of 0.864 g.cm? is obtained from Total
(France). This oil is chosen for its purity (i.e. its absence of additives), for its low viscosity of
0.13 Pa.s at 100 s at 25°C [29], and, as a linear alkane, for its absence of reactivity in alkaline

media.

An aqueous sodium silicate solution (Betol 39T) is obtained from Woellner (Germany). Sodium
hydroxide (purity > 99%) is purchased from VWR International (USA). A metakaolin (MK)
powder of M1000 grade is obtained from Imerys (France) and blast furnace slag (BFS) powder
is purchased from Ecocem (France). MK powder is characterized by X Ray fluorescence (XRF)
as composed of 54%wt SiO (+/- 1%), 39.5%wt Al,03 (+/-1%), 1.7%wt TiO; (+/-0.1%), 1.4%wt
Fe;03 (+/-0.1%) and other oxides present in less than 1%wt. BFS is characterized by XRF as
composed of 34.9%wt SiO; (+/-1.8%), 10.0%wt Al,O3 (+/- 1.3%), 43.2%wt CaO (+/-0.5), 8.8%wt
MgO (+/- 1.8%), and other oxides present in less than 1%wt. The apparent density is of 2.23
g.cm3 for MK powder and 2.9 g.cm™ for BFS.

Following preliminary research (see conclusions chapter Il), four different surfactants are
compared (Table 1). Brij 010 and Span 80 are purchased from Acros Organics (USA); Brij 010
is more suited to MK-based AAM, while Span 80 is more adequate for alkali-activated BFS
paste. CTAB and Glucopon 225DK (hereafter referred to as Glucopon) are obtained from Sigma

Aldrich and BASF (Germany), respectively.
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Table 1: Denomination and chemical description of surfactants tested in this study.

Chemical description Commercial name Category HLB
Sorbitan monooleate Span 80 Non-ionic (@) 4.3
Cetyl TrlmethyI.Ammomum CTAB Cationic (+) 10
Bromide
Polyoxyethylene (10) oleyl ether Brij 010 Non-ionic (@) 12.4
Cs-Cio-alkyl polyglucoside Glucopon 225DK | Non-ionic (@) 13.5

2.2. Preparation of composite materials

Two typical formulations of AAM cements are selected from the literature for their excellent
mechanical performance, one for MK-based AAM [1], [2], [22], [27], [28] and the other for
slag-based AAM [35]. The choice is made of an alkali-activation with sodium silicate for MK in
order to obtain an adequate stoichiometry for good mechanical performance, and sodium
hydroxide for BFS. In the latter case, the activator choice is due to a preliminary study in our
lab, showing that the OL emulsification is better (with smaller and more homogeneously
distributed droplets) in sodium hydroxide activated BFS than in sodium silicate activated BFS

(see Figure S1in the Appendix).

In practice, the MK-based geopolymer (GEO) fresh paste (or slurry) is obtained as follows. The
components (sodium silicate solution, sodium hydroxide, water and MK) are weighed in order
to obtain a molar composition of 3.5 SiO;: 1.0 Al,O3: 1.0 Na;O : 14.0 H,0. For the alkali
activated BFS (AABFS) paste, the components (sodium hydroxide, water and BFS) are weighed
with a water/BFS mass ratio equal to 0.45 and a mass concentration of sodium hydroxide of
10%. This allows a good workability of the paste and reasonable hardening of the material
[37].

For both materials, the first step consists in preparing the alkali-activating solution. Sodium
hydroxide pellets are dissolved in water (purified by reverse osmosis). In the case of MK-based
GEO, the sodium silicate solution (Betol 39T) is also added. The blend is left to cool down to
room temperature for several hours. After cooling, the surfactant is added to the activating
solution, and the mix is stirred mechanically at 800 rpm with a helical blade. The molar
concentration of surfactant with respect to the volume of activating solution (sodium silicate,
sodium hydroxide and water) is 3.10°3 mol.L%, allowing a good incorporation of the oil. At this

stage, the solid precursor powder (MK or BFS) is quickly added to the activating solution and
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the mixing is carried out for 3 minutes until stabilization. Finally, the Finavestan LVOL is quickly
introduced in the cement paste and the mixing is carried for 2 additional minutes to obtain
composite materials with a LVOL volume concentration of 0, 20 or 40% (% of the total AAM

paste + LVOL volume).

The formulated materials are named as follows: GEO-X-Y or BFS-X-Y, with X = 0, 20 or 40 the
%vol of LVOLand Y =0, C, G or B accounting for, respectively, no surfactant, CTAB, Glucopon
225DK or Brij 010. Table 2 describes all the tested formulations. For micro-calorimetry only,
an AABFS sample is formulated using 10 times (i.e. 3.102 mol.L!) the amount of Glucopon

required for stabilizing the emulsion; this sample is named BFS-0-G10.

2.3. Characterization of composite materials
2.3.1. Physical characterization
2.3.1.1 Density and porosity measurement

These measurements are only feasible for AAM pastes, with or without surfactant, but free of
LVOL. All samples are matured in endogenous conditions at 25°C for 90 days. The bulk density
p is assessed as the ratio of the weight to the geometrical volume. The true (absolute) density
po of the “pore-free” solid material is measured with a helium pycnometer (all pores are
considered open). The “pore-free” materials are obtained through freeze-drying; to this
purpose, centimetric hardened paste samples are poured into liquid nitrogen and dehydrated
in vacuum during at least 48h. The open porosity (OP) of each sample is measured based on
the following relationship: OP (%) = 100 x (1 — p/po).

Nitrogen sorption-desorption isotherms are performed to quantify the pore structure up to a
size of about 200 nm. Experiments are conducted on freeze-dried samples at 77K on a
Micromeritics ASAP 2020 device. Classical BET and BJH models are used to derive the material
specific surface area [38], [39]. The micropore amount is calculated as the adsorbed quantity
of nitrogen for (P/Po) < 0.1 (in cm3.g?); it is the amount of pores smaller than 2 nm present
per gram of AAM [39]. All bigger pores (mesopores between 2 and 50 nm and macropores

bigger than 50 nm) are characterized on the isotherms for (P/Po) = 0.1.
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Table 2: Description of the different formulations investigated in this research

Formulation Cement type Surfactant type Oil (%vol)
GEO-0-0 0
GEO-20-0 none 20
GEO-40-0 40
GEO-0-G 0
GEO-20-G Glucopon 225DK 20
GEO-40-G Na-metasilicate 40
activated MK
GEO-0-C geopolymer 0
GEO-20-C CTAB 20
GEO-40-C 40
GEO-0-B 0
GEO-20-B Brij 010 20
GEO-40-B 40
BFS-0-0 0
BFS-20-0 none 20
BFS-40-0 40
BFS-0-G 0
BFS-20-G Glucopon 225DK 20
BFS -40-G NaOH activated 40
BFS-0-C Blast Furnace Slag 0
BF-20-C CTAB 20
BFS-40-C 40
BFS-0-S 0
BFS-20-S Span 80 20
BFS-40-S 40

2.3.1.2 Compressive strength measurements

The compressive strength of the AAM pastes is measured using a hydraulic press (3R RP
40/400 N) according to the method recommended in the European EN 196—1 standard. This
uses 40 x 40 x 160 mm?3 parallelepipedal samples, obtained by pouring fresh AAM pastes into
PTFE molds, and cured at 20°C under 100% relative humidity (RH) and atmospheric pressure.
AAM pastes are made either without or with LVOL (Table 2). After demolding (at 48h after

manufacturing), the samples are kept at (20°C; 100%RH; atmospheric pressure) until testing.
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Each parallelepipedal sample is broken into two pieces under three points bending before
compressive strength measurement. Compressive strength is measured after 7, 14, 28 and 90
days maturation. After bending test (and before compressive strength measurement), a
picture of the fracture area is taken in order to visually assess the influence of the surfactant
on the incorporation of the LVOL. Moreover, the fracture area is applied on an absorbent

paper to observe any potential LVOL leakage.

2.3.1.3 2D SEM

Microscopic observations of samples free of LVOL are performed by Scanning Electron
Microscopy (SEM) (FEI Inspect S50, high vacuum mode, acceleration voltage of 15 kV, current
intensity of 50 nA, and working distance of 10 mm) on fractured samples dried by

lyophilization.

Microscopic observations of samples containing LVOL, without drying, are performed by
Environmental Scanning Electron Microscopy (ESEM) with an FEI Quanta 200 ESEM equipped
with a Field Emission Gun. Sample observations are performed at 23°C with 300 Pa water
vapor in the ESEM chamber at a high electron beam voltage of 8 kV. A dedicated Gaseous

Secondary Electron Detector (GSED) is used to produce the images.

2.3.1.4 3D X Ray micro-Computed Tomography (3D X Ray micro-CT)

With this observation method, the samples do not require fracturing, drying or polishing, or
even resin impregnation. Their edges are simply carefully cut to a 1 cm? size using a diamond
saw. Eight image series are acquired in less than 30 minutes each and processed by X ray
micro-CT at the ISIS4D platform (Lille, France) [40]-[43]. Each image series corresponds to one
different sample of AAM paste (either MK-based GEO or AA-BFS) incorporating 40 %vol LVOL,
without or with a given surfactant (Table 3). For all of them, an identical voxel size of 5 microns

is used.

The X Ray micro-CT apparatus is equipped with a nano focus tube operated at a 60 kV tension
and 35 pA current, with a flat detector panel of 1874x1496 pixels?. At each given angular
position of the sample, the projection image is the average of four images in order to limit
noise. After the reconstruction procedure (along the Z axis, with a filtered retro-projection
algorithm [43], [44] and acquisition artifacts removal, an output volume is computed,
composed of 1094-1146 images in a (X, Y) plane (at 1.24-2.76 x 10° pixels? each) regularly
spaced from one another by one voxel size (5 microns). Each sample corresponds to huge

datasets of 1.42-3.16 x 10° voxels?, linearly scaled into a 16-bit format.

Before quantitative analysis, all images are croppedin a (X, Y) plane so that sample boundaries

and exterior are removed. The remaining image volumes, ranging between 6.10 and 23.0
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mm?3, are given in Table 3. For each given formulation, the biggest possible volumes are
selected, to be able to consider them as representative of the emulsion morphology, with a

number of segmented droplets of several thousands and more.

The images are filtered and segmented with the ImagelJ software [45], in a minimal manner to
avoid information loss. To this purpose, the grey level histogram of the whole image stack is
spread over the whole 0-255 available range. Contrast is enhanced and a limited Gaussian Blur
filter (0.8 pixel radius) is applied. Thresholding is then performed using the image stack
histogram, by selecting the local minimum grey level value between darker pores and lighter

solids. This provides realistic binary images (with pores in black and the solids in white).

Further, the droplet size distribution is quantified as in [28], with the Beat plugin [46] for 3D
Continuous Particle Size Distributions (3D CPSD); this process simulates mercury intrusion and

provides a particle size corresponding to the biggest sphere able to intrude a given volume.

Finally, the assessment of the connected (continuous) droplet volume is performed using the
3D dedicated tools of the Avizo Fire software (Thermo Scientific, USA). Although it is
continuous, this droplet volume may correspond to partially coalesced droplets, where the
connected droplets are still of spherical shape. In such instance, the image analysis is able to

provide a 3D CPSD (see above).

Table 3: Main characteristics of the samples investigated by 3D X Ray micro-CT (voxel
size = 5 microns)

Material type BFS-40-0 BFS-40-G BFS-40-C BFS-40-S
S':;:f::faZT(w 1201x1310 1662x1662 1296x1326 1144x1315
f.; 3 x1146 x1146 x1146 x1094
(pixels?)
Size of the cropped
image stack 316x372x1146 516x759x342 422x348x940 418x392x344
(pixels?)
Size of the cropped 16.8 16.7 17.2 7.04
image stack (mm?)
Manual threshold 33 95 82 76
(grey level)
Observed relative
volume of the OL 28.1 39.8 32.7 20.3
emulsion (%) in a (10-520 (10-570 (10-580 (10-570
given object size microns) microns) microns) microns)
range (microns)
Connected part of 15.9 39.8 32.7 19.8

the OL emulsion (%)
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Material type GEO-40-0 GEO-40-G GEO-40-C GEO-40-B
Size of the raw image 974x1280 1347x1089 1140x1091 1367x1367
stack (pixels3) x1146 x1146 x1146 x1146

Size of the cropped
image stack (pixels3)
Size of the cropped

302x476x730 500x279x1146 307x274x580  510x452x800

. 13.1 20.0 6.10 23.0

image stack (mm?3)

Manual threshold 95 154 79 119

(grey level)

Observed relative

volume of the OL 42.3 23.7 29.1 12.9
emulsion (%) in a (10-500 (10-465 (10-456 (10-753
given object size microns) microns) microns) microns)
range (microns)

Connected part of 26.5 224 24.2 8.6

the OL emulsion (%)

2.3.2. Chemical characterization
2.3.2.1 Micro-calorimetry

The reactivity of the AAM pastes is followed using a TAM AIR calorimeter (from TA
instruments) under isothermal conditions at 25.0 + 0.001 °C. The preparation of alkali-
activated slurries is performed outside the calorimeter. About 2 g of each fresh mixture is cast
in a dedicated glass container and introduced in the calorimeter. The heat flow is recorded
versus time at a stable temperature of 25 °C. The first 30 min are omitted for the calculation
of the cumulative heat due to extra undesirable heat resulting from the introduction of the

container in the calorimetric chamber.

2.3.2.2 X Ray Diffraction (XRD)

XRD patterns of the AAM are obtained with a Bragg Brentano geometry on a PANalytical X'Pert
PRO MPD apparatus (with a copper anode AKal = 1.54056 A generated at 45 mA and 40 kV
and an X'celerator detector) on pastes ground by hand to a particle size below 100 um size.
The XRD patterns are collected in the 26 range 5-70° with 0.017° steps, corresponding to

0.625 s measurement time per step.

2.3.2.3 Solid state Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR)

Solid structure characterizations adapted to amorphous solids are performed by 2’Al MAS
NMR and by 2°Si MAS NMR. The tilt angles are /6 and 1t/2 respectively. The 2’Al MAS spectra
are recorded at a Larmor frequency of 208.5 MHz using a Bruker Avance Il 800 MHz (18.8 T)

spectrometer. The spectra are made up of 2048 free induction decays with a pulse length of
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1 us and a relaxation delay of 1 s to ensure quantitative reliability of the intensities observed
for the ?’Al central transition for sites experiencing different quadrupole couplings. The
samples are spun at 22 kHz in a 3.2 mm probe, and the chemical shifts are referred to
Al(H,0)63*. The 2°Si MAS spectra are recorded at a Larmor frequency of 79.5 MHz using a
Bruker Avance 400 MHz (9.4T) spectrometer. The spectra are obtained with 256 scans (pulse
length of 5 us and optimized relaxation delay from 1 to 120 s according to the sample). The
samples are spun at 5 kHz in a 7 mm probe, and the chemical shifts are referred to

trimethysilylsilane (TMS). Spectral decomposition is performed with the DMFit software [47].

3. Results and discussion
3.1. Physical characterization

3.1.1. Visual assessment of the incorporation of LVOL in hardened AAM

All the formulated samples harden in reasonable time (i.e., less than 48h), yielding solid

AAM+LVOL composites.

At 28 days, fractured areas of prismatic samples (broken by three points bending) are placed
on an adsorbent paper to assess visually the incorporation of LVOL into the AAM matrices.
Figure 1 shows a photograph of the fractured areas with the binary image of the adsorbent

paper surface, where the oil is in black and the dry paper in white.

The analysis is performed either for the GEO paste (top)? or the BFS paste (bottom). The pastes
are without oil (top row), or with 20 or 40vol% oil (second and third row), and without

surfactant (left column) or with the most efficient surfactant (right columns).

Without surfactant, whatever the AAM and the oil proportion, a significant amount of LVOL is
visibly adsorbed on the paper. Following earlier statements, this proves that the use of

surfactant is compulsory for adequate LVOL incorporation in AAM.

For both BFS pastes (20 or 40vol% LVOL) with surfactant, the yellow areas at the rim possibly
indicate a carbonated area, or sulfur oxidation in the highly alkaline porewater [48]. This is
attributed to the presence of surfactant, which has the ability to stabilize air bubbles inside
the cement matrix. The material is therefore more permeable to ambient air and particularly
to CO; [49], [50]. This may promote carbonation and potentially reduce compressive strength

and long-term stability [51].

A macroscopic void is observed in the GEO paste containing 40%vol. of LVOL + surfactant, due to air
incorporation during mixing. For this paste, the addition of surfactant leads to a strong increase in
viscosity. For further composite manufacturing, this will require vibrating the mold, to remove any
such void.
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Figure 1: Photographs of fractured areas and impregnation patterns on absorbent paper
for (top) MK-based GEO at 0, 20 or 40%vol LVOL, without and with surfactant, and
(bottom) AABFS at 0, 20 or 40%vol LVOL, with or without surfactant, all at 28 days. On the
adsorbent paper surface, the oil is in black and the dry paper in white.
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In the absence of surfactant, in both GEO and BFS-LVOL composites, the LVOL droplets are
visible to the naked eye. This indicates that the droplets are bigger than 100 microns. After
surfactant addition, LVOL droplets only remain clearly visible in the BFS paste with 40%vol

LVOL. In all other cases, the adsorbent paper shows very limited sign of LVOL leakage.

3.1.2. Influence of LVOL and surfactants on the mechanical strength and pore
structure of AAM

The compressive strength f. of all the AAM-LVOL composites is measured at 7, 14, 28 and 90
days after curing under 100% RH at 20°C (see Figure S2 in Appendix). It is also plotted at 90
days as a function of oil proportion for GEO pastes (Figure 2 top) and BFS pastes (Figure 2

bottom), without or with surfactant.
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Figure 2: Average compressive strength f. (in MPa) of AAM and AAM-LVOL mortar
composites after 90 days curing under 100% relative humidity at 20°C, as a function of
LVOL proportion: (top) for MK-based GEO pastes and (bottom) for AABFS pastes.
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3.1.2.1 Effect of surfactant

Without LVOL, the presence of surfactant affects fc in all GEO pastes (Figure 2 top), but in BFS
pastes, fc is only reduced in the paste prepared with Glucopon (Figure 2 bottom). However,
the effect of CTAB or Brij 010 is limited for GEO pastes. The greatest decrease in f. is obtained
with Glucopon for both AAM matrices, with an average of 35.0 MPa +/- 2 for GEO-0-G
compared to 48.4 MPa +/-0.3 for GEO-0-0 (i.e. 28% loss), and an average of 25.8 MPa +/- 2.8
for BFS-0-G compared to 38.0 MPa +/- 0.3 for BFS-0-0 (i.e. 32% loss). This is attributed to the
presence of air-entrained bubbles. They are visible in the SEM images of fractured surfaces in

Figure 3.

Figure 3: SEM micrographs of fracture surfaces of GEO-0-0, GEO-0-G, BFS-0-0 and BFS-0-G
at x200 magnification, highlighting the presence of a significant number of entrained air
bubbles (dark circles) when Glucopon (G) is added to each paste.

Complementary measurements (Fig. 4a and Table 4) also show a significant increase in
porosity, and a decrease in apparent density, whatever the AAM and whatever the surfactant.
All surfactants contribute to increase open porosity, i.e., they all add entrained air bubbles
into the AAM cement. In good correlation with the decrease in f¢, for both AAM, the most air-
entraining surfactant is Glucopon. This also affects the deviation of apparent density
measurements, with values greater than 10% (and of almost 20% in some cases), whatever
the LVOL % and whatever the AAM (Table 4). In earlier research [52], Glucopon has been
described as an efficient foaming agent in alkaline conditions. Contrarily to Glucopon, the

other surfactants al induce a significant increase in viscosity, as observed in [53]. This leads to
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the stabilization of entrained air bubbles, and these are of smaller sizes than with Glucopon

(see X Ray microCT results below).

For GEO pastes however, the nitrogen sorption-desorption isotherms are identical in presence
of surfactant or not (see Figure S3 in the Appendix). This means that the pore structure is
identical, particularly in terms of specific surface area (Figure 4b) and micropore amount

(Figure 4c).

For BFS with CTAB or Span 80 (i.e., BFS-0-C and BFS-0-S), f. is slightly greater than the reference
case without surfactant, although BFS-0-C and BFS-0-S have an open porosity twice or four
times greater than for BFS-0-0, respectively. This is attributed to denser BFS pastes with
surfactants, as shows the smaller specific surface area in Figure 4b and the smaller micropore
amount in Figure 4c. In presence of surfactant, the nitrogen sorption-desorption isotherms of
BFS pastes are affected, with a generally smaller total adsorbed volume (see Figure S3 in the
Appendix). At this stage, it is also possible that surfactant presence may accelerate the BFS

setting reactions and strengthen the cement matrix. This is investigated in Sub-Section 3.2.1.

3.1.2.2 Effect of 20%vol LVOL

With 20%vol LVOL, for GEO pastes, two surfactants (CTAB and Brij 010) improve the
compressive strength fc compared to the reference without surfactant, whereas Glucopon
reduces f. (Figure 2, top). However, with all surfactants, the apparent density is smaller than
if taking into account only the presence of LVOL (Table 4), meaning that air entrained bubbles
are present together with the LVOL emulsion. The improvement in f. with CTAB or Brij 010,
compared to the case without surfactant, is attributed to smaller LVOL droplet sizes achieved
by surfactant action. Small size droplets mean that during loading, the mechanical forces can
more easily transfer through the cement matrix, with smaller obstacles and more
straightforward routes. Droplet sizes are identified in a qualitative manner by 2D SEM (Figure
5, middle columns). For GEO pastes, the smallest droplet sizes are obtained with Brij 010. They
are significantly smaller than 100 microns (which is the image scale), and on the order of a few
microns. Comparatively, the GEO paste with 20%vol LVOL and no surfactant (GEO-20-0)
presents droplet sizes visible to the naked eye (Figure 1, top) i.e., droplets bigger than 100

microns.

For BFS pastes at 20%vol LVOL, all surfactants reduce f. compared to the BFS-20-0 paste
without surfactant (Figure 2, bottom). The smallest decrease is obtained with CTAB (average
fc=18.8 MPa +/-0.7 instead of 20.5 MPa +/-0.8 for BFS-20-0). Apparent density is on the order
of the theoretical value (accounting only for LVOL presence) except with Glucopon, due to

entrained air bubbles (Table 4). Glucopon has the strongest detrimental effect, with an
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average fc of 13.5 MPa +/-0.6 compared to the average of 20.5 MPa +/-0.8 without oil (i.e.

48% decrease).

The presence of LVOL is most detrimental with BFS pastes, with an average fc of 13.5-18.8 MPa
(i.e., 2 46-62% decrease) depending on the surfactant considered. As a matter of comparison,
with GEO pastes, average fc is between 18.0 and 28.9 MPa on average (i.e., 37-49% decrease),

depending on the surfactant considered.

2D SEM (Figure 5 bottom, middle column) of BFS pastes with 20%vol LVOL show that the
droplet sizes with CTAB or Glucopon are bigger than for GEO pastes at 20%vol LVOL. With
Span 80, no clear spherical droplets are visible, meaning that the LVOL is not forming a typical
and adequate emulsion, but rather elongated, sheared, LVOL droplets (more likely to induce

stress concentrations and reduce mechanical strength).

3.1.2.3 Effect of 40%vol LVOL

At 40%vol LVOL, the GEO pastes display sufficient strength, with average values of 16.6 MPa
+/-0.11 with CTAB or Brij 010, which is slightly above the average of 14.2 MPa +/-0.6 obtained
without surfactant. Glucopon only provides an average strength of 9.0 MPa +/-0.4. The
industrial storage specifications for a minimal compressive strength of 8 MPa are respected
[36]. 2D SEM (Figure 5 top, right column) shows that all surfactants in GEO pastes provide
spherical droplets, the smallest being obtained with Brij 010, at sizes significantly below 100

microns.

For the BFS pastes added with 40%vol LVOL, either with or without surfactant, the measured
strength is negligible after 90 days curing. According to the literature [54], no compressive
strength evolution is expected for alkali activated BFS after 90 days. This means that the
AABFS-LVOL composites incorporating 40%vol. LVOL will not have a measurable strength,
even after 90 days. With 2D SEM (Figure 5 bottom, right column), it is visible that with CTAB
and Span 80, the LVOL forms a highly coalesced, continuous, sub-volume, which is not
favorable for mechanical loading. This may however be partly due to the partial ESEM vaccum.
On the opposite, with Glucopon, spherical LVOL droplets are obtained (they are possibly

partially coalesced), but it is insufficient for mechanical strength.

The quantification of LVOL droplet sizes is performed by X Ray micro-CT, without requiring any
partial pressure as with the ESEM (see Sub-Section 3.1.3).

128



Chapter lll: How are alkali-activated materials impacted by incorporating low viscosity organic liquids

35
30

25

20
15
10
5 I
\ 1

GEO-0-0 GEO-0-G GEO-0-C GEO-0-B BFS-0-0 BFS-0-G BFS-0-C  BFS-0-S

Open porosity (%)

(a):
70
BS_BET
60 S_BJH adsorption
— [ Single point at P/P0=0.3
(1] :
N\ 50 @ S_BJH desorption
E
© 40
[J]
t
©
o 30
o
£
s 20
(7]
10
0
(b):
12
poallb (1
()
£
-
- 8
c
3
g€ 6
©
o
o 4
Q
(]
S 2
0
GEO-0-0 GEO-0-C GEO-0-G GEO-0-B BFS-0-0 BFS-0-C BFS-0-G  BFS-0-S
(c):

Figure 4: (a): Open porosity, (b): Specific surface and (c): micropore amounts of AAM
pastes, without or with each individual surfactant, and without oil.
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Table 4: Apparent density and open porosity characterizations at 90 days under
endogenous conditions at 20°C.

samples APparent _ Density th?oretical I.)er_msity Open porosity
density (g.cm™3) (g.cm?3)? deviation (%) (%)
GEO-0-0 1.79 = = 7.05
GEO-20-0 1.64 1.60 2.14 -
GEO-40-0 1.45 1.42 2.22 -
GEO-0-G 1.56 1.79 14.66 22.59
GEO-20-G 1.35 1.60 18.50 -
GEO-40-G 1.25 1.42 13.31 -
GEO-0-C 1.74 1.79 2.85 22.22
GEO-20-C 1.57 1.60 1.77 -
GEO-40-C 1.42 1.42 0.11 -
GEO-0-B 1.71 1.79 4.21 16.40
GEO-20-B 1.55 1.60 3.05 -
GEO-40-B 1.40 1.42 1.17 -
BFS-0-0 2.01 - - 4.80
BFS-20-0 1.79 1.78 0.81 -
BFS-40-0 1.72 1.55 9.93 -
BFS-0-G 1.70 2.01 18.38 30.15
BFS-20-G 1.51 1.78 18.09 -
BFS-40-G 1.30 1.55 19.32 -
BFS-0-C 1.92 2.01 4.50 11.70
BFS-20-C 1.75 1.78 1.65 -
BFS-40-C 1.53 1.55 1.69 -
BFS-0-S 1.95 2.01 2.88 21.76
BFS-20-S 1.74 1.78 2.07 -
BFS-40-S 1.54 1.55 0.57 -

®The theoretical density pieo is calculated based on the relation pipeo = Poir * %V0Ll.pit+ Paam *
(1 — %wol.,;; ) with paamthe density measured for pure alkali-activated materials (i.e. GEO-0-0 and
BFS-0-0).

®The density deviation is calculated based on the following relation: [(| omeasured — Ptheol)/
pmeasured] x 100
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Figure 5: 2D Scanning Electron Microscopy (SEM) images of GEO (top) and BFS (bottom)
pastes without oil or surfactant (left) or with 20%vol LVOL and surfactant (middle column),
or with 40%vol LVOL and surfactant (right column). Surfactants are Glucopon, Brij 010 and

CTAB for GEO pastes, CTAB, Glucopon and Span 80 for BFS pastes. All images are at the

same maghnification (x500) and scale.
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3.1.3. Influence of surfactants on the emulsion in hardened AAM

This part is only performed on cement matrices added with 40%vol LVOL.

3.1.3.1 Qualitative emulsion droplet analysis

Figure 6 provides examples of raw X Ray micro-CT images of GEO pastes incorporating 40%vol
LVOL (Figure 6a), or BFS pastes incorporating 40%vol LVOL (Figure 6b), either without or with
each of the three surfactants tested per cement matrix. For comparison purposes, each image

is at the same size and scale.

For both cement matrices, it is observed that in the absence of surfactant, the LVOL droplets

are significantly bigger than with surfactant.

For GEO pastes, all surfactants decrease the LVOL droplet size. Air voids and LVOL droplets are
hardly distinguished from one another (both are the darkest grey shade). The smallest LVOL
droplets appear to be obtained with Brij O10.

For BFS pastes, only Glucopon and CTAB provide smaller LVOL droplets. Glucopon displays air
entrained voids (they appear as bigger and darker spheres than the LVOL). CTAB provides
coalesced droplets, but air and LVOL are not easily distinguished (meaning that air is not
present in large proportions). Despite the presence of these two surfactants and of spherical
droplets, the compressive strength of the BFS+LVOL composite is not measurable. With Span
80, the LVOL is present as coalesced and irregular, elongated and non-spherical droplets. This
is clearly bound to limit the compressive strength of the BFS+LVOL composite, as observed in
Figure 2. In all cases, the coalescence of the LVOL droplets appears a key factor to explain the
non-measurable mechanical strength, whether it is partial (with spherical droplets still visible)

or more complete (as with Span 80).

Finally, Figure 6 shows that the incorporation of LVOL is much better in GEO pastes than in
BFS pastes, with much smaller and more homogeneous droplets, well encapsulated in a hard
aluminosilicate network. The reasons are multiple: a) sodium hydroxide, more concentrated
in BFS paste, increases the interfacial tension between the LVOL and the activating solutions
[53]; this results in a higher energy required to produce smaller droplets, b) the viscosity ratio
between the main and the dispersed phases plays a role in the formation of an emulsion [54],
and the viscosity of the two AAM slurries are different, c) MK and BFS solid particles have
different chemical and physical properties, and their concentration in the AAM is different.
Therefore, the LVOL is initially less well emulsified in fresh BFS paste so that coalescence of oil

droplets is favored before hardening.
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Figure 6: Examples of raw 2D images of X Ray micro-tomography for (a) GEO pastes and (b)
AABFS pastes, all at 40%vol oil, without surfactant, or with Glucopon, or CTAB or BrijO010
(GEO only) or Span 80 (AABFS only). For comparison purposes, each image has an identical
size of 1.37 mm x 1.37 mm.
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3.1.3.2 3D representation and analysis of emulsion coalescence

After qualitative observations, binary thresholding of the LVOL emulsion is performed. This

provides 3D representation of the emulsions and coalescence analysis (Figure 7).

The 3D representations allow to determine the 3D connectivity of LVOL in each cement matrix.
Each 3D connected LVOL volume is represented in a single color. If spherical droplets are

present, despite their connectivity, the coalescence is considered partial.

In GEO paste without surfactant (GEO-40-0), the LVOL emulsion is made of relatively
unconnected (non-coalesced) spherical droplets, although their size is the biggest of the four
cases. With Brij 010, distinct LVOL droplets are obtained, of a rather elongated shape, i.e.,
coalescence is partial and limited; the droplets are remarkably smaller than without
surfactant. With CTAB, two main connected LVOL zones are observed; the spherical shape of
the droplets is clearly visible, meaning that coalescence is only partial. With Glucopon, all the
LVOL is connected, but again, distinct spherical droplets are present, meaning that
coalescence is partial. For limiting connectivity and droplet size, and hence, best contributing
to mechanical loading and strength, the best surfactant is therefore Brij 010; CTAB also

provides interesting properties regarding the limitation of coalescence.

In BFS pastes, the LVOL emulsion is partly connected without surfactant, but the droplets are
of large size (and the sample itself displays LVOL creaming at its surface, i.e., the LVOL is
distributed in a highly heterogeneous manner). With CTAB or Glucopon, the LVOL emulsion is
fully connected, but with spherical shaped droplets (partial coalescence). With Span 80, the
main part of the LVOL volume is also connected, despite small isolated LVOL zones; the
emulsion does not display spherical droplets, i.e., the emulsion is coalesced. In brief, with BFS
paste, no surfactant is able to limit LVOL connectivity (Span 80 is not either able to limit

coalescence), and hence, to provide minimal compressive strength to the cement matrix.
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GEO-40-B

GEO-40-G

BFS-40-0

_ BFS-40-G . . BFS-40-8

Figure 7: 3D X Ray micro-tomography image analysis - 3D representation of the emulsions
after image thresholding: GEO-40-0, GEO-40-B, GEO-40-C, GEO-40-G and BFS-40-0, BFS-40-
C, BFS-40-G, BFS-40-S. Each different color corresponds to a different connected object
between at least two adjacent faces of the sample volume.
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3.1.3.3 Quantitative analysis

Because coalescence is partial in all cases but one, the LVOL droplet size distributions are
quantified in Figure 8. The analysis uses a modelling of the LVOL 3D volumes to derive the

biggest spheres that can be included in all its different zones [46].

For GEO pastes, the droplet size at half the distribution (i.e., at 50%vol), labelled dso, is of 410
microns without surfactant, but this value decreases below 100 microns with any of the three
surfactants. As expected, the smallest droplet size distribution and the minimum dso are
obtained with Brij 010, with dso = 10 microns. With Glucopon, dsp =30 microns, and with CTAB,

dso = 54 microns.

For BFS pastes, dso is of 1 mm +/-0.08 on average without surfactant. This value decreases
down to 140 microns with CTAB and 50 microns with Glucopon (an identical value is predicted
for Span 80). All surfactants provide significantly smaller droplet sizes, although none matches
the efficiency of Brij 010 in GEO paste (dso = 10 microns). CTAB and Glucopon are not as
efficient in BFS as in GEO pastes.

136



Chapter lll: How are alkali-activated materials impacted by incorporating low viscosity organic liquids

100
90
80
70
60
50
40
30
20
10

-0-GEO-40-0

4-GEO-40-G
“%GEO-40-C
-+-GEO-40-B

Relative volume (%)

0 0,2 0,4 0,6 0,8 1
Droplet diameter (mm)

100 ——
90
80
70
60
50
40
30
20
10

--BFS-40-0
4 BFS-40-G
“%BFS-40-C
BFS-40-S

Relative volume (%)

0 0,2 0,4 0,6 0,8 1 1,2 1,4

Droplet diameter (mm)

Figure 8: 3D X Ray micro-tomography image analysis - 3D Continuous droplet size
distribution of (a) GEO pastes and (b) AABFS pastes, all at 40%vol oil, without surfactant,
or with Glucopon (G), or CTAB (C) or BrijO10 (B, GEO only) or Span 80 (S, AABFS only).

3.1.4. Chemical characterization
3.1.4.1 Influence of LVOL or surfactants on the heat evolution of fresh AAM

The early-stage heat evolution results of AAM are shown in Figure 9. Time zero on the plots
represents the time at which each freshly mixed paste sample is placed in the instrument, i.e.

approximately 5 min after the start of mixing.

For both BFS and GEOQ, an exothermic peak appears immediately, which is attributed to the
wetting and dissolution of solid particles [55]-[58]. As widely accepted, the formation and
polymerization of gels are responsible for the noticeable second heat peaks following the
initial dissolution period [55], [56].
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For GEO slurries, the initial dissolution peak is followed by a short dormant period and another
broad exothermic peak. After the initial dissolution process, the concentrations of dissolved
ionic species reach a threshold for the outset of the following reactions. The dormant period,
which is considered as an induction period for Ordinary Portland Cement (OPC) hydration, is
supposed to be the time needed for concentration increase, mainly in silicate and aluminate
species [55]. Both polymerization and condensation of N-A-S-(H) gels are exothermic and

explain the main contribution to the second peak [58], [59].

A second exothermic peak is also observed in the heat evolution curve of NaOH-activated BFS.
The extensive precipitation of reaction products, such as C-A-S-H, is reported to be responsible
for this broad peak [23], [60]. The higher alkaline concentration in NaOH-activated BFS
contributes to the early rising of the second narrow peak (1 h) in comparison with the second
wide peak of GEO slurries (10 h) [55].

It is observed that the reactivity of both types of materials is not affected by the presence of
LVOL. At the chosen concentration (3.10°3 mol.L?), surfactants do not have an impact on GEO
condensation and polymerization. This observation is also true in the case of BFS, except for
Glucopon, which delays the start of gel formation. To confirm this statement, a sample
containing 10 times (3.102 mol.L'Y) the amount of Glucopon required for emulsion
stabilization was formulated. As expected, the hydration of that sample is strongly delayed
and only starts after 40 h, but the cumulative heat then seems to quickly catch up its original
value. In fact, Glucopon has a carbohydrate polar head, which is known to delay hardening of
OPC cements [61], [62] or of AABFS [63].

3.1.4.2 Influence of LVOL or surfactants on the crystalline reaction products of AAM

The XRD patterns of the AAM composites are collected and identified in order to characterize

the influence of LVOL or surfactant on the reaction products (Figure 10).

The XRD patterns of NaOH-activated BFS samples reveal the presence of three phases: two
poorly crystalline tobermorite-like phases, denoted C-S-H gel (28 = 27° and 50°) and C-A-S-H
gel (28 = 7°); and also a hydrotalcite-like phase (29 = 10-12°) [37].

Except for the presence of quartz, all XRD patterns of the GEO samples show the typical
amorphous structure of MK-based GEO, with a wide diffraction hump in the range 28 = 20° to
35°. This broad hump is attributed to the amorphous N-A-S-(H) aluminosilicate gel, which is
the primary binder phase present in GEO materials. Quartz, initially present in MK, holds a
crystalline structure that makes its dissolution rate in alkaline media very low. Quartz is

therefore non-reactive and remains after geopolymerization [64], [65].
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Figure 9: Influence of mineral oil and surfactants on the heat evolution of (a): MK-based
GEO slurries; (b): AABFS slurries, with with 0, 20 or 40vol% LVOL and no surfactant, or no
oil and each individual surfactant. BFS-0-G10 is for Glucopon used at 10 times the
concentration of all other mixes, to confirm the effect of Glucopon on AABFS setting.

The characteristic humps of the poorly crystalline C-A-S-H gel and of the amorphous N-A-S-(H)
gel might shift due to different polymerization degrees. This can be (for example) induced by
changing the composition of the raw materials or the alkaline concentration in the activating
solution. In this study, the XRD patterns of AAM are neither influenced by the addition of LVOL
nor by the presence of surfactants. It is therefore concluded that these additives do not impact
the formed reaction products. This is further discussed below, through more adequate NMR

analyses for characterizing the C-A-S-H and N-A-S-(H) amorphous gels [66].
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Figure 10: XRD patterns at 28 days of MK-based GEO (top) and AABFS (bottom), with no
LVOL and each individual surfactant, or with 0, 20 or 40%vol LVOL and no surfactant.
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3.1.4.3 Influence of LVOL or surfactants on the amorphous reaction products of AAM

The 2°Si and 2’Al MAS NMR spectra of AAM and AAM-LVOL composites are presented in Figure
11. The 2°Si and 2’ Al MAS NMR spectra of the MK and BFS solid powders are given in Appendix
(Figure S4). The deconvolution of 2°Si and 2’Al MAS NMR spectra are presented in Appendix

(Figures S5 and S6). Deconvolution results are given in Table 5 for 2°Si and Table 6 for ?7Al.

The 2°Si MAS NMR spectra of MK-based GEO materials exhibit a typical broad resonance
centered at -90 ppm (Figure 11a and Table 5), consistent with previous observations [67]. A
low intensity level at -100 ppm suggests that the Q*(1Al) component of the spectra present in
the specimens is low, implying that the signal resulting from MK has been largely diminished
(Figure S4). The low intensity in the region attributed to MK is probably a result of MK being
almost completely consumed during synthesis. Moreover, the Si/Al molar ratio of MK-based
GEO formulated in this study is 1.75; for such Si/Al, the 2°Si spectra are in accordance with
[67], [68], with high amounts of Q*(2Al) and Q?#(3Al) species and lower amounts of Q*(1Al),
Q*(0Al) and Q*(4Al).

The Al MAS NMR spectra of MK-based GEO exhibit two resonances, dominated by a peak
centered at 60 ppm (Figure 11b and Table 6), indicating tetrahedrally coordinated aluminum
[69]. The dominance of Al(IV) has been widely reported and confirms that geopolymerization
converts Al(V) and Al(VI) present in MK into Al(IV). Although the 2’Al MAS NMR spectra are
dominated by the resonance associated with Al(IV), a small resonance at about 5 ppm (Table
6) indicates the presence of remaining Al(VI). It is well known that Al(VI) is more stable than
Al(V) and will be the last geometric form of aluminum to be completely consumed during
reaction [70]. It is also in accordance with the suggestion made after observation of 2°Si

spectra, that some unreacted MK is still present.

The 2°Si MAS NMR spectra of BFS pastes are dominated by two mains peaks centered at -79
and -81 ppm (Figure 11a and Table 5). These are attributed to silicate groups in the C-A-S-H
tobermorite-like structure with different degrees of connectivity, Q' and Q?(1Al) respectively
[71]-[74]. Q! species represent in general the end chain of the tobermorite structure and Q2
species are chain mid-members. Two other peaks with weaker intensities, centered at-74 and
-84 ppm are observed, and attributed to Q* silicates in unreacted BFS and Q?(0Al) in C-A-S-H,
respectively. The weak peak corresponding to silicates in BFS indicates the good hydration
progress. It has to be noted that the amount of Q?(0Al) is low and no Q3 are detected, which
is due to the sodium hydroxide activation, which does not allow formation of these silicates.
The amount of Q! in C-A-S-H is quite high, which is probably due to the high concentration of

sodium hydroxide in the activating solution [75].

The 27 Al MAS NMR spectra of BFS pastes are dominated by two main peaks centered at 10 and
72 ppm (Figure 11b and Table 6). The peak at 72 ppm corresponds to 4-coordinated Al atoms
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(tetrahedral) in C-A-S-H gels. The peak at 10 ppm corresponds to 6-coordinated Al atoms

(octahedral), most probably located in the hydrotalcite phase observed with XRD (Figure 9)
[76]. There is also a shoulder between 50 and 70 ppm, which is attributed to 4-coordinated

and 5-coordinated Al atoms initially present in BFS, in accordance with 2°Si spectra.

The key point here lies in the fact that all the 2°Si and 2’Al MAS NMR spectra are almost

perfectly stackable. This means than neither the LVOL nor the surfactants have an impact on

the reaction products that are formed in the AAM composites. Mechanical properties

variations observed in the previous section are therefore only attributed to the increase in

porosity (LVOL and air), i.e. exclusively to physical effects.
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Figure 11: Influence of LVOL and surfactants on (a): 2°Si MAS NMR spectra and (b): 2’Al
MAS NMR spectra, for MK-based GEO (left) and AABFS (right), with 0, 20 or 40%vol LVOL
or no LVOL and each individual surfactant, at 28 days.
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Table 5: Deconvolution results for 2°Si MAS NMR spectra of MK-based GEO and AABFS.

MK-based GEO AABFS
6 (ppm) Connectivity % 6 (ppm) Connectivity %
-101.7 Q*(0Al) 5.7 -73.9 Q! BFS 23
-96.9 Q*(1Al) 13.2 -78.3 Q! 46.7
-91.8 Q*(2Al) 37.6 -81.1 Q%(1Al) 23.3
-86.6 Q*(3Al) 28.8 -83.9 Q? 7
-81.5 Q*(4Al) 13
-75 MK 1.6

Table 6: Deconvolution results for Al MAS NMR spectra of MK-based GEO and AABFS.

MK-based GEO AABFS
6 (ppm) Connectivity % 6 (ppm) Connectivity %
68.1 AlV 8.8 75.3 AlV 35.1
60.1 AV 83.0 70.2 AIV BFS 8.0
50.2 AV 1.6 63.1 Alv BFS 17.7
4.7 AV 6.6 49.3 AV BFS 2.8
12.5 AV 6.9
10.6 AV 22.6
7.9 AV 6.9
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4. Conclusions

In order to determine the optimal conditions for low viscosity organic liquid (LVOL) in alkali

activated matrices (AAM), a pure mineral oil was successfully immobilized in MK-based GEO

and alkali-activated BFS (AABFS) in a proportion up to 40%vol The main conclusions and

guidelines of the study are as follows:

The preparation of AAM-LVOL composite materials containing up to 40%vol of LVOL is
possible with both GEO and AABFS pastes. The advantage of using surfactants allows
(1) stabilizing fine and homogenous LVOL droplets, and (2) avoiding LVOL leaking out
of the materials.

The AAM-LVOL composites immobilizing 20%vol LVOL all have a measurable
compressive strength, of 25 MPa on average for GEO-LVOL composites and 20 MPa on
average for AABFS-LVOL composites. The GEO-LVOL composites containing 40%vol
LVOL have an average compressive strength of 15 MPa, while the AABFS-LVOL
composites containing 40%vol of LVOL do not have a measurable compressive
strength, even those containing surfactants.

The addition of surfactants, with the aim of improving LVOL incorporation, leads to the
side effect of increasing the porosity of AAM. For GEO pastes, this negatively impacts
compressive strength fc; for AABFS pastes, fc is only reduced with Glucopon, otherwise
the presence of CTAB or Span 80 densifies the reaction products, so that fc is slightly
improved. In both types of AAM, Glucopon is the surfactant incorporating and
stabilizing the highest amount of air bubbles.

For GEO pastes at 20%vol LVOL, f. is increased thanks to CTAB or Brij 010 (compared
to the paste without surfactant). This is attributed to smaller LVOL droplets. At
40%vol., the connectivity of the LVOL emulsion is detrimental to mechanical strength;
this is particularly observed for AABFS pastes.

There is no influence of the LVOL on the setting time and strength development of
AAM materials. Moreover, at the low concentration of that study (3.10° mol.L?),
surfactants do not influence the setting time and strength development of AAM
materials, except for Glucopon, which slightly retards AABFS hydration, and more so
at higher concentrations.

The main reaction products of AAM (C-A-S-H in AABFS and N-A-S-(H) in GEO) are not
impacted by the addition of LVOL or surfactants. The impact on mechanical properties
is therefore only attributed to the increase in porosity (LVOL and air).
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With the chosen AAM formulations, it is concluded that the use of MK-based GEO is more
favorable for the immobilization of high amounts (40%vol) LVOL than AABFS. However, for
20%vol incorporation, both MK-based GEO and AABFS pastes are suitable with a surfactant
(CTAB for both, or Brij 010 for GEO). The type and concentration of surfactant must be
carefully chosen, not only for the purpose of stabilizing the LVOL emulsion but also to avoid
side effects, such as an excessive increase in porosity, influencing mechanical and long-term

properties of the AAM-LVOL composites.
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Appendix

Figure S1: Results from preliminary LVOL incorporation study - 3D representation of the oil
emulsion (20%vol) encapsulated inside an alkali activated BFS material, obtained by (left)
10%wt sodium hydroxide activation (voxel size = 1 micron, sample size 0.85x0.87x0.3 mm?3)
and (right) 10%wt sodium silicate activation (voxel size = 1 micron, sample size
0.75x0.99x0.3 mm3). The oil is an industrial mineral oil Mobil DTE 26 (mainly composed of
linear alkanes, with a low viscosity of 0.045 Pa.s). The water-to-BFS ratio is of 0.40.
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Figure S2: Compressive strength f. (MPa) of AAM and AAM-LVOL composites at 7, 14, 28
and 90 days under 100% relative humidity at 20°C: (top) is for GEO pastes and (bottom) is
for AABFS pastes.

The GEO-LVOL composites rapidly develop their compressive strength with a nearly constant
compressive strength after 7 days (Figure S2, top). This is typical for GEO materials and in
accordance with isothermal calorimetry (Figure 9a). The latter shows that after 60 hours, the

heat flow is almost zero and the cumulative heat constant [77], [78].

In contrast with the GEO pastes, BFS-LVOL composites display a more progressive
development of their compressive strength (Figure S2, down). This is also typical for this kind
of material and in accordance with isothermal calorimetry (Figure 9b). The latter shows that
after 100 hours analysis, the heat flow is still non-zero and the cumulative heat still increases
[79], [80].
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Figure S3: Nitrogen sorption-desorption isotherms of the AAM pastes, either MK-based
ones (top) or BFS-based ones (bottom).
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Figure S4: 2°Si (left) and ?’Al (right) MAS NMR spectra of (top): metakaolin powder and
(bottom): BFS powder.

149



Chapter lll: How are alkali-activated materials impacted by incorporating low viscosity organic liquids

— Test curve

—— Fitting curve

-50 -60 -70 -80 -90 -100 -110 -120
5 (¥Si) (ppm)

Q', C-A-S-H —— Test curve

—— Fitting curve

@2 (1Al), C-A-S-H

DD D

=4

1 1 1 1 1 1 1 1 1 1 1
50 -55 60 -65 -70 -75 -80 -85 -90 -95 -100 -105 ~-110
5 (**Si) (ppm)

Figure S5: Deconvolution results for 2°Si MAS NMR spectra of (top) GEO samples and
(bottom) AABFS samples.
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Figure S6: Deconvolution results for Al MAS NMR spectra of (top) GEO samples and
(bottom) AABFS samples.
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Chapter IV is dedicated to assessing and understanding the efficiency of the Mn0O,/Ag,0
hydrogen/tritium getter in alkali-activated materials, which has not yet been performed. In
particular, the getter efficiency is known to be affected by the properties of its surrounding

environment. In the case of cementitious-like materials, these can be the amount of free

water, the sorption of ions, redox reactions, etc.
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Due to its widely accepted effectiveness [1]-[5], the hydrogen/tritium getter studied in this
work is a blend of y-manganese dioxide (y-MnQ3) and silver oxide (Ag>0) written y-
MnO,/Ag,0. According to Galliez [6], the greatest trapping efficiency is reached when
manganese oxide and silver oxide powders are weighed in proportions such that the mass
ratio y-Mn0O2/Ag.0 = 87/13. The getter preparation process described by [2] involves a
grinding step, which promotes the granulation of Ag,O particles at the surface of y-MnOa. In
the following, the structure of y-MnO; and the trapping mechanisms will be described. A brief

state of the art on the use of this getter in cementitious materials will also be discussed.

1. Manganese oxides

The interesting chemistry of manganese is due to its various oxidation states. Among the
possible oxidation states of manganese (in the range of -lll to +VIl), the +II, +lll, and +IV
oxidation states are the most prevalent [7]. Manganese possesses the ability to form multiple
bonds with oxygen through spontaneous oxidation to a variety of stoichiometric
oxides/hydroxides/oxyhydroxides. Galliez [2] focused his work on the efficiency of hydrogen
getters made up of manganese dioxides (MnO3) of mixed oxidation states +llI-IV or oxidation
state +IV. Figure 1 summarizes the structures of MnO polymorphs [8]. Two types of structures

are distinguished:

e Lamellar structures: They consist of MnOg octahedrons connected together by their
edges. An example of this type of structure is birnessite 6-MnO; (Figure 1).
e Tunnel structures: They consist of MnOg octahedrons linked together by their corners.

An example of this type of structure is cryptomelane a-MnO; (Figure 1).
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8-MnO, A-MnO, a-MnO,
Birnessite 1-1v Cryptomelane
21 1-1v HI-1v
tunnel
ix1 2x1 tunnel
tunnel

1x1 tunnel

B-MnO, R-MnO, Y-MnO,
Pyrolusite Ramsdellite Nsutite
1\ v 1\

Figure 1: Structures of MnO; polymorphs (Mn: magenta and O: red). The structure of y-
MnO; consists of an intergrowth between 1x1 and 2x1 tunnels. The ratio of 1x1 tunnel
over 1x1 and 2x1 tunnels is called Pr (0% < Pr < 100%). The shown y-MnO; structure
displays a Pr = 50%. Water molecules and guest cations are omitted for clarity [8].

The results of Galliez [6] highlighted that the dense and compact 3D structure of the A-MnO;
has a low trapping efficiency due to the difficult access of hydrogen atoms to reactive sites. In
the case of birnessite, the lamellar structure has a strong tendency to interact with water,
which is interfering with the trapping of H,. Cryptomelane displays good hydrogen trapping
efficiency. Overall, the most effective manganese dioxide polymorph is y-MnO., i.e. nsutite

[6].

2. The complex y-MnO; structure and its impact on getter efficiency

Pyrolusite or B-MnO; is the most thermodynamically stable manganese dioxide form. It is
composed of MnQOg octahedrons linked together by their corners forming 1x1 tunnels (Figure
1). Ramsdelliste or R-MnO; is composed of MnOs octahedron linked together by their corners
and edges forming 2x1 tunnels (Figure 1). Nsutite or y-MnO; is a mixture of pyrolusite and
ramsdelliste manganese dioxide species [9]. It is considered as an irregular intergrowth of
pyrolusite and ramsdelliste blocks, hence composed of 1x1 and 2x1 tunnels and first identified
by De Wolf [10]. This irregular assembly is therefore called the De Wolf defect. Another
specificity of the nsutite structure is the presence of microtwinning defects. This occurs when

two adjacent MnQOs octahedron are oriented so that they share the same crystal lattice points
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in a symmetrical manner. The result is an intergrowth of two-separated MnOg octahedron that

are tightly bonded to each other.

Due to these defects, the structure of nsutite is difficult to characterize by XRD. The random
sequencing of R-MnQO; and B-MnO; depends on the nsutite synthesis conditions and the
resulting defects actually have a strong impact on the getter efficiency. The amount of 1x1
tunnels in the structure, i.e. the amount of pyrolusite units, is referred to as Pr. The amount

of microtwinning defects is referred to as Tw. Both Pr and Tw are expressed in %.

Chabre and Parmentier [5] developed an empirical method allowing the determination of
these two parameters based on peaks shifting along diffraction patterns. Accordingly, Figure
2 compares the trapping efficiency of getters made up of nsutites with varying Pr and Tw in
their structure. It confirms that pyrolusite and ramsdellite alone display a poor hydrogen
trapping efficiency. On the contrary, all nsutites that have been tried are efficiently trapping
hydrogen gas. However, Galliez [2] evidenced that the higher the microtwinning rate (high Tw)
and the lower the amount of 1x1 tunnel (low Pr), the higher the hydrogen trapping kinetics.
Indeed, the reactive sites are more easily accessible for hydrogen atoms in a highly disordered
structure (high Tw) and in 2x1 tunnels (low Pr). Finally, the specific surface area also plays an

important role with higher specific surface area promoting trapping efficiency.
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Figure 2: Influence of the y-MnO; form used in the preparation of Mn0O2/Ag.0 hydrogen
getters on the hydrogen trapping efficiency with the progress = n(Hz)trapped/N(Hz2)initial [2]-
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3. The getter trapping mechanism

In their reaction with hydrogen atoms, manganese dioxides are reduced and transformed in

manganese oxyhydroxides.

Figure 3 presents the structures of groutite (a-MnOOH) and manganite (y-MnOOH)
oxyhydroxides in order to visualize the hydrogen insertion sites [2]. Groutite is formed by the
reduction of ramsdellite and has the same 2x1 tunnel structure. Manganite is formed by the
reduction of pyrolusite and has the same 1x1 tunnel structure. In both groutite and manganite,
hydrogens are linked to pyramidal oxygen atoms and manganese is in oxidation state +lIl. The
presence of manganese atoms in oxidation state +lll leads to the presence of Jahn-Teller
effect, which is a deformation of MnQOs octahedrons [11]. Finally, 6-MnOOH is considered as
the oxyhydroxide form of nsutite [12]. As well as y-MnQ3 is an intergrowth of ramsdellite and
pyrolusite, 6-MnOOH is an intergrowth of groutite and manganite. However, the
microtwinning defects present in the nsutite form are no longer present in the 65-MnOOH form
[13].

Groutite a-MnOOH

Manganite y-MnOOH

Figure 3: Structure of (left) Groutite and (right) Manganite [2].

Several authors tried to understand the mechanisms of H, trapping by y-Mn0O,/Ag,0 getters
[1], [2], [4], [5]. The one proposed by Galliez is the most recent and complete one [2], [14],
[15]. First of all, he demonstrated that Ag,0 is transformed in Ag,COs by carbonation with
ambient CO; during the getter preparation. However, Farcy [16] demonstrated that Ag,COs is
transformed back to its original Ag.0 form in high pH conditions. In a first step (step 1 in figure
4), Galliez describes that there is a competition between the catalytic effect of Ag,0 on the
dihydrogen dissociation and its reduction into metal silver by reacting with hydrogen (Ag,0 +
H2 = Ag + H20). Due to this partial reduction of Ag,0O in metal Ag, it is more appropriate to
call it a promoter rather than a catalyst. The formed hydrogen atoms can then be inserted in
the tunnel structure of nsutite. Initially, they are preferentially inserted in 2x1 tunnels, which
are more easily accessible (step 2 in figure 4). Progressively, this leads to Jahn-Teller

deformations of adjacent 1x1 tunnels (step 3 in figure 4). Hydrogen atoms are then
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preferentially inserted in these deformed 1x1 tunnels (step 4 in figure 4). After saturation of
1x1 tunnels, hydrogen can finally fill 2x1 tunnels until saturation. The final product

corresponds to the 6-MnOOH form presented above.

Ag,0+H,

» 2Ag+H,0

@ Hin1x1 tunnels

O Hin 2x1 tunnels

‘ MnOg octahedron

Figure 4: Trapping mechanism proposed by Galliez [2]. The first stage is adapted to high pH
conditions according to Farcy [16].

4. Application in cementitious materials

One of the main objectives of this work is to produce AAM immobilizing tritiated oils, hence

containing the y-Mn0O2/Ag>0 hydrogen/tritium getter to avoid gaseous tritium (HT) release.

A pioneer patent describes cementitious materials containing this type of getter [17]. It deals
with several types of cementitious materials: 1) Portland cement, 2) geopolymer and 3)
calcium sulfoaluminate cement. In the patent, the authors describe that a drying step at 60°C
is required to remove the water presentin the pores of the cementitious materials. This allows
the transport of hydrogen gas, initially present in the environment, in the materials structures,
in order to be trapped. After drying, the trapping was efficient in all three materials but it is
not feasible at an industrial scale to dry cementitious waste packages before their disposal

due to processing and safety issues.
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Since that patent, two main studies have been conducted on the y-MnO./Ag.0 getter
efficiency in cementitious materials without drying, for the purpose of gaseous tritium

confinement [18].

On the one hand, Lanier [19] studied the getter efficiency in Portland cements (of CEMI and
CEMV types) and designed low permeability mortars for tritiated waste confinement. On
another hand, Farcy [16] studied the getter efficiency in magnesium potassium phosphate
(MKP) and calcium sulfoaluminate (CSA) cements in order to limit the presence of water in the
cement system. These studies demonstrated an excellent hydrogen trapping efficiency of
the getter in Portland, MKP and CSA cements, without the need of a preliminary thermal
treatment step. However, interactions between the getter and the cementitious porewaters
were brought to light and this might affect the getter efficiency.

Several parameters might have an impact on the getter efficiency in cementitious

environments:

e Despite its efficiency in wet conditions [1], [4], several authors agree that the getter
efficiency is higher in dry conditions [1], [2], [16]. Figure 5 exemplifies the strong
impact of humid conditions on the getter efficiency [16]. Hence, the amount of free
water, present in the porous network of cementitious materials, might have an impact

on the getter efficiency.
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Figure 5: Trapping kinetic of y-MnO,/Ag:0 at different rates of humidity [16].
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e The packing of MnOg octahedrons creates a variety of voids that form sublattices of
structurally equivalent interstitial sites, and allow the intercalation of cations and
water into the MnO; frameworks. For instance, manganese dioxides are widely used
to remove metal ions from wastewater by adsorption [20], [21] and Figure 6 illustrates
the predicted sites for alkali intercalation [22]. Farcy [16] demonstrated that the
nsutite structure has a strong tendency to adsorb various ions present in cementitious
porewaters (Ca2*, Mg?*, Na* ...). This might have an impact on the accessibility of

reactive sites for hydrogen.

Figure 6: Nsutite polymorph of MnO; and predicted sites for alkali intercalation. The
purple and yellow spheres and surrounding octahedrons denote spin-up and spin-down
Mn atoms and MnOg octahedrons. The black spheres and surrounding gray polyhedrons

denote potential intercalation sites for alkali and ions in the structure. Each presented site
defines a distinct sublattice, while a single site of each type is shown [22].

e The literature reports that sulfide species reduce MnO; and MnOOH via a two-electron
inner-sphere transfer process, because these solids have an empty and partially filled
conduction band of orbitals, respectively, that can accept two electrons. In the case of
MnQO,, this results in the reduction of Mn (+IV) to Mn (+IIl) [23]. In addition, a recent
patent describes that manganese dioxide reacts with sulfide species present in BFS

mortars through the following reaction [24]:

2R,S + 8Mn0, + H,0 - R,S,05 + ROH + 4Mn, 0,
If happening, this reaction would reduce the trapping capacity of the getter.

In conclusion, AAM are considered in this work for their ability to efficiently immobilize
industrial oils. In the case of tritiated oils, the functionalization with a y-MnO./Ag.0
hydrogen/tritium getter is considered to limit HT/T, outgassing. This chapter aims at
studying the hydrogen trapping performance of the y-MnO:/Ag,0 getter in AAM. In
particular, potential detrimental interactions between AAM porous environments and the
getter will be examined. In addition, this chapter also aims at ascertaining that the presence

of oil does not interfere with the trapping performances.
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Abstract

In this research, novel alkali-activated materials (AAM) are developed for the conditioning of
tritiated organic liquids OL. Their originality is to ensure both radioactive OL waste
conditioning and hydrogen or tritium (*Hz or 3H,) trapping. Two types of AAM are compared,
either based on metakaolin MK (i.e., on geopolymer GEO solid structure) or on blast furnace
slag BFS (i.e., Portland cement solid structure). For *H, or 3H; trapping, both AAM incorporate
a y-MnO,/Ag,0 getter powder at 10 wt.%, as in former research.

The efficiency of H; trapping in the two AAM is assessed via in situ *H, production, using two
distinct methods: (1) gamma irradiation (short term H; production) and (2) magnesium metal
Mg corrosion (longer term H, production). Complementarily, the 'H, trapping efficiency of
the getter is analyzed in both AAM porewaters.

Gamma irradiation with a cumulative dose up to 500 kGy shows that GEO-based AAM added
with getter have a H; trapping efficiency of almost 100% without OL, and 87-92% with OL,
when compared to identical materials made with non-trapping y-MnO,. BFS-based AAM made
with getter have a trapping efficiency of 52-65% without OL and 16-25% with OL.

After 443-464 days Mg corrosion, the cumulative amount of H; trapped in BFS AAM reaches
an asymptote of 0.7 mmol/g of getter, while is it keeps increasing in GEO AAM. This proves
the excellent H, trapping efficiency of getter-functionalized GEO compared to BFS AAM.

The contact of the getter with the extracted porewaters of the two AAM shows a strong ion
adsorption on its surface. This reduces the 'H, trapping capacity by 50% (in both cases). When
the getter is placed in contact with sulfides, which are present in BFS AAM only, X-Ray
Diffraction (XRD) and Scanning Electron Microscopy (SEM) evidence that the structure of the
getter is modified. This explains the limited H, trapping efficiency of the getter in BFS AAM,
whereas the getter-functionalized GEO AAM remains efficient.

Keywords: Alkali-activated materials, blast furnace slag, geopolymer, tritium, getter,

radioactive waste, organic liquids, organics, tritium trapping
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1. Introduction

1.1. Industrial context

Industrial countries are responsible for the management of their hazardous radioactive waste,
generated mainly by the nuclear industry, but also from medical or military applications [1],
[2]. The stabilization/solidification (S/S) of tFhese waste is a safe conditioning method, e.g. by
vitrification for long lived and high activity waste, or by immobilization into cement-based
materials. Ordinary Portland cement (OPC) materials are widely used for radioactive waste
immobilization because their long-term durability is well documented [3], and they are a

robust and economically viable solution [4].

However, alternative materials are required for specific applications, where OPC are
inadequate, e.g., forimmobilizing aluminum [5], [6], or organic liquids (OL) [7], [8]. Inthe latter
case, with OPC, the incorporation of OL may prove difficult, the setting and strength
development are significantly hindered [9]-[12], and durability is uncertain [13]-[16]. Instead,
alkali-activated materials (AAM) have proven their excellent behavior for OL conditioning [8],
[16]-[23]. They are currently investigated in the framework of the European H2020 PREDIS
project [24].

An alternative to OL treatment is to resort to incineration, but this method presents strong
restrictions, with significant limitations on radiologic activity or prohibiting the presence of
specific chemical compounds in the wastes. In particular, tritium gas, an isotope of hydrogen,
is released by waste from current fission nuclear reactors, and significantly more will be
produced in the near future by the nuclear fusion reactor ITER [1], [25]. Although tritium is a
short-lived radionuclide, it is very difficult to confine and can easily migrate in the
environment. Numerous tritiated waste exceed the allowed annual limits for tritium emission
in gaseous and liquid effluents from incineration units [1], [26]. In practice, tritiated OL are
currently not allowed in incineration units. Rather, immobilization into cement-based
materials has been considered [27], [28], but until now this has been done without any means
to limit tritium gas release and hence, to provide sufficient resistance against internal cracking

(due to gas pressure build-up) and sufficient durability.

1.2. Scientific background

Although they are based on OPC, the developed matrices in [27], [28] also have a very limited
compressive strength (below 100 kPa after 28 days curing, at an OL incorporation rate of 15-
20%wt cement). This is too low for current international regulations, which impose a minimal
compressive strength of 8 MPa. As developed above, to achieve such minimal strength for

cement matrices encapsulating OL, alkali-activated materials (AAM) are more adequate than
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OPC [8], [16]-[23]. In practice, two types of AAM exist depending on their Ca content [30].
Both are investigated here. Low Ca content AAM is based on alkali-activated metakaolin (MK);
this provides a geopolymer matrix, made of an amorphous 3D alumino-silicate solid
framework. High content Ca AAM is based on alkali-activated blast furnace slag (BFS); setting

leads to amorphous calcium aluminate and silicate hydrates.

1.3. Aims and scopes

Complementarily to using an AAM matrix for the immobilization of radioactive OL wastes,

tritiated OL also require the confinement of tritium gas.

An international patent [31] shows that significant trapping of H; is possible in different
conditioning matrices, including AAM, provided that they include a dedicated hydrogen-
tritium getter, and that a preliminary drying of the cement matrix is performed (at 32°C for 14
days followed by 2 days at 60°C). The getter is a mix of y-MnO; and Ag,0, aiming at irreversibly
trapping gaseous hydrogen [32]-[34] and its isotopes (deuterium and tritium forms) [35]. It
has been successfully used in the development of Portland cement-based mortars [36] or
calcium sulfoaluminate cements [37] for the conditioning of tritiated waste, without requiring
any heat treatment, although the latter was suggested in [31]. These cement matrices
incorporate a fixed amount of 10% y-MnO,/Ag,0 getter in a powdered form (expressed in%
of the total mortar mass) with a *H, trapping efficiency of over 90% after exposure to gamma

irradiations.

However, the getter efficiency after incorporation in an AAM without heat treatment is not
known. Potential detrimental interactions may occur between the y-Mn0O,/Ag,0 getter and
the AAM pore-waters such as 1) significant cations and/or anions sorption on the y-MnO;
surface [37], 2) a high amount of free water present in the pore structure of MK-based AAM
(i.e., geopolymers) and 3) the presence of reductive species in BFS-based AAM [38], which
might react with the oxidative components of the y-MnO,/Ag,0 getter. The influence of the

immobilized OL on the hydrogen trapping efficiency is also a question on hold.

The purpose of this research is precisely to determine the hydrogen/tritium trapping efficiency
of AAM added with getter for OL immobilization. Hydrogen gas is used, and results are
assumed extendable to tritium. Following the promising materials developed in [36], [37],
[39], the AAM developed in this research contain 10 wt.% of y-MnO2/Ag,0 getter, or a non-
trapping y-MnO; powder used for comparison purposes. The AAM are either based on blast
furnace slag (BFS) or on metakaolin (MK). They are neither dried nor heat treated. Following
industrial requirements, a fixed OL incorporation rate of 20% by volume is used. The OL is a

pure non-reactive mineral oil.

The efficiency of H, trapping in the two AAM is assessed via in situ hydrogen production, using
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two distinct methods: (1) gamma irradiation (short term hydrogen production) on three-
month old AAM, and (2) magnesium metal Mg corrosion (longer term hydrogen production).
The first method generates in situ H, gas by water and OL radiolysis [40]-[42]. The second
method produces H; gas in-situ through the corrosion of Mg powder added in the AAM [42].
Complementarily, the hydrogen trapping efficiency of the getter is analyzed in both AAM
porewaters, by combining (1) X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM)
to observe any structural change, (2) ICP-AES to assess ion sorption and (3) trapping efficiency

characterizations.

2. Materials and methods

2.1. Raw materials

All raw materials used in this study are listed in Table 1.

The y-MnO,/Ag,0 getter is produced by A3l (France) using manganese oxide (y-MnO3) and
silver oxide (Ag20).

A pure mineral oil (Nevastane EP100) is chosen as the OL to incorporate into the AAM. The
reasons are its purity (i.e., its absence of additives) and its easy incorporation in cementitious
materials, related to its viscosity comparable to that of the fresh AAM [22], [44].

Table 1: Raw materials used in this study.

Category Name Supplier
. Metakaolin (M1000) Imerys
Solid precursors
Blast Furnace Slag Ecocem
. Sodium hydroxide (purity > 99 %) VWR Int.
Alkaline sources - -~ -
Sodium silicate solution (Betol 39T) Woellner
Getter Manganese Oxide (ref n°8.05958.1000) Sigma-Aldrich
constituents Silver Oxide (ref n°1.19208.0100) Merck
Mineral oil Nevastane EP100 Total
Magnesium (-325 mesh, purity > 99 %) Alfa Aesar
Other powders - ; : :
Sodium sulfide Sigma-Aldrich

2.2. Materials preparation

Two formulations of AAM cements are selected from the literature, one for MK-based AAM
[7], [18], [19], [45], [46], the other for slag-based AAM [47]. An alkali-activation with sodium
silicate is chosen for MK to obtain a stoichiometry providing good mechanical performance.

Sodium hydroxide is preferred for BFS. Indeed, a preliminary study in our laboratory has
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shown that the OL emulsification is better (with smaller and more homogeneously distributed

droplets) in sodium hydroxide activated BFS than in sodium silicate activated BFS.

Figure 1 summarizes the different materials prepared with their processing steps and the

associated experimental measurements.
The first step (Figure 1, Step 1) consists in preparing the fresh material grouts:

e For the MK-based geopolymer (GEQ), the components are Betol 39T, sodium
hydroxide, water and MK. They are weighed in order to obtain a molar composition of
3.5Si0;: 1.0 Al03: 1.0 Na;0 : 13.0 H;0, following (Cantarel 2015, Cantarel 2018).

e For the alkali-activated blast furnace slag (BFS), the components (sodium hydroxide,
water and BFS) are weighed with a water/BFS mass ratio equal to 0.45 and a mass
concentration of sodium hydroxide representing 10% by mass of the mass of BFS,

following [47].

For both AAM, the alkali-activating solutions are prepared first. Sodium hydroxide pellets are
dissolved in distillated water. In the GEO case, the sodium silicate solution (Betol 39T) is also
added to the mix. The solutions are left to cool down to room temperature for several hours.
At this stage, activating solutions are stirred mechanically at 2000 rpm with a helical blade and
the solid precursor powders (MK or BFS) are quickly added. The mixing is carried out for 3
minutes until homogenization. Fresh grouts are either used in the second step (Figure 1, Step
2) or cured under endogenous conditions at 25°C for 28 days to provide material A. A detailed

composition is given in Table 2.

Table 2: Formulation details of materials A presented for a total mass of 100 g.

A Material (g) GEO BFS
H20 2.95 28.82
NaOH 6.87 7.12
Betol 39T 47.85 -
MK 42.33 -
BFS - 64.06

The second step (Figure 1, Step 2) consists in adding 10%mass y-MnO; or the y-MnO,/Ag,0
getter powders to the fresh grouts. These powders are quickly introduced in the fresh pastes
and the mixing is carried out for 5 minutes at 2000 rpm until homogenization. At this stage,
the fresh mixtures are either used in the third step (Figure 1, Step 3) or cured under
endogenous conditions at 25°C for 90 days to provide material B. A detailed composition is

given in Table 3.

175



Chapter IV: Trapping performance of alkali-activated materials incorporating a hydrogen/tritium
getter for the conditioning of tritiated organic liquids

Table 3: Formulation details of materials B presented for a total mass of 100 g.

B Material (g) GEO BFS

H20 4.95 25.94

- NaOH 6.02 6.40
Betol 39T 41.94 -
MK 37.10 -

BFS - 57.65

‘ 10 wt.% y-MnO; or getter 10.00 10.00

The third step (Figure 1, Step 3) is divided into two distinct paths:

e Step 3a (Figure 1) consists in adding the OL in proportions representing 20% volume of
the total volume of the material. The OL is quickly introduced in each fresh paste and
the mixing is carried out for 5 minutes at 2000 rpm until homogenization. Fresh
mixtures are then cured under endogenous conditions at 25°C for 90 days to provide
material C. A detailed composition is given in Table 4. Due to the easy incorporation of
the OL, no phase separation is observed until hardening of the AAM.

Table 4: Formulation details of materials C presented for a total mass of 100 g.

Material (g) GEO BFS
H20 4.40 23.42
NaOH 5.34 5.78
Betol 39T 37.23 -
MK 32.93 -
BFS - 52.05
y-MnO; or getter 10.00 10.00
Nevastane EP100 10.10 8.74

e Step 3b (Figure 1) consists in adding Mg powder in proportions representing 2% by
mass of the total mass of the material. It is quickly introduced in the fresh grout and
the mixing is carried out for 3 min at 2000 rpm until homogenization. Each fresh
mixture is then directly placed in a sealed stainless-steel container and cured under
endogenous conditions at 25°C to provide material D. A detailed composition is given
in Table 5.
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Table 5: Formulation details of materials D presented for a total mass of 100 g.

W 10 wt.%
Q2wt%

Material (g) GEO
H.0 4.84
NaOH 5.88
Betol 39T 41.00
MK 36.27

BFS -
y-MnO; or getter 10.00
Magnesium 2.00

BFS
25.37
6.26

56.37
10.00
2.00

With this strategy, the effect of the OL on the trapping performance of the AAM added with

getter is characterized independently of the trapping performance of the AAM added with

getter alone. Gamma irradiation tests are used for the former (Step 3a), and magnesium

corrosion is used for the latter (Step 3b).

1) GEO: 3.5 Si0, : 1.0 Al,05: 1.0 Na,0 : 14.0 H,0
2) BFS: W/BFS = 0.45 : NaOH 10%

Curing 28 days
Endogenous
25°C

A

\Awt’

_T‘\ | +Yy-MnO, or y-MnO,/Ag,0 getter ‘ |

'z

O[99
o 9|20
Step3a | |2l

+ Nevastane oil )

(@]

uring 90 days / Endogenous / 25°C |

C

gamma rays

Extraction of porewater for
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- Quantification by pGC
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Figure 1: Graphical representation of the experimental strategy developed in this four-step
research (1 to 3b), for four different material types (A to D).
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2.3. Hydrogen trapping performance
Two complementary methods are used to produce dihydrogen in-situ:

e Gamma irradiation exposure allows producing Hz in-situ by radiolysis of water and OL
present in the materials. This method best represents real-life storage conditions.
However, it is performed on cured materials (i.e., not from early age) and the amount
of Hy is measured at a specific cumulative dose (i.e., for a specific amount of H;
produced).

e The presence of magnesium in alkaline conditions produces H; in-situ by magnesium
corrosion. This is not representing real-life storage conditions, because in practice, no
Mg powder will be dispersed into AAM for storage purposes. However, this method
allows measuring the amount of H, produced over time directly from fresh materials
(i.e. from an early age) and this can be continuously, over long periods of time. In this
research, measurements are performed for 460 days (16 months).

Moreover, all AAM (materials B, C and D) are made either with the y-Mn0O,/Ag,0 getter, or
with a y-MnO: powder. The latter is used as a non-trapping reference powder, in order to
qguantify (by comparison) the H, trapping performance of the AAM incorporating the y-

MnO2/Ag,0 getter, without changing the material microstructure.

2.3.1. Gamma irradiation experiments

After 90 days curing (3 months), materials B and C, with a cylindrical shaped volume of 10 mL
are demolded, weighed and placed in glass vials of 105 mL. The glass vials are flame sealed
under 900 mbar of pure argon (after 3 cycles of depressurization at 30 mbar and pressurization
with argon to ensure air removal). The sealing ensures the confinement of any gas emitted

during irradiation and radiolysis.

Each sampleis subjected to external gamma irradiations (®°Co) in the experimental Gammatec
irradiator in Marcoule (France). A dose rate of 1000 Gy.h! is applied to achieve total doses of
250 kGy and 500 kGy respectively, on distinct samples (made at the same time). A Perspex
dosimeter provided by Harwell [48] is used according to the ISO-ASTM 51261 procedure [49].

The temperature is regulated between 20 and 25 °C during irradiation.

After irradiation, the amount of H, present in the gas volume of each sealed glass vial is directly
analyzed using a micro-gas chromatography (GC) analyzer Fusion from INFICON. The device is
equipped with a capillary column (Restek Rt-Msieve 5A) and a thermal conductivity detector

with a detection limit of 0.0001% H.. In this experiment, pure argon is used as the carrier gas.

The H2 molar amount n(H,) (in mol) is determined from the percentage of H, present in the
vial gas volume (directly given by micro-GC), from the gas pressure P in the vial after irradiation

(Pa) and from the free volume V in the glass vials (m?3) as:
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P-V-%(H,)
H)) = ——F— 1
n(Hy) = —— (1)
where R is the gas constant (8.314 J.mol2.K!) and T is temperature (298.15 K).
The amount of trapped H, per mass unit of getter (mmol/g of getter) is expressed as:
n(H,) —n(H,)
n(HZ)trapped — 2/Mno, 2/getter (2)

Myetter

where n(H2)mno2 (in mol) is the amount of H, measured in the sample containing y-MnO; and
N(H2)getter (in mol) is the amount of H, measured in the sample of the same material type, but

containing the y-Mn0O,/Ag,0 getter.
The trapped H; fraction, expressed in %, is calculated as follows:

n(HZ)MnOz - n(Hz)getter

n(HZ)MnOZ

Trapped H, (%) = x 100 3)

Radiolysis results are usually expressed by the radiolysis gas yield G (in mol.J?):

_ n(H,)

G(Hz)material - m-D (4)

where n(Hz) is the measured amount of H, gas (in mol), D the cumulative dose of gamma

radiation (in Gray) and m the mass of the irradiated sample (in kg).

For comparison purposes with the experimental G(H,)materiar 8iven by Eq. (4), the
theoretical hydrogen radiolytic yields are also calculated for materials B and C. The radiolytic
yield of pure water G(H,)yqter is taken from the literature (at a reference value of 4.46.108
mol/J)) [50], whereas the radiolytic yield of the OL G(H,),, has been determined
experimentally (1.65.107 mol/J).

In material B (Figure 1), because water radiolysis is the main significant source of H, the

theoretical radiolytic yield G is expressed as:

G(Hz)material = G(Hz)water X Wyater (5)

where wWuater is the total mass water fraction present in the sample (i.e., both free and bound

water) and G(H2)water is the radiolytic yield of pure water.

In material C (Figure 1), OL radiolysis is also a significant source of H; and the theoretical

radiolytic yield G is then expressed as:

G(Hz)material = G(Hz)water X Wwater + G(HZ)OL X WolL (6)

where wo is the mass fraction of OL in the sample, and G(Hz)oL the radiolytic yield of the OL.
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2.3.2. Magnesium corrosion

The Pourbaix diagram of magnesium describes that in the presence of sufficiently alkaline
solutions (i.e., pH > 11.5), metallic magnesium reacts with water, leading to the formation of
a solid Mg(OH)2 (brucite) layer and H; [43] as:

Mg(s) + ZHZO(l) = Mg(OH)Z(S) + HZ(g)

The Mg(OH); layer protects the Mg metal and slows down corrosion reactions. Therefore, Mg
is chosen in this study because it provides a controlled corrosion rate, and hence, a controlled

H; production rate.

A volume of 100 mL of material D is prepared and placed in a plastic container following the
procedure presented in (Figure 1), and it is directly introduced in a 1 L stainless steel reactors.
The latter is tightly closed to avoid air pollution under 900 mbar of pure nitrogen (after 3 cycles
of depressurization at 30 mbar and pressurization with nitrogen to ensure air removal). For
each material D sample, the reactor is kept at 25°C and the evolution of the H; present in the
vapor volume of the reactor is followed over time using micro-GC. The same device asin 11.3.1

is used but with nitrogen as the carrier gas.

At given time t (expressed in days), the H, molar content is determined using Eq. (1) and

normalized with respect to the Mg mass present in the material, as:

n(H,, t) = TR omy,, (7)
g

At given time t also, the amount of trapped H; per unit mass of getter (mmol/g of getter) is
calculated using Eq. (2). The cumulative fraction (CF) of trapped H; from time t=0 to time t is

deduced as:

2%:0 n(Hz: i)MnOZ - 2%:0 n(HZ: i)Getter

2%:0 n; (HZ: i)MnOZ

CF H,(%) at time t = X 100 (8)

The instantaneous fraction of trapped H,, expressed in %, is calculated from time t=1 day, as

follows:

[An(HZ)MnOZ ©) - An(Hz)getter (t)]

Trapped H,at time t (%) = An(H,) .
2)Mno,(t

x 100 9)

where An(Hy) yno, (t) = n(Hz) mno, (t) — n(Hz)yno,(t — 1) is the change in the amount of
H, measured in the sample containing y-MnO. between time t and time t-1, and
An(Hy) getter (t) = n(Hz) getter () — n(Hy) gerter (t — 1) is the change in the amount of H,

measured in the sample containing the y-MnO,/Ag,0 getter between time t and time t-1.
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2.4. Interactions between the AAM porewaters and the getter

This part aims to determine the influence of the AAM porewater chemistry on the y-
MnO,/Ag.0 getter, and, hence, to explain its relative efficiency in each AAM. The AAM
porewater solutions are directly extracted from the solid AAM, to represent the composition

of the actual porewater solutions as closely as possible.

Complementarily, the sulfides species present in the BFS-based AAM porewater are assumed
to affect the getter efficiency. To prove this, a simplified interacting solution, containing sulfite

species and mimicking reductive conditions present in BFS-based materials [51], is used.

The getter is put in contact with both solution types, and several analysis methods are used

to characterize the changes in its structure.

Details of the solutions, experimental protocol and analysis methods are given in Appendix.

3. Results and analysis

3.1. H; trapping performance of hardened AAM in presence of getter and OL
(materials B and C)

Figure 2 displays the experimental radiolytic yields G (H;)materia; TOr all samples made with

¥-MnO; or y-Mn0O,/Ag,0 getter, compared to the theoretical radiolytic yield of hydrogen.

With y-MnO,, materials B (i.e. without oil) have a significant H, production rate with
G (Hy) material Fanging from 9.3.10° mol/J (BFS at 500 kGy) to 1.33.10® mol/J (GEO at 250 kGy)
depending on the material and on the cumulative dose considered. The experimental

radiolytic yields are close to the theoretical values for the two AAM.

With the y-Mn02/Ag>0 getter, all materials B have a significantly lower hydrogen production,
with values ranging from 0.07.101° mol/J (GEO at 500 kGy) to 4.45.10° mol/J (BFS at 500 kGy),
again depending on the material and on the cumulative dose considered. This means that in
presence of getter, for GEO, the H, production is lower by more than two orders of magnitude
when compared with y-MnO,-based materials. For BFS-based AAM, however, the H»

production only decreases by 52-65%, depending on the cumulative dose.

With y-MnO;, materials C (i.e. with oil) have a significant H, radiolytic yield ranging from
1.15.10® mol/J (BFS at 250 kGy) to 3.41.10® mol/J (GEO at 250 kGy) depending on the material
and on the cumulative dose considered. GEO displays experimental radiolytic yields close to
the theoretical value, meaning that the OL produces H, as expected. On the contrary, BFS
displays a radiolytic yield significantly lower than (i.e., about half lower than) the theoretical

one; in both cases, G (H;)materiar is Of the same order of magnitude. This could be attributed
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to the fine pore structure of BFS-based AAM, which slows down the release of H, produced

from the samples.

With the y-Mn03/Ag,0 getter, the radiolytic yield G(H,)materiar ©f GEO materials with OL
(materials C) is on average of 2.71.10° mol/J (at 250 kGy) and 4.23.10° mol/J (at 500 kGy).
This is one order of magnitude lower than y-MnO-based materials. In BFS, the H, production
is slightly lower than that of the samples containing y-MnO;. For instance, at 250kGy
cumulative dose, G(H,)materiar iS ON average of 1.15.10® +/-0.22 mol/J with y-MnO, and
0.86.10% +/- 0.12 mol/J with the y-MnO,/Ag.0 getter. This means that the getter does not

have an actual efficiency towards H; trapping.

Material B (no oil)

1,6E-08
1,4E-08
1,2E-08

1E-08

M Theoretical

MnO2 250 kGy
MnO2 500 kGy
Getter 250 kGy
8E-09 Getter 500 kGy
6E-09

4E-09

G(H,) material (mol/))

2E-09

4E-08
3,5E-08
3E-08
2,5E-08
2E-08
1,5E-08
1E-08
5E-09

G(H,) material (mol/J)

BFS

Figure 2: Experimental hydrogen radiolytic yields in (mol/J) for materials B and C made
with y-MnO; (blue columns) or y-Mn0O,/Ag,0 getter (red columns), depending on the
cumulative dose (striped pattern at 250 kGy and checkered pattern at 500 kGy), compared
to theoretical radiolytic yields (black columns on the left).
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Figure 3 summarizes the H; trapping efficiency of both AAM after 250 or 500 kGy gamma

irradiation. The trapping efficiency is either expressed in mmol/g of getter (left) or normalized

relatively to the same material made with y-MnOQ; in % (right).

In GEQ, in the absence of OL (i.e. in materials B), the trapping efficiency reaches almost 100%

(with average values of 98.1-98.7% depending on the cumulative dose), whereas in BFS, the

trapping efficiency is between 52 and 65% (depending on the cumulative dose).

In presence of OL (i.e. in materials C), again in GEO, the trapping efficiency remains high, with

a value of 87-92% (depending on the cumulative dose). In BFS+OL, the trapping efficiency is

very low, with values between 16 and 25%.

Itis concluded that the trapping efficiency of the y-Mn0O2/Ag,0 getter efficiency is poor in BFS-

based AAM.
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Figure 3: Trapped H: expressed in (mmol/g of getter) or relatively to the same material
made with y-MnO: in (%) for the three materials (GEO and BFS) after gamma irradiation (in

3.2. Continuous H, trapping performance of AAM in presence of getter

(materials D)

kGy).

The corrosion of Mg powder introduced in material D (Figure 1) provides continuous in situ Ha

release for long periods of time (for over a year, see [52]). These are recorded and analyzed in

the following, in presence of non-trapping y-MnO: or of getter inside the AAM (and no OL).
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3.2.1. Trapping kinetics

Figure 4 displays the amount of hydrogen released by y-MnO;-based materials and y-
MnO,/Ag,0 getter-based materials as a function of time. Each experiment is duplicated. The
amount of Mg is slightly different in each material (from 3.085 to 3.55g Mg for samples of
154.25 to 177.5g). Therefore, results are normalized with respect to the mass of Mg initially

introduced in each sample.

Given the amount of H, released from non-trapping y-MnO-based materials, Mg corrosion is
very fast at an early age in both AAM materials (for the first 28 days), and then it progressively
decelerates, without reaching an asymptote after 443 to 464 days (depending on the sample
considered). This deceleration is attributed to (1) the hardening of the AAM, which pore
structure decreases the mobility of the reactive species and (2) mainly to the formation of a
brucite (i.e. Mg(OH)2) protective layer at high pH (i.e. for a pH > 11.5), as observed in [53].
Moreover, for all samples, Mg corrosion continues even after the end of the recordings

because Mg corrosion continues [51].

In the absence of getter, the lowest cumulative amount of released H; is in GEO-based AAM.
On average, the cumulative amount of released H; in GEO is of 4.84 mmol/g Mg +/-0.04 and

it is of 5.69 mmol/g Mg +/- 0.3 in BFS-based AAM.

In contrast, in getter-based materials, the amount of released H; is significantly lower, with
cumulative amounts of 0.19-0.44 mmol/g Mg for GEO and of 2.29-2.38 mmol/g Mg for BFS-
based AAM. At an early age, and until 28-91 days for BFS and 190-308 days for GEO, the

amount of released H; is below 0.1 mmol/g Mg.

3.2.2. Trapping efficiency

Figure 5 summarizes the cumulative trapped H; of both AAM materials. It is either expressed
in mmol/g of getter (top graph) or in % (with respect to the same material made with y-MnO,,

bottom graph).

As a matter of comparison, the cumulative amount of trapped H is significantly greater with
the corrosion method than after exposure to gamma radiations. For instance, for BFS, the
cumulative amount of trapped H; is of 0.02 mmol/g of getter after gamma irradiation (Figure
3), whereas it is of 0.67 mmol/g of getter +/-0.07 after 443-464 days Mg corrosion (Figure 5).

For up to about 200 days, the amount of trapped H; is significant in both AAM. No statistically
significant difference is observed between them. After that, the amount of trapped H;
stabilizes in BFS materials, while it keeps increasing in GEO materials, without reaching an
asymptote at the end of the tests (after 443 to 464 days).
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Figure 4: H2 released over time in materials D made with y-MnO; or y-Mn0/Ag,0 getter

for the three materials (GEO and BFS) expressed in (mmol/g of Mg). Each experiment is
duplicated (GEO or GEO-2 and BFS or BFS-2).

After 443-464 days, the cumulative amount of trapped H; in BFS materials is limited to 0.67
mmol/g of getter +/-0.07. During the continuous corrosion process, the cumulative trapped
H, percentage (with respect to the same material made with y-MnO;) decreases in BFS
materials, down to 59% +/-3 after 443-464 days.

Comparatively, in GEO materials, the cumulative amount of trapped H is greater (0.91
mmol/g of getter +/- 0.01) after 443-464 days. Simultaneously, the cumulative trapped H;
percentage remains stable, with an average value of 93.5% +/-2.5 after 443-464 days.
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Figure 5: Evolution of trapped H. over time in materials D for both AAM (GEO and BFS)
expressed (top) in (mmol/g of getter) or (bottom) in % (with respect to the same material
made with y-MnO:). Each experiment is duplicated (GEO or GEO-2 and BFS or BFS-2).

Finally, the instantaneous trapped H> percentage is calculated for both AAM (Figure 6). In BFS
materials, this parameter remains greater than 75% during the first 100 days. After that period
of time, the instantaneous trapped H. percentage decreases significantly, down to 0% reached
at about 215 days (7 months and a half). After that duration, the trapped H; percentage
oscillates around zero, meaning that the getter-added BFS material no longer provides H»
trapping. The instantaneous trapped H; percentage remains significant in GEO AAM, with

values ranging between 63 and 88% after 443-464 days.
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Comparatively, after the gamma irradiation test of BFS materials, the amount of trapped Hz is
very limited. In such instance, the production of H; starts only after 3 months curing. This
means that the y-MnO,/Ag,0 getter has probably lost a significant part of its efficiency after
such duration. In the Mg corrosion test, H, is produced at an early age, as it will be in the

industrial case. In such instance, from an early age, H, can be trapped by the y-Mn0O,/Ag,0

getter before it loses efficiency.
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Figure 6: Trapping efficiency - evolution of instantaneous trapped H; fraction in materials
D made with y-MnO; or y-MnO;/Ag>0 getter for both materials (GEO and BFS), calculated
at a given time and expressed relatively to the same material made with y-MnO; in %.
Each experiment is duplicated (GEO or GEO-2 and BFS or BFS-2).

3.3. Influence of the porewater chemistry on the y-Mn0,/Ag,0 getter

In this section, the y-Mn0O,/Ag,0 getter powder is placed in contact with two types of aqueous
solutions. The first ones are directly extracted from materials A (Figure 1) to represent the
actual AAM porewaters, and the second one is a sodium sulfide solution, used to mimic the

reductive species present in the BFS-based material at an early age.

3.3.1. Interactions between porewaters and y-MnO,/Ag20 getter

This experiment aims, in a qualitative way, to highlight the strong tendency of the y-

MnO;/Ag,0 getter to adsorb ions present in the AAM porewaters on its surface.

The y-Mn0O,/Ag,0 getter is placed in contact with the AAM porewaters directly extracted from
28 days cured materials (see Appendix A.1 and A.2).
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3.3.1.1 lon sorption at the surface of the y-Mn0/Ag,0 getter

The composition of the extracted porewaters is analyzed by ICP-AES before and after contact
with the y-MnO,/Ag,0 getter. Results are given in Figure 7 (black columns are before contact

with getter and striped columns are after contact with getter).

In both AAM (i.e. GEO and BFS), the alkaline activating solutions contain high amounts of
sodium ions, which significantly adsorb at the surface of the getter (Figure 7, bottom). In GEO
material, small amounts of potassium and phosphorus-based ions (cations and anions) are
released by the getter, whereas sulfur and silicon-based ions (mainly anions) are trapped. In
BFS, aluminum-based ions are slightly adsorbed, whereas calcium cations, potassium cations
and sulfur anions are all adsorbed on the getter surface; silicon and phosphorus-based ions

are not present.

According to [37], the getter surface is negatively charged in alkaline conditions (=Mn-0") and
therefore has a strong tendency to adsorb cations by electrostatic interactions. For instance,
a strong sorption of calcium cations is observed in Portland cements, as reported earlier [54].
According to these earlier researches, anions were not expected to adsorb on the getter
surface. However, the sorption of anions observed in this research is attributed to the
preliminary sorption of cations, which changes the surface charge of the getter from negative

to positive, allowing the sorption of anions in a double layer.

Overall, this section shows that the y-Mn0O,/Ag,0 getter has a strong tendency to adsorb ions
on its surface, both anions and cations, and this may have an impact on the getter H, trapping

properties.

3.3.1.2 XRD results

Before and after contact with the different porewater solutions, the crystalline phase blend
of the y-MnO,/Ag,0 getter is determined by qualitative XRD (Figure 8). According to the
literature [36], the y-MnO2/Ag;0 getter is supposed to have a hardly crystalline structure, so
that the phase identification is not straightforward. Some bumps on the XRD patterns actually

indicate the presence of non-crystalline matter.

However, the presence of crystallized pyrolusite (PDF 01-071-0071) is observed on the XRD
pattern of the getter powder used in this paper. According to [55], the presence of pyrolusite
strongly decreases the H; trapping kinetics of the y-MnO,/Ag,0 getter. There is also a slight
presence of metallic silver (PDF 03-065-2871), which has no catalytic effect on H; dissociation
[56], [57]. However, the first part of this paper highlighted the significant efficiency of the y-
MnO,/Ag,0 getter, indicating that these two unwanted species are present as impurities.

Their presence may be due to the manufacturing process of the y-Mn0,/Ag,0 getter.
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The main observation is that porewater solutions extracted from the AAM do not impact the

v-MnO,/Ag,0 getter crystalline structure (Figure 8).
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Figure 7: Sorption of Al, Ca, K, P, S, Si and Na elements present in pore-water. Solid
columns represent the concentration of elements before contact with the getter and
striped column represent the concentration after contact with the getter. The sorption of
Na is on a separate graph due to an important concentration requiring a dedicated scale.

< Silver Ag (PDF 03-065-2871)
® Pyrolusite MnO, (PDF 01-071-0071)

BFS

A REF
5 10 15 20 25 30 35 40 45 50 55 60 65 70
26(°)

Figure 8: Comparison of XRD patterns for y-MnO,/Ag>0 getter powder before contact with
pore-water solutions (black) and after contact with pore-waters extracted from BFS
(orange) and GEO (blue) materials.
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3.3.1.3 Hydrogen trapping capacity of y-Mn0O./Ag.0 getter powder

The trapping capacity of the y-MnO,/Ag,0 getter before and after contact with the alkaline
pore-waters is given in Figure 9. First of all, the trapping efficiency of the unaltered getter
powder is on the order of 4 mmol/g of getter, which is lower than the experimental trapping
capacity of about 5.7 mmol/g of getter determined by Farcy [37]. This difference is attributed
to the presence of crystallized pyrolusite and metallic silver observed on the XRD pattern in

Figure 8.

After contact with the alkaline porewaters for 116-120 days, the H; trapping capacity of the
getter powder is reduced by about 50%, with only a slight difference between the two distinct
porewaters (slightly more H; is trapped in GEO than in BFS). This is attributed to the sorption
of ions observed in Figure 7, which decreases the H; trapping kinetics and/or the trapping
efficiency by making the reactive sites of the y-MnO; less accessible and/or inaccessible. This
is an important result as it highlights that the theoretical trapping efficiency of the y-
MnO;/Ag,0 getter powder is no to be considered when incorporated into cementitious
materials. However, this test is not discriminatory and does not explain why the y-Mn0,/Ag,0

getter is less efficient in BFS-based AAM.
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Figure 9: Comparison of the y-MnO,/Ag,0 getter powder H; trapping capacity before
contact with alkaline pore-waters (black) and after contact with pore-waters extracted
from BFS (orange) and GEO (blue) materials.
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3.3.2. Interaction between sulfides and y-MnO./Ag:0 hydrogen getter
3.3.2.1 SEM observations of the y-Mn02/Ag20 getter powder

Macro-photographs and SEM micrographs of the y-Mn0O2/Ag.0 getter are given before and

after contact with the sodium sulfide solution (Figure 10).

First, after contact with sulfides, visual observations highlight that the getter powder has
undergone a color change from black (Figure 10 top left) to brown (Figure 10 top right). As y-
MnO; is the major constituent of the getter, this color change is attributed to a possible

change in the oxidation state of y-MnQO.. A structural change of Ag,0 is also possible.

With SEM observations (Figure 10 second and third lines, left), the y-MnQO,/Ag,0 getter
powder, before contact with the sulfides solution, displays a typical ovoid form of y-MnO;
particles, with varied size ranging from a few microns to 40 pum. The surface roughness is
attributed to the presence of Ag>0 at the surface of y-MnO; [39]. After contact with the
sulfides solution (Figure 10 second and third lines, right), y-MnO,/Ag,0 getter particles have
a different surface state, marked by the presence of small crystallites at the surface of y-MnO;
grains. Due to surface roughness and small crystal size, the EDX analysis is not conclusive to
determine what crystals have formed. Let now use XRD to observe possible crystalline

structure changes.

3.3.2.2 XRD results

The crystalline phase blend of the y-Mn0,/Ag,0 getter powder after contact with the sodium
sulfides solution is determined by qualitative XRD and compared to the XRD pattern of
untreated getter powder (Figure 11). After contact with the sulfide species, many peaks
appear on the getter XRD pattern. They are attributed to the presence of silver sulfide Ag,S
(PDF 01-080-5476). The emergence of low intensity peaks (32°, 37°) corresponding to the
powder diffraction profile of Mn30a is also observed (PDF 01-075-1560). Finally, a strong peak
at 29 = 20° could not be attributed by the computing system to any powder diffraction profile
corresponding to the elements in presence. According to [58], this peak could be attributed
to MnSOg salt.

3.3.2.3 Hydrogen trapping capacity of y-MnO2/Ag,0 getter

The trapping capacity of the y-Mn0O,/Ag,0 getter before and after contact with the sodium
sulfides solution is given in Figure 12. After contact with the sulfides solution, the trapping
capacity of the getter is divided by a factor of 11; the trapping capacity is lower than 0.4
mmol/g of getter and remains stable. This is attributed both to the change of amorphous Ag,0
into crystalline Ag,S and to the possible reduction of y-MnO; in Mn304 or other species.

Previous studies highlighted the reduction of MnO; into Mn;0s by reacting with sulfides
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present in BFS [59]. The y-MnO;/Ag>0 trapping mechanism involves the reduction of MnO; in
MnOOH supported by amorphous Ag,O catalysis [55]. The crystalline Ag,S that is formed
might not be as efficient as Ag,O to promote the dissociation of dihydrogen molecules.
Additionally, if y-MnOzis already in a reduced state (Mn;03, Mn304, etc.), the trapping capacity
will be consequently reduced. Further X-ray photoelectron spectroscopy (XPS) analysis could
allow confirming the chemical changes occurring to the getter constituents when placed into

contact with sulfide species.

After
Sulfides

Before
Sulfides

Figure 10: Photographs and SEM observations in backscattered electron mode of y-
MnO,/Ag.0 getter powder before contact with sulfides (left) and after contact with
sulfides (right).
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Figure 11: Comparison of XRD patterns for y-Mn0,/Ag,0 getter powder before contact
with sulfides (black) and after contact with sulfides (red).
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Figure 12: Comparison of the y-Mn0,/Ag,0 getter powder H; trapping capacity before
contact with the sodium sulfides solution (solid circle) and after contact with the sodium
sulfides solution (empty circles).
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4. Conclusion

This research has determined the hydrogen trapping efficiency of two novel AAM, either
based on MK or on BFS, functionalized with 10 wt.% of a y-MnO;/Ag,0 getter. Results are

summarized as follows:

o The efficiency of the y-Mn0,/Ag,0 getter is assessed in AAM by in-situ hydrogen
production. After gamma irradiation with cumulative doses of up to 500 kGy, GEO
materials made with getter have a hydrogen trapping efficiency of almost 100% in the
absence of OL and about 90% in the presence of OL, when compared to the irradiation
of identical materials made with a non-trapping y-MnO; powder. On the contrary, BFS-
based materials with getter have a trapping efficiency of 50% in the absence of OL and
about 20% in the presence of OL.

e The presence of OL does not reduce the trapping capacity, but it has an impact on the
H, trapping kinetics.

e After 443-464 days Mg corrosion, without OL, the amount of trapped H; in BFS material
is limited to 0.7 mmol/g of getter, while is it higher in GEO material. This means that
GEO functionalized with y-MnO,/Ag,0 getter display excellent hydrogen trapping
efficiency, but it is not the case of BFS-based materials.

e Complementarily, the contact of the y-MnO,/Ag,0 getter powder with the AAM
porewaters highlights the strong tendency of the getter to adsorb ions on its surface,
both cations and anions. With both types of alkaline porewaters, this reduces the H;
trapping capacity of the getter by 50%.

e Finally, the y-MnO,/Ag,0 getter is placed into contact with sulfides, which are present
in BFS-based materials. X-Ray Diffraction (XRD) and Scanning Electron Microscopy
(SEM) evidence that the structure of the getter is modified after contact with sulfide
species. The amorphous Ag>0 promoter reacts into crystalline Ag>S and the y-MnO is
most likely reduced, but the exact reaction product could not be determined. This
leads to a surface-modified getter powder and explains its poor efficiency for H;
trapping in alkali-activated BFS materials.

In further research, the efficiency of H, mitigation should be tested with greater gamma doses
(> 1000 kGy), at varying dose rates, to assess the Ha trapping capacity of the getter in GEO
materials and also the trapping kinetics. More generally, the influence of the y-Mn0,/Ag,0

getter on the reactivity and final properties of GEO materials should be assessed.

Considering the tritium issue, the proposed getter is able to reduce T, or HT releases but does
not prevent tritiated water (HTO) to move out from waste packages. This will also require

additional investigations (HTO diffusion experiments).

194



Chapter IV: Trapping performance of alkali-activated materials incorporating a hydrogen/tritium
getter for the conditioning of tritiated organic liquids

Appendix: Interactions between the AAM porewaters and the getter

A.1- Preparation of the different solutions

e Solutions 1 (S1): After 28 days curing, a sample of material A is broken into centimetric
pieces. 30 g are mixed with 30 g distilled water and left under stirring for half an hour.
The mixture is then filtered using a Buchner funnel over 0.20 um filters. The clear
solution obtained represents the composition of the porewater of material A. The pH
is measured to ensure the quality of the extraction. For both BFS and GEO materials,

the pH of the extracted solutions is greater than 12.

e Solution 2 (S2): 2 g of Na2S salt are dissolved in 100 mL of distilled water. The mixture
is left under stirring until complete dissolution.

A.2- Experimental approach

The y-Mn0O,/Ag,0 getter powder is placed in contact with one of the two solutions S1 or S2,

with the following protocol:

e Protocol for S1: 5 g of getter powder are suspended in 100 mL of S1 and left under
stirring for a week. This period allows the getter to interact with the ionic species
present in S1 and to reach equilibrium. The getter is then filtered using a Buchner
funnel and 0.20 um filters. The S1 solutions are kept, and the getter powder is dried at
80°C for 24 hours.

e Protocol for S2: 2 g of getter powder are suspended in 100 mL of S2 during 24h. The
getter powder is then filtered using a Buchner funnel and 0.20 um filters. The getter
powder is dried at 80°C for 24 hours.

A.3- Analysis

The y-MnO2/Ag.0 getter powder is characterized before and after contact with the two

solution types.

SEM observations. Microscopic observations of y-Mn0,/Ag,0 getter powder are performed
by Scanning Electron Microscopy (SEM) (FEI Inspect S50, high vacuum mode, acceleration

voltage of 15 kV, current intensity of 50 nA, and working distance of 10 mm).

XRD analysis. X-ray diffraction (XRD) patterns of y-Mn0O2/Ag,0 getter powder are identified
with the Bragg Brentano geometry (PANalytical X'Pert PRO MPD - copper anode AKal =
1.54056 A generated at 45 mA and 40 kV, X'celerator detector). The XRD patterns are collected

in the 208 range 5—70° with 0.017° steps, corresponding to 0.625 s measurement time per step.

ICP-AES analysis. The composition of S1 is evaluated before and after contact with the y-
MnO2/Ag,0 getter by inductively coupled plasma atomic emission spectroscopy (ICP-AES,

using a Thermo Scientific iCAP 6000 Series device). According to the literature, the focus is
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given on the main elements present in OPC and AAM pore-waters, i.e. Na, Al, Ca, K, P, S, Si
[60].

Trapping efficiency. This test aims at assessing the trapping efficiency of the y-Mn02/Ag,0
getter powder. 1 g of getter powder is introduced in a 1L stainless steel reactor. This reactor
is then tightly closed in order to avoid air pollution. As in [30], a gas mixture of H2/N; in molar
proportions 4/96 is introduced in the reactor at a pressure of 1.3 bar. The evolution of the H;
present in the vapor phase of the reactor is then followed over time using GC (the same device
as in 3.1 is used but with nitrogen as carrier gas). The H, molar quantification is made using

Eqg. (1).

The molar amount of H; trapped as a function of time, per unit of mass of getter, is determined

as follows:

n(HZ)trapped _ [n(Hy)o — n(Hz)]

Myetter

where n(H2)o is the amount of H; initially present in the reactor (in mol), n(Hz): is the amount
of Ha present in the reactor at time t (in mol), and Mgeter the mass of getter initially introduced
inside the reactor (in g). If necessary, i.e. when the molar proportion of Hz in the gas mixture
of Ha/N3 is lower than 1/99, the vapor phase in the reactor is renewed with the same H/N>

(4/96) gas mixture until saturation of the getter powder is achieved.
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A new approach for evaluating the long-term
confinement of radioactive organic liquids
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Chapter V aims at determining the long-term confinement of RLOW within geopolymer (GEO)
matrices, in order to help allowing their acceptance in industrial disposal sites. In particular,
environmental water seepage is usual and may dislodge RLOW from GEO with time. To this
purpose, the Surface Free Energy (SFE) of a typical GEO matrix is determined through wetting
angles measurements. For instance, the knowledge of the SFE allows: 1) quantifying the
affinity of any liquid for GEO materials and 2) drawing wetting envelopes to predict the

wetting of any liquid on the GEO surface.
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Abstract

Geopolymers (GP) are efficient matrices for confining radioactive organic liquids (OL) prior to
their final disposal. However, on the long term, the OL must remain inside the GP, even in case

of water seepage coming from the environment.

This research quantifies the wettability of OL and water on GP. The GP Surface Free Energy
(SFE) is determined using the Owens-Wendt approach, and wetting envelopes are deduced.
The low contact angles (i.e. high affinity) of two OL, widely used in nuclear applications, are
determined theoretically and confirmed experimentally. Accordingly, their spreading
coefficient S on the GP surface is significantly greater than that of water, ensuring stronger

bonding and promoting long term confinement.

Keywords: Geopolymer, radioactive waste, organic liquid, wetting, contact angle
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1. Introduction

1.1. Industrial and scientific context

Currently, non-negligible amounts of radioactive organic liquids (OL) are stored temporarily in
nuclear facilities, without an industrially validated treatment route. However, from a research
and development viewpoint, their incorporation in a cement matrix is generally a favorite
procedure, because it ensures an easy and direct chemical solidification/stabilization (S/S) of
many compounds, and produces a mechanically stable waste form [1], [2]. Contrarily to most
cements (including Portland-based ones), alkali-activated materials (AAM), and particularly
geopolymers (GP), display better performances for OL immobilization [3], [4]. GP can
incorporate up to 60 %vol. of OL [5], [6]. The final composite materials, referred to as GEOIL,

display high mechanical performance (above 10 MPa in uniaxial compression) [7], [8].

For industrial-scale radioactive waste disposal, the GEOIL solution still needs to comply with
usual acceptance criteria. One of the most challenging aspects is its long-term behavior, i.e.
its long-term durability. Under typical radioactive waste disposal conditions, the durability of
GEOIL has mainly been investigated on the short term [6]. Over a long period of time (several
years and more), ensuring an adequate confinement of OL inside geopolymers still remains an

unanswered question.

1.2. Aims and scopes

The confinement of an OL into a GP matrix is promoted by strong physico-chemical
interactions (wetting and adhesion) between the OL and the GP surface. However, in a typical
radioactive wastes disposal site, natural water seepage is usual. On the long term, any greater
affinity of the water for the GP surface, compared to the OL, could lead to water replacing the

OL, and OL migrating through to the environment.

In this context, for safety assessment, it is useful to determine and compare the wetting
properties of OL and of water on a typical GP substrate. The aim here is to determine which
liguid (OL or water) has the greatest spreading on the GP surface. To this purpose, the surface
free energy (SFE) of a typical GP needs to be identified. SFE is a first order parameter, which

allows determining the affinity of liquids (OL or water) for the GP surface.

The characterization of the SFE of a solid is not straightforward, even for an ideal surface.
Several semi-empirical analytical models based on contact angle measurements have been
developed [9]. The commonly used method developed by Owens-Wendt is adopted in this
work [10], because it has already been used to determine the SFE of ordinary Portland cement

and slag-based materials [11]-[13]. In this research, the SFE of GP is determined
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experimentally by contact angle measurements and from the Owens-Wendt model, using

fours selected OL, including water.

Further, by using the identified SFE values and the Owens-Wendt model, the corresponding
wetting envelopes are represented [14]. They are theoretical tools predicting the wetting (i.e.
the contact angle) of any liquid on the GP surface. After plotting, they are validated
experimentally, by measuring contact angles of liquids different from those used for model

identification. In this work, these will be two OL typically used in the nuclear industry.

Finally, the spreading ability of these two OL and water is quantified using the SFE of the GP

surface. The preferential wetting of OL or water on the GP surface is discussed.

2. Theoretical background

2.1. Surface wetting properties

The affinity of a liquid for a solid surface is characterized by wettability. At equilibrium,
wettability is captured by the contact angle @ of a spherical cap-shaped droplet, where the
liquid-vapor interface meets the solid-liquid interface (Figure 1). @ depends on the interfacial
free energies of solid-vapor (Ygy), solid-liquid (Ys;) and liquid-vapor (Y. ) interfaces,
expressed in N.m? or J.m2 For small relative vapors, Ysy = Vs and Yy = V.. By

convention, Y refers to the surface free energy (SFE) of the solid and Yy, refers to the surface
tension of the liquid. At equilibrium, they are all related in the thermodynamics approach of

Young [15] by:

Ys = Vs + YL cosb (1)

YL

Vs fe]

Figure 1: Schematic representation of the Young equation relating the contact angle 6 to
the interfacial free energies y (i.e. the SFE) and y/ (i.e. the surface tension).

The wettability of a liquid on a solid surface is determined by (1) the work of adhesion Wa
between liquid and solid and (2) the work of cohesion W¢c. Wa measures the strength of

contact between two distinct phases and corresponds to the work required to disjoin a unit
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area of the solid-liquid interface (¥, ) by creating a unit area of liquid-vapor (¥ ) and of solid-

vapor (Y¥s). Wc is the work produced per unit area when dividing a homogeneous liquid. In
other words, while Wa contributes to the spread of liquid over the solid surface, W¢ offers
resistance to liquid spreading, inducing a liquid contraction. They are related to the interfacial

free energies in Eq. 2 and Eq. 3 as [16], [17]:
Wy=vs+vL—VsL (2)
We =2y, (3)

According to Eq. 2, a significant Wa does not only require significant free energies of both

liquid (y,,) and solid (¥s), but also a low interfacial energy (¥, )-

Complementarily, the spreading coefficient S measures the tendency of a liquid to spread on
a solid surface. It is defined as the difference between the work of adhesion and the work of
cohesion. For spontaneous spreading to occur, it is necessary that S is positive, according to
Eq. 4 below [18]:

S=Wy—=We=Vs=vL—VsL (4)
The Dupré equation (Eq. 2) combined with the Young equation (Eq. 1), results in Eq. 5 below:
W, =vy,.(1+ cosB) (5)

Eq. 5 is often called the Young-Dupré equation and relates the work of adhesion to the
equilibrium contact angle 6. Itisinherently a mechanical expression which does not take into

account chemical aspects of the liquid-solid interaction.

Fundamentally, wetting is also a chemical phenomenon, and models taking into account
chemical interactions have greater explanatory power, i.e. they have the potential to be more
predictive than purely mechanical theories. Accordingly, several models use Eq. 1 as a starting
point, but they also capture the chemical aspects of solid-liquid and liquid—-vapor interactions
[9]. One of the most common chemical models is the Owens-Wendt approach [10]. This
approach assumes that the interfacial free energy has two contributions, namely the polar (p)
and the dispersive (d) ones, due to intermolecular interactions. Polar interactions (p) comprise
Coulomb interactions between permanent dipoles and between permanent and induced
dipoles, such as hydrogen bonds. Dispersive interactions (d) are caused by random
fluctuations of the charge distribution in atoms and molecules; these are the Van der Waals
London forces between induced dipoles. The polar and dispersive contributions to the

interfacial free energy are expressed in Egs. 6 and 7 for liquids and solids, respectively, as:
— d
Yo =v." +v.P (6)
— d
Ys =Vs” +vsP (7)
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Owens and Wendt expressed the interfacial free energy of the liquid-solid interface as the

geometric mean between these contributions, as [10]:

YsL =Vs+yL—2 (\/(stVLd) + \/(Ysp)’Lp)) (8)
From Egs. 2 and 6, the work of adhesion is evaluated as follows:
Wy =W, o + WP =2 ( YstvL® + VspVLp) 9)

From Egs. 1 and 8, the Owens-Wendt model is deduced as:

Y X
y.(1+ cos®) 14348
= [y [P+ Vs (10)
X '

2.2. Experimental strategy
2.2.1. Determination of the SFE of GP

The linear relationship in Eq. 10 provides the SFE of the GP solid (¥5) by plotting Y =
(y.(1 + cos 05p))/24/y.¢ as a function of X = /y,P/y.%. The square of the slope of the

(X,Y) plot is ysP; the square of the intercept is ys%. Parameters (X,Y) are plotted for at least
two different liquids (four are used here), and ysP and ys¢ are derived from their linear
interpolation in the least squares sense. The greater the number and the difference in the

liquid chemistry, the more accurate ys?, ys¢ and the SFE Vs = ]/Sd +]/Sp. This process

requires to identify preliminarily ]/Ld, v.P and B5p (Y, is the sum of y,¢ and y,P).

Firstly, the ]/Ld and pr values of four different liquids are determined by rearranging Eq. 10
and by considering polytetrafluoroethylene (PTFE) as a standard reference surface. Pure
untreated PTFE has a surface energy of 20.0 mJ/m?, and it is assumed devoid of polar
interactions, i.e., for PTFE, yg = ysd = 20.0 mJ/m? and ysP = 0mJ/m? [19], [20].
Substituting these values into Eq. 10 yields:

4 Y11+ cos Bprpp)?
147 30

(11)

Where 0p7 g is the contact angle measured between PTFE and the probed liquid. Therefore,
with Eqg. 11, by simply measuring 0 prrg, and by knowing y;, the dispersive component ]/Ld is

determined for the selected liquid. The value of ¥, ? is deduced as ;P = y; — )/Ld (Eq. 6).
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Secondly, the contact angle Bp is measured for the liquids of knowny/, y,.% and y,P, but

on the GP solid surface instead of PTFE.

2.2.2. Determination of wetting envelopes

When both (ys%and ysP) are known, the so-called “wetting envelopes” are determined. For
a given set (ys%, ¥sP, Ogp), each value of ]/Ld corresponds to a single value of pr, obtained
by the numerical resolution of Eq. 10. Wetting envelopes are then deduced by plotting the

dispersive component }/Ld of a liquid against the polar component y; P. For a given solid SFE,

wetting envelopes are bow-shaped curves at constant equilibrium contact angles O;p.

2.2.3. Prediction of wetting on a GP surface and experimental validation of the
Owens-Wendt approach

In practice, wetting envelopes are used to predict the wetting of the GP surface (i.e. the

contact angle B.p) for any liquid, provided that the polar and dispersive components of its

surface tension P and )/Ld are known [21]. In the following, they are used to predict the

B¢p of two OL widely used in the nuclear industry.

For these OL, using ys? and ]/Sd identified for the GP, together with y; and Bprpg values
from the literature (or from experimental measurements), y, *and y, P are derived and plotted

in the wetting envelope diagram, and the corresponding contact angle Op is deduced from
Eq. 10.

Further, the predicted O;p values for the two OL are compared to experimental

measurements of O;p for the same liquids. This aims to validate experimentally the Owens-
Wendt approach for GP, and to enable a wide use of the wetting envelopes for any other liquid

in contact with GP.

Finally, the work of adhesion Wa, the work of cohesion W¢ and the spreading coefficient S are

deduced and compared for the two OL and water.

3. Materials and methods
3.1. Materials

3.1.1. Preparation of the GP material

An aqueous sodium silicate solution (Betol 39T) is obtained from Woellner (Germany), sodium
hydroxide (purity > 99%) is purchased from VWR International (USA) and metakaolin (MK)

powder of M1000 grade is obtained from Imerys (France). The components (sodium silicate,
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sodium hydroxide, water and MK) are weighed in order to have a reference molar composition
of 3.5 Si0;: 1.0 Al;03: 1.0 Naz0 : 14.0 H;0. The preparation of the GP is detailed elsewhere
[6], [22]. Samples are cured in endogenous conditions at 20°C under atmospheric pressure for

at least 14 days to ensure complete geopolymerization.

3.1.2. Organic liquids

Deionized water and ethylene glycol, dimethylformamide (DMF) and dodecane with
analytical-reagent quality (purchased from Sigma-Aldrich, USA) are used for determining the
SFE of GP.

In order to validate experimentally the wetting envelopes, analytical-reagent quality
Tributylphosphate (TBP), from Sigma-Aldrich, USA, and an industrial mineral oil (labelled 10
for industrial oil, reference Shell SPIRAX S2 A80W-90, Shell Company, France) are selected.

3.2. Contact angle measurements

OprrE is measured with the sessile drop method using an optical tensiometer (Kruss K100).
Liquid drops are stable over time on PTFE substrates (they are measured without any time

constraint). For each sample, O pr g is the average of three measurements.

The process for O;p is slightly different. After demolding, the GP monolithic sample is dried
by air exposure for at least 24h. This decreases the liquid penetration rate into the porous
solid material when measuring contact angles; in a first approach, it is assumed not to affect
the contact angle value. 8p is measured with the same method as for 8 prpg,. After the liquid
drop is deposited on the GP surface, it fully penetrates into the GP in less than 10 s, because
GP are porous materials and liquids may easily penetrate by capillarity. This phenomenon may
lead to underestimate contact angle values. Therefore, contact angles on the GP surface are
measured 1 s only after the drop deposition. For each sample, O;p is the average of three

measurements.

4. Results and discussion

4.1. Characterization of Y4, ysPand y

Table 1 provides, first, O;p values as measured on the GP surface (Figure 2a), followed by
Oprrg values, measured on PTFE. From experimental Bpfy values and reference values for
¥., the components y,% and y,? are deduced using Eq. 11. The literature also provides
reference values for y, ¢ and y, P, used for comparison purposes. Good agreement is obtained
for DMF [23], dodecane [24] and water [25], with less than 10% difference for all values except

one at 20% (y,* for water). For ethylene glycol, the polar contribution is strongly
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underestimated in comparison with [26], possibly because the authors use a specific method,

relying on water-ethylene glycol mixes.

Table 1: Measured contact angles 8cr on GP surface, and Bpree on PTFE followed by total surface
tension y. taken from the literature, and corresponding dispersive and polar components (y,¢,
Y1P), either deduced from experimental Bpree Or from the literature (same references as for yy)

. . . Literature
Experimental Literature Experimental
(same ref. as for y\)
H H o o yL d d
Liquids Bcp (°) OprrE () e e YL VP YL VP
38.82 111.80 72.80 26.18  46.62
Water (+0.71) (£150)  (Janiszewska 2020)  (£2.02) (x2.02) 2180 5100
21.34 65.34 37.30 3493 237
DMF (£ 0.65) (£ 1.65) (Tang 2018) (£1.29) (x120) 242 488
11.79 36.57 25.90 25.90 0
Dodecane 5 91 (+0.98) (Pan 2018) (+031) (x031) 2> 0
Ethylene 21.68 77.43 48.00 4270 530
glycol (£ 1.54) (+1.00) (Zhang 2019) (£1.19) (x1.19) 2200 13.00

Eg. 10 is then applied to the measured values B;p in combination with experimental or
literature yLd and pr values (Table 1). This yields two distinct sets of four (X, Y) values for

the GP surface (Fig. 2b).

With the experimental ]/Ld and ]/Lp values, the linear fitting parameters (slope a and intercept
b) are a = 5.824 and b = 4.871. This provides yg% = 23.7 mN.m, ys? =33.9 mN.m™  and y5 =
57.6 mN.m. With the y, ¢ and y,P values from the literature, the linear fitting parameters are
a=5.908 and b = 4.417, yielding ¥s% = 19.5 mN.m%, P = 34.9 mN.m™ and y5 = 54.4 mN.m™%.

These two sets of results for the GP SFE are comparable, with less than 10% difference.

To our knowledge, the literature does not report any SFE for metakaolin-based GP, but the
total SFE Y (54.4-57.6 mN.m) is of the same order of magnitude as for ordinary Portland
cement (47.9-54.4 mN.m™) or slag-based alkali-activated materials (66.3 mN.m™) [13].
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Figure 2: (a) Photographs of the drop of each liquid on the GP surface with the
corresponding O¢p value. (b): Variation of Y with X for the solid GP surface using
experimental y.¢ and y.P values (continuous line and black marks), or using y.9 and y. P
from the literature (dashed lines and hollow marks). Each line represents the data best
linear fit in the least squares sense (with a Pearson’s coefficient R2 > 0.97).

4.2. Determination of the GP wetting envelopes

Using (ys%, ¥sP) obtained either from contact angle experiments or from the literature,

wetting envelopes for the GP surface are plotted in Figure 3, for fixed theoretical contact
angles values B;p of 0°, 20°, 40° and 60°. For instance, the 20° wetting envelope corresponds
to the set of liquids (with variable y;%and y,?) for which the theoretical contact angle on GP
is 20° in Eg. 10. Accordingly, any liquid with ]/Ldand y,.P laying within this contour will
theoretically wet the GP surface with a contact angle lower than 20°. On the contrary, any
liquid with ]/Ldand ¥, laying outside this contour will theoretically wet the geopolymer

surface with a contact angle greater than 20°. For instance, water is very close to the 40°

213



Chapter V: A new approach for evaluating the long-term confinement of radioactive organic liquid

wetting envelope, in good agreement with its measured contact angle on GP of 38.82° (Table

1 and Figure 2a).

4.3. Experimental validation of the Owens-Wendt approach

For water, TBP and an industrial oil (10), the predicted contact angles 8;p are given in Table
2. They are based on (ys%, ¥s?) deduced from the experimental measurement of (y.¢, y.?)
or from their values from the literature (for water only). For TBP and the 10, their positioning
on the wetting envelopes plot (Figure 3) predicts full wetting on the GP surface (i.e. a contact

angle of 0°). This means that they have a very high affinity for the GP material.

90
80 —0
20 —20°
—40°
60 .
—60
€ 50
=
,§, 40
e_ 30
>
20 ]
|
10
O 1 | 1 | 1
70 80 90

VLD [mMN/m]

Figure 3: Geopolymer wetting envelopes for contact angles of 0°, 20°, 40° and 60° using the
(¥s% vsP) values obtained either experimentally (solid lines) or from the literature
(dashed lines). Water, tributylphosphate (TBP) and an industrial oil (10) are plotted for
validation purposes.

The contact angles of the two liquids are also measured experimentally on the GP surface
(right column, Table 2). In the case of TBP, the prediction is perfectly in accordance with the
experiment. On the contrary, the experimental contact angle obtained for the 10 (24°) is
higher than the prediction (0°). This difference is explained by the higher viscosity of the 10,
which slows down the spreading on the GP surface. The measurement of the contact angle is

taken only 1 s after drop deposition; very possibly, this does not allow enough time for the
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viscous |0 to spread. However, the contact angle measured is low, and significantly lower than

that of water.

Table 2: Comparison of predicted contact angle values with experimental contact angle

values: case of TBP and an 10. Surface tension is expressed in mN.m,

Ocr (°)
o Measured . , Predict'ed using Pre;lictepd using
Liquid Bpree (°) YL YL YL experimental (vs%, ysP) from
PTFE (¥s%, vsP)? the literature 3
Water 111.80 72.80 26.18 46.62 38.99 43.47
(£ 1.50)
61.09 .
10 (+2.39) 32.09* 2833 3.76 0 N/A
47.44 1
TBP (+1.14) 27.42%  26.41 1.01 0 N/A

Measured

38.82

24.2

L The total surface tension of the OL was measured using a Wilhelmy plate (not from the literature)

% Experimental values are ys% = 23.7 mN.m?, ysP =33.9 mN.mand y5 = 57.6 mN.m

3 Values deduced from the literature are yg% = 19.5 mN.m, ¥5” = 34.9 mN.m™ and y5 = 54.4 mN.m™

4.4. Discussion on the preferential wetting of OL or water on GP surface

The knowledge of the geopolymer SFE allows calculating the work of cohesion W ¢, the work

of adhesion W 4, the spreading coefficient S and the interfacial free energy Y, for any liquid

of known surface tension. These are calculated for water, TBP and the 10, using Eq. 9, Eq. 3,

Eq. 4 and Eq. 5 respectively (Table 3). The work of adhesion W, for TBP and the 10 is much

lower than that of water, due to the low surface tension y;, of these liquids (Table 2). However,

due to a significant work of cohesion WW- water displays a negative spreading coefficient S and

is unlikely to spread on the GP surface, whereas TBP and the |0 spread on the geopolymer

surface (positive S). In case of water seepage at disposal sites, water is therefore unlikely to

migrate in GP materials and dislodge confined OL. Additionally, the GP formulation could be

modified to change the SFE in order to optimize the OL affinity and reduce that of water.
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Table 3: Work of cohesion W¢, work of adhesion Wa, spreading coefficient S and interfacial
tension ys. between liquids and GP surface. All are expressed in mN.m™.

Calculated using Calculated using (ys%, ysP)
experimental (5%, yP) from literature data
Liquids We Wa S YsL Wa S YsL
10 64.18 74.45 10.27  15.28 69.94 5.76 16.57
TBP 54.84 61.77 6.93 23.29 57.27 2.43 24.57
Water 145.60 @ 129.38 -16.22 1.06 125.64 -19.96 1.58

5. Conclusions

This paper determines experimentally the surface free energy of a GP using the Owens Wendt
approach. By solely measuring liquid/solid contact angles (on PTFE or on GP paste), four
different liquids (water and 3 OL) are used for model identification. Further, the Owens-Wendt
model is validated experimentally using two other OL. The corresponding wetting envelopes

are used to predict the contact angle of any liquid on the GP surface.

The knowledge of the geopolymer SFE allows calculating several interesting parameters (Wa,
We, S, etc.). For instance, the spreading coefficient S shows the preferential wetting of GP by
typical OL used in nuclear application, rather than by water. This is positive for ensuring the
long-term confinement of OL within GP materials: Because OL have an excellent affinity for
GP, long-term water seepage is not likely to dislodge OL from GP. The SFE parameter can be
further used to optimize the GP formulation in order to optimize the OL affinity. In the context
of nuclear wastes management, this appears as a positive contribution for ensuring long-term
confinement of OL within GP materials and could be extremely useful for the acceptance of

GEOIL at industrial disposal sites.
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1. Main achievements

The objective of this work consisted in developing a novel solution for the management of
tritiated oils based on the direct conditioning in alkali-activated materials (AAM), additionally
functionalized with a y-MnO2/Ag,0 hydrogen tritium getter (Figure 1). Two types of AAM,
either based on metakaolin (geopolymer or GEO) or on blast furnace slag (AABFS) were
considered. The scientific approach first consisted in understanding the emulsion of a model
mineral oil in fresh AAM added with various surfactants. The properties of hardened AAM-OIL
composites were then characterized. Secondly, the trapping efficiency of the y-MnO,/Ag,0
getter was assessed in AAM. Finally, a new methodology was proposed to demonstrate the oil

affinity for geopolymer materials in order to prove the long-term confinement capacity.

O

€ 10wt.%y-Mn0,/Ag,0
0 920D
(0 9905
Odo O
Leaching by — OQO 9 O ~:>
surrounding —] O O 8O _>

aqueous solution —— O 20 @ 8:‘>
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Figure 1: Graphical representation of this work objectives.

1.1. Fresh state oil emulsion

The emulsification of oil in a proportion of 20%vol. was successfully performed in both types
of fresh AAM grouts. However, this requires the addition of surfactants as the oil incorporation
would be insufficient due to the presence of heterogeneous and large visible droplets
otherwise. Several surfactants (CTAB, SDS, Glucopon 225DK, Span 80, Tween 80, Brij 010)
have successfully improved the oil emulsion (smaller and homogeneous oil droplets) but with
varying efficiencies and more importantly, following two distinct mechanisms that are

summarized in table 1.
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Table 1: Schematic representation of the two action mechanisms of surfactants for the
incorporation of oil in AAM. The light blue background represents the aqueous activating
solution, the red circles represent the oil droplets and the brown hexagons correspond to

the solid particles (BFS or MK). The green circles and the black lines correspond to the

surfactant heads and tails respectively.

Mechanism 1 Mechanism 2
Viscosity Constant Increases
Interfacial tension Effective decrease Poor decrease
Oil-solid particles .
P Low High

interactions

Graphical
description
Glucopon
GEO DS
Brij 010
Glucopon
SDS
AABFS CTAB Span 80
Tween 80
Brij 010

Mechanism 1 proceeds simply by reducing the interfacial tension, while maintaining the
workability of the fresh mixtures. Mechanism 2 acts by promoting interactions between solid
precursor particles and oil droplets, leading to thick and non-flowing fresh mixtures.
Surprisingly, even if fresh AAM can be conceptualized as similar (both are aqueous alkaline
solutions containing high amounts of particles), the behavior of surfactants can be opposite in
the two types of AAM and should be a focus of attention in the future development of AAM

for oil immobilization.

1.2. Oil immobilization in the hardened state

The advantage of using surfactants for oil immobilization was also highlighted in hardened

AAM-oil composites. It was first observed that when the composite materials fracture, the oil
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remains confined in the presence of surfactants owing to smaller droplets, whereas oil leakage

is clearly observed in the absence of surfactants due to larger droplets.

More importantly, we have shown that there is no influence of the oil on the setting time and
strength development of AAM materials. At the low concentration of that study (3.103 mol.L°
1), surfactants do not influence theses parameters. In addition, the main AAM reaction
products (C-A-S-H in AABFS and N-A-S-H in GEO) are not impacted by the addition of oil or
surfactants. The impact on mechanical properties is therefore only attributed to a physical

reason, i.e. the increase in fluid volume (oil and/or entrained air bubbles).

We have highlighted that the addition of surfactants, with the aim of improving the oil
immobilization/emulsion, leads to the side effect of increasing the porosity of AAM by
stabilizing air bubbles. In both types of AAM, Glucopon is by far the surfactant stabilizing the
highest amount of air bubbles, which is highly detrimental to the short-term mechanical
properties and the long-term durability of solid composite materials. However, AAM-OIL
composites immobilizing 20%vol. of oil all have significant compressive strengths, of 25 MPa
on average for GEO-OIL composites and 20 MPa on average for AABFS-OIL composites. This is
significantly higher than the 8 MPa required by ANDRA.

In conclusion, we have demonstrated that both GEO and AA-BFS materials are suitable for
immobilizing 20%vol. of oil provided that a surfactant is added, most preferentially CTAB in
AABFS or Brij 010 in GEO. According to both fresh and hardened states observations, GEO
exhibits higher performances for the immobilization of oil than AA-BFS, mainly based on
droplets size characterizations. The type and concentration of surfactant must be carefully
chosen, not only for the purpose of stabilizing the oil emulsion but also to avoid side effects,
such as an excessive porosity increase that will impact the final properties of composite

materials.

1.3. Getter efficiency in AAM

The efficiency of the y-Mn0O2/Ag,0 getter was assessed in AAM by using in-situ dihydrogen

production in two distinct ways:

e Gamma irradiations (up to 500 kGy): GEO materials containing the getter
demonstrated a H» trapping efficiency of almost 100% in the absence of oil and about
90% in the presence of oil. On the contrary, BFS-based materials containing the getter
exhibited only a H; trapping efficiency of 50% in the absence of oil and about 20% in
the presence of oil.

e Magnesium corrosion: The trapping of H, in AABFS material is limited to about 0.7

mmol/g of getter; it is greater in GEO and still carries on after 500 days.
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Complementarily, the contact of the y-Mn0O2/Ag.0 getter powder with AAM pore-waters,
directly extracted from solid AAM, highlighted the strong tendency of the getter to sorb ions
on its surface (Ca%*, Mg?*, Na*, but also silicates, aluminates, etc.). The sorption of these ions
at the surface of the getter hinders the access of hydrogen atoms to their reactive sites, which

reduces the H; trapping capacity by 50%.

Lastly, it was evidenced that the structure of the y-MnO/Ag.0 getter was modified after
contact with sulfide species, which led to an ineffective getter powder. Most probably, sulfide

species naturally present in raw BFS reduce the oxidant components of the getter powder.

In conclusion, it was demonstrated that the y-Mn0,/Ag,0 getter is significantly more
effective in GEO than in AABFS due to its reactivity with reducing sulfur species present in
the AABFS systems.

1.4. Oil confinement on the long-term

The surface free energy (SFE) of a GEO surface was determined experimentally by contact
angle measurements and using the Owens-Wendt approach. The spreading coefficient S,
which can be calculated from the SFE, shows the preferential wetting of GEO materials by
typical organic liquids used in nuclear applications (such as industrial oils), rather than by
water. Because organic liquids have an excellent affinity for GEO materials, long term water
seepage is not likely to dislodge them from GEO-OIL composites. In the context of nuclear
waste management, this appears as a positive contribution to the long-term durability of
geopolymer immobilizing oil (GEOIL) and it is extremely important for their acceptance in

industrial disposal sites.

2. Further research

2.1. Ensuring oil confinement over time

This work has provided adequate formulations of strong AAM-OIL composite materials. Thus
far, the remaining questions from waste regulators concern the proof that the oil will remain
confined in AAM over long periods of time and under specific conditions arising from the
nature of the disposal sites. Hence, the topic initiated in chapter V should be further
investigated to prove, in a thermodynamic approach, that the oil strongly interacts with GEO
matrices and will remain confined on the long term, even in the case of surrounding water
exposure. First, the method used for contact angle measurements may not be the most
adapted as the liquid droplets quickly penetrate in AAM by capillarity. The Washburn method
may be more adapted for measuring contact angles on cementitious-like materials. In

addition, the impact of AAM formulation parameters or ageing (e.g. irradiation exposure) on
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the surface free energy of AAM should be evaluated to assess if changes in the 0il-GEO affinity

could occur over time.

2.2. Ensuring tritium confinement

To ensure the confinement of gaseous tritium, the y-Mn03/Ag,0 getter is added in significant
proportions (10 wt%). It would be interesting to assess its influence on the reactivity and on
the final properties of AAM. In particular, the sorption of ions at the surface of the getter could
delay the setting time of AAM, while the getter might also act as a nucleation site accelerating
the setting of AAM. This work demonstrated that the H, trapping efficiency is very effective in
GEO materials. In further research, the efficiency of H, mitigation should be studied at higher
gamma doses (> 1000 kGy) and at varying dose rates, in order to assess the maximum trapping

capacity and kinetics of the y-Mn0,/Ag,0 getter in GEO materials.

Although this work focused on gaseous tritium (HT), it is not to be forgotten that tritiated oils
also release tritium in the form of tritiated water (HTO). The proposed y-MnO,/Ag,0 getter
aims at ensuring gaseous tritium (HT) confinement but does not prevent tritiated water (HTO)
to be released from AAM. Hence, this will require additional investigations, in particular the
development of AAM with water transport properties as low as possible. First trials have been
initiated to determine the HTO diffusion coefficient of the composite materials studied in this
work. Four formulations (GEO and AABFS samples, with or without oil immobilization), with
optimized water contents, are currently under investigation at CEA Cadarache. All samples
contain 10 wt% of MnO,, in order to be representative of the y-Mn0O,/Ag,0 getter. The test
consists in subjecting fully saturated slices of composite materials to a continuous HTO flow
in order to determine their HTO diffusion coefficient. More information about the
experimental design and subsequent data exploitation can be found in [1]. Final results are
not yet available but the current trend is that the HTO diffusion is much lower in AABFS than
in GEO, which confirms the relevance of studying AABFS materials for the immobilization of
tritiated oils. In particular, it could be interesting to improve the y-Mn0O,/Ag.0 getter
efficiency in AABFS, by preventing its reactivity with sulfur species. This could be achieved
by adding a strong oxidant (e.g. KMnOQas), which will preferentially react with the sulfur-
reducing species present is AABFS materials, hence protecting the oxidative constituents of

the y-Mn0O,/Ag,0 getter.

225



Conclusions and further research

References

[1] T. Wattez, A. Duhart-Barone, and S. Lorente, ‘Tritium through-diffusion test in non steady state: Can the
effective  diffusion coefficient be determined?’, Constr. Build. Mater., 2015, doi:
10.1016/j.conbuildmat.2015.05.111.

226



Appendix 1

Selection of suitable surfactants for the incorporation of
organic liquids into fresh geopolymer pastes

227






Appendix 1: Selection of suitable surfactants for the incorporation of organic liquids into fresh

journal homepage: www.elsevier.com/locate/ces

geopolymer materials

Chemical Engineering Science 255 (2022) 117635

Contents lists available at ScienceDirect

ENGINEERING

E

Chemical Engineering Science

Selection of suitable surfactants for the incorporation of organic liquids = M) |
into fresh geopolymer pastes Sy |

Christel Pierlot**, Hanyu Hu?, Charles Reeb b Jordan Bassetti®, Matthieu Bertin b David Lambertin®,
Catherine Davy“, Véronique Nardello-Rataj*

* Centrale Lille, Université de Lille, ONRS, Université Artois, UMR 8181-UCCS-Unité de Catalyse et Chimie du Solide, Lille, France
" CEA, DES, ISEC, DE2D, SEAD, LCBC, Univ Montpellier, Marcoule, France

HIGHLIGHTS

GRAPHICAL ABSTRACT

« Torque monitoring during
emulsification of OL into fresh GP
allows to have one-line viscosity.

« Torque evolution allows to predict if
OL will be successfully incorporated
in GP or not.

« Quaternary ammaonium salts such as
CTAB are well adapted to adjust the
viscosity of fresh GEOIL

s Capillary forces between OL and MK
were shown using Zéta potential
measurements and Washburn tests.

110

-

Torque (N.mm)
c238888823¢8¢8

0 10 20 30 40 S50 60 70 80 90 100
Veolume of organic liquid (mL)

ARTICLE INFO

ABSTRACT

Article history:

Received 27 September 2021

Received in revised form 9 March 2022
Accepted 21 March 2022

Available online 25 March 2022

Keywords:

Geopolymers

Metakaolin

Torque

Quaternary ammonium salts
Zeta potential

# Corresponding author.

https://doi.org/10.1016{j.ces.2022.117635

0009-2509/@ 2022 Elsevier Ltd. All rights reserved.

Geopolymers (GP) have recently emerged as suitable binders for the conditioning of radioactive organic
liquids (OL). The condition for suitably incorporating high amounts of OL into GP is assessed in this
research. A series of OL has been selected, comprising alkanes (dodecane and 2 paraffinic mineral oils),
an industrial gear oil and tributylphosphate (TBP), in order to cover a wide range of viscosities (0.001
8-2.33 Pass). The incorporation of viscous OL (>0.2 Pas) into fresh GP results in a regular torque increase,
indicating a suitable process with the dispersion of the OL in the form of fine micrometric droplets. When
the torque remains stable, for OL of low viscosity (<0.2 Pa.s) like TBP/Dodecane mixtures, the incorpora-
tion is not possible, or only partial in the form of large droplets quickly coalescing and leading to an
organic supernatant above the hardened GP.

For low viscosity OL, surfactants are required. The use of quaternmary ammoniums (QAs) like
cetyltrimethylammeonium bromide (CTAB) has been studied. Torque monitoring shows that the OL is
incorporated similarly in the GP slurry, whether the surfactant is introduced at the beginning, through
the course or at the end of the mixing process. The torque evolution also provides the optimum surfactant
concentration, by evidencing that beyond a certain concentration, the medium hardens too quickly, pre-
venting the incorporation of OL. Finally, torque monitoring highlights that QAs with shorter alkyl chains,
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such as hexamethyltrimethylammonium, are able to replace CTAB with the same efficiency. Therefore,
the powerful action of CTAB on the incorporation of alkanes into GP is attributed to its positive charge
rather than to its surfactant effect.

1. Introduction
1.1. Oil incorporation into geopolymer suspensions

Geopolymers (GP) are inorganic aluminosilicate materials syn-
thesized at room temperature by the activation of a solid alumi-
nosilicate precursor (e.g. metakaolin, fly ash F) in alkaline
conditions (fresh GP) (Davidovits, 1991; Provis et al., 2009).The
resulting mixture hardens to form a solid material (hardened
GP). Mixing organic liquids (OL) with such aqueous suspensions
{Bai and Colombo, 2018; Davidovits, 1991; Duxson et al., 2007;
Provis et al., 2009) has been recently described for the synthesis
of porosity-controlled media, thermal insulating foams or filtration
supports (Bai et al., 2016; Barbosa et al., 2018; Cilla et al., 2017;
Glad and Kriven, 2015; Medpelli et al., 2014) and for the treatment
of radioactive wastes (Cantarel et al, 2018, 2015). Vegetable oils
(Bai et al., 2016; Cilla et al., 2017) were also used as the organic
phase. Because of the strong alkaline medium, the triglycerides
contained in the vegetable oils are converted into glycerol and
sodium salt of carboxylic acids, which act as surfactants during
GP stirring. Therefore, unlike OL containing alkanes, incorporation
of vegetable oils into aqueous geopolymer suspensions does not
cause any process issue.

1.2. Two-steps oil incorporation process

With the aim of immobilizing radioactive organic wastes, alka-
nes (Cantarel et al., 2018; Lambertin et al., 2018) and paraffin oil
(Liu et al., 2018) have been used as model oils. In (Cantarel et al.,
2018; Lambertin et al, 2018), the two-steps incorporation process
first requires the formulation of an oil in alkaline water emulsion at
high shear rate in a first reactor, followed by its incorporation into
an aqueous and viscous metakaolin suspension in a second reactor.
Even if this process allows an efficient incorporation up to 20 %v of
OL in GP, by providing oil droplets of about 10-100 pm, this two-
steps protocol is hardly applicable at the industrial scale.

Moreover, the surfactant choice to form the initial emulsion is
critical, since this conditions not only the stability of the emulsion,
but also the easiness of incorporating the emulsion in the GP sus-
pension. Among the different surfactants that have been tested,
alkyl quaternary ammoniums, and in particular cetyl trimethyl
ammonium bromide (CTAB), appears as a promising emulsifier.
When using CTAB, the viscosity of the fresh hexadecane/geopoly-
mer composite pastes at 20% by volume of hexadecane is between
100 and 1000 times greater than the viscosity of the fresh geopoly-
mer free from alkane (Cantarel, 2016).

1.3. One-step oil incorporation process

Former studies highlight that when paraffin oil is dispersed into
a GP slurry, the suspension is not stable with time (Thakur et al.,
2019). However, it is worth noting that it is possible to incorporate
motor oils (Cantarel et al., 2015; Davy et al., 2019) in a GP cement
directly, in a one step process, without using any surfactant. Even if
no details are given concerning the composition of these industrial
oils, which probably contain additives like surfactants with some
emulsifying and/or stabilizing properties, it was the first time that
a one-step process had been successfully used. Cantarel et al.
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(Cantarel et al., 2015) noted an increase in viscosity during the
incorporation of the oil.

1.4. Offline rheological measurements

Most of the time, rheological measurements are performed off-
line, which requires to transfer the fresh GP from the reactor to the
measurement cell of the rheometer. The rheological properties of
these fresh pastes are generally determined using rotational
rheometers with a parallel plate (Sun et al,, 2020), a cone plate
(Dusserre et al., 2020) or a bowl with an helical steel ribbon impel-
ler (Steins et al., 2012) type geometry. Offline rheological measure-
ments can be carried out using several sample solicitations. As an
example, by simply measuring the evolution of viscosity versus
time on a scale of several hours, the setting time of geopolymers
can be estimated (Autef et al., 2013).

Moreover, typical rheological shear stress/shear rate curves also
provide apparent viscosity, yield stress and plastic viscosity. In Sun
et al. (Sun et al., 2020), these last two basic parameters have been
characterized to determine to what extent geopolymers meet the
requirements for extruding and molding processes.

In Dusserre et al. (Dusserre et al., 2020), thixotropic curves of
fresh geopolymers have been studied using a cone plate geometry.
From the interpretations of the rheological changes with time, a
model for the dissolution mechanism of metakaolin followed by
polycondensation is proposed.

Oscillatory rheological experiments allow the determination of
viscoelastic parameters (G, G”, and tan &). With these information,
Steins et al. (Steins et al., 2012) have shown that a rigid percolating
network in fresh GP occurs more quickly with alkali activator.
Hussain et al. (2005, 2004 ) have shown that the relaxation strength
(tan &) is correlated to the glass transition temperature (Tg) of
geopolymer-modified composites. In Rouyer et al. (2015), the elas-
tic and viscous moduli are also measured to investigate the perco-
lation and aggregation mechanisms during geopolymer paste
hardening,.

1.5. Online rheological measurement

To our knowledge, there are not many articles dealing with on
line rheological measurement, and even less when it is related to
oil incorporation in fresh geopolymer.

In some cases (Autefet al,, 2013), rheological measurements are
performed using an unconventional geometry to facilitate mixing,
using a bow!l and a helical steel ribbon impeller. In that case, the
torque measured during stirring can be converted to a viscosity
thanks to a preliminary calibration, performed with standard oils
(Autel et al,, 2013). However, geopolymer pastes may exhibit high
stiffness and cohesion, which makes common shear-driven
rheometers inappropriate. In that case, a homemade small-scale
ramp-type rheometer has been used to simulate an extrusion pro-
cess and to convert the applied pressure (i.e. the resulting torque)
to the rheological behavior of the pastes (Yunsheng et al., 2008).

Online torque measurements have already been used to follow
emulsification processes of viscous organic polymers such as epoxy
resin (Akay, 1997), polyethylene (Akay and Tong, 2001), polyester
(Catte et al., 2018; Pierlot et al., 2018), polyurethane (Saw et al.,
2004), rosin resins (Song et al, 2011), silicon resin (Galindo-
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Alvarez et al., 2011), bisphenol A-polyester (Goger et al., 2015) or
bitumen (Edward et al., 2014). The torque may be converted to vis-
cosity by calibration curves or by mathematical models (Allouche
et al,, 2004; Edward et al,, 2014; Song et al,, 2011).

In this article, the aim is to take advantage of the high viscosity
of fresh geopolymers to perform online torque tracking into the
reactor before and during organic liquid incorporation. The objec-
tive is to determine to what extent torque tracking provides rele-
vant information on both the process of oil incorporation and its
repartition into the GP. A series of organic liquids (OL) have been
selected for this study, comprising alkanes (dodecane, 2 paraffinic
mineral oils (Finavestan and Nevastane)) as well as an industrial
motor oil (Shellspirax) and tributylphosphate (TBP), in a view of
covering a wide range of viscosity (0.0018 to 2.33 Pa.s).

The effects of different quaternary ammoniums on the oil incor-
poration have been studied, including the well-known
cetyltrimethylammonium bromide (CTAB), with the aim of con-
firming the positive effect of CTAB on the organic liquid
incorporation.

2. Materials and methods
2.1. Chemicals

Geopolymers with the following molar composition 3.8 Si0;: 1
Al;0;: 1 NaO: 13 H,0 were synthesized using a sodium silicate
solution (Woellner, Betol® 39 T: 27.8 wt% Si0,, 8.3 wt% Na,0 and
63.9 wt% H»0), sodium hydroxide (Sigma Aldrich, 99%) and an alu-
minosilicate source (metakaolin, ARGICAL-M 1000, Imerys). Meta-
kaolin was chosen in this study for its stable chemical composition
and easy supply, which is not the case of other raw materials used
for geopolymer formulation (e.g. fly ash F, red mud).

Hexa, tetra, dode, de, octa, hexa-decylltrimethylammonium bro-
mide and Sudan IV were purchased from Sigma-Aldrich. Mineral
oils Nevastane EP100 and Finavestan A360B were obtained from
Total, Shellspirax 52 A 80 W-90 is a commercially available oil,
Dodecane, and Tributyl phosphate were purchased from VWR with
an announced purity of 99%. Chemicals were used as received
without any further purification. Water was deionized using a
Milli-QR@Water Purification System and was collected with a
resistivity > 18.2 MQ-cm.

2.2. Propeller and reactor

The stirring system is a propeller (Table 1) with three contigu-
ous blades (6.0 cm diameter) fixed on a stainless steel rod (0.6 cm
diameter). The reactor is a cm beaker with an internal diameter of

Table 1

Viscosity at 25 *C measured at 100 s~ for different organic liquids, fresh geopolymer
pastes with and without incorporated Shellspirax oil (20 %v) and p ratio (viscosity of
OL/ viscosity of fresh GP).

Viscosity at 100 s !
at 25 “C (Pas)

Organic liguids p ratio
(viscosity of OL/

viscosity of GP)

Suspension of fresh geopolymer

with 20 %v Shellspirax 5.59

alone 192

Organic liquid

Nevastane oil 233 1214
Shellspirax oil 032 0.167
Finavestan 0.13 0.068
Tributyl phosphate (TBP) 0.0036 0.002
Dodecane 0.0018 0.001
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8.0 cm. During the mixing step, the propelleris placed at 1 cm from
the bottom of the beaker.

2.3. Geopolymerjoil preparation

First, 12.92 g of sodium hydroxide, 82.16 g of Betol® 39 Tsilicate
solution and 11.04 g of deionized water are introduced into a
500 mL reactor to form the activating solution: The mixture was
first stirred at 400 rpm with the Heidolph RZR 2051 control to
ensure the complete dissolution of sodium hydroxide, and then
allowed to cool down to room temperature during 1 h. Afterwards,
72.12 g of ARGICAL-M 1000 are added during 2 min and the mix-
ture is stirred at 800 rpm during 15 min until both visual homo-
geneity of the dispersion and torque stability. At this stage, the
fresh geopolymer paste is obtained. The last step consists of intro-
ducing the organic liquid colored with Sudan IV into the reactor at
a flow rate of 4.0 mL.min~' with a Syringe pump Legato (kdScien-
tific). The organic liquid is introduced into the geopolymer paste so
that the point of impact is located at equal distance from the center
and the periphery of the beaker. The fresh mixture (called fresh
“geoil”) is poured into graduated test tubes for liquid state charac-
terization (discussed below) or directly transferred into open cylin-
drical polystyrene containers and aged at room temperature for
2 days before solid-state characterization.

2.4. Rheological experiments

3 mL of the liquid geopolymer suspension is placed in the gap of
a cone-plate (6 cm, 4°) Kinexus rheometer (Malvern). A shear
stress gradient from zero to the maximum value (Pa), chosen in
accordance to the consistency of the sample, is applied in 1 min
followed by the return in the same conditions, in order to reach
at least a shear rate of 100 s '. Experiments were carried out at a
constant temperature of 25.0 °C. The linear profiles obtained allow
the determination of the viscosity (shear stress divided by shear
rate) in the studied scale.

2.5, Torque measurements

The torque is measured in function of time using a Heidolph
RZR 2051 control at a selected stirring rate (100 to 800 rpm) and
recorded via a specific software (Watch/Control 200) pro-vided
by Heidolph.

2.6. Optical microscopic analysis

Optical microscopic observations are carried out using an Axios-
tar microscope Zeiss in transmission-mode for fresh geopolymers.
Due to their important opacity, geopolymer suspensions are
directly diluted with water (1/10) on the small glass plate before
observation. A Keyence VHX-5000 microscope is also used in
reflection-mode for hardened geopolymer observations.

2.7. Zeta potential

10 mg of metakaolin and an appropriate amount of alky! tri-
methyl ammonium bromide are dispersed in 10 mL of aqueous
solutions for 5 min using ultrasonic waves and left for 12 h at rest.
The pH of the agueous solutions is adjusted by the addition of
sodium hydroxide or hydrochloric acid and controlled before the
Zeta Potentiel analysis, which is performed using a Nanosizer Mal-
vern instrument.



Appendix 1: Selection of suitable surfactants for the incorporation of organic liquids into fresh
geopolymer materials

C. Pierlot, H. Hu, C. Reeb et al.
2.8. Washburn tests

Washburn tests are carried out using a Kriiss Force Tensiometer
- K100 in combination with Kriiss Windows based Laboratory
Desktop software in the sorption mode. 1.0 g of (natural or
hydrophobically modified) metakaolin is placed in an appropriate
sample holder, packed for 30 s using 2 kg weight and finally sus-
pended from the balance in the tensiometer. The liquid is raised
until it just touches the bottom of the porous sample and mass?
(w?) versus time (t) data are then collected as liquid penetrates
into the solid.

Hydrophobically metakaolin powders were obtained as follow:
5.0 g of natural metakaolin were introduced in 50 mL of 102 M
CTAB aqueous solution of and let for stirring during 2 h. The pow-
ders were then filtered on paper and dried in an oven at 60 °C
overnight.

3. Results and discussion
3.1. Torque/Viscosity correspondence

The selected organic liquids (OL) of interest comprising alkanes
(dodecane, 2 paraffinic mineral oils (Finavestan and Nevastane) as
well as an industrial motor oil (Shellspirax) and tributylphosphate
(TBP) have been first analyzed by shear stress/shear rate rheologi-
cal curves. Viscosity profiles are presented in Fig. 1. A. The maxi-
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Fig. 1. A: Viscosity (Pas) versus shear rate (s') measured at 250 °C for water,
different organic liguids, fresh geopolymers {with 0 %v and 20 %v of incorporated
Shellspirax oil). Viscosity curve have been obtained during increase in shear stress
from 0 to Gy during 1 min. oy is fixed in order to obtain a maximum shear rate
around 100 5", B: Correspondence between viscosity at 100 s~ and torque (N.mm)
at different stirring speeds (100, 200, 400 and 800 rpm).
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mum shear stress applied is selected in order to reach 100 s '
that could be representative of a mean shear rate generated in
the reactor during fresh geopolymer mixing.

The tested OLs are almost Newtonian since their viscosity is rel-
atively constant with the shear rate. The small variations in viscos-
ity for extremely flowing OLs (water, dodecane, TBP) at low speed
gradients (<10 s~') are due to experimental conditions. The viscos-
ity at 100 s~ ' (Table 1) versus the torque obtained in the reactor at
different speed rates have been plotted (Fig. 1B).

In order to extend the viscosity/torque correlation curve with
more consistent fluids, data obtained with fresh geopolymers
(1.92 Pas) and with 20 %v of Shellspirax oil incorporated
(5.59 Pa.s) have been added in Fig. 1B. For very fluid media
(<0.2 Pa.s), the torque only slightly varies whatever the stirring
speed (from 100 to 800 rpm). Thus, the correlation between viscos-
ity and torque is not relevant for OL of viscosity lower than 0.2 Pa.s.
For low speeds of rotation (100 or 200 rpm), the torque only
increases by 10 N.mm when the viscosity rises from 0.1 to
5.0 Pa.s. On the other hand, at 800 rpm, a large torque amplitude
of more than 50 N.mm is observed. Fig. 1B. shows that a mixing
speed of 800 rpm is well adapted to both ensure a good mixing
of the geopolymer and to follow the torque evolution during OL
incorporation.

3.2, Choice of geometry / transferability to other mixing geometries

Different stirring propeller (vortex, anchor, dispersing homogo-
nising blades) have been tested without success. Only the propeller
with three contiguous blades made it possible to incorporate
organic liquids with a minimum speed of 800 rpm. Estimation of
Reynold number (Re = 23) has been done using Re = N.d” p/uwith
N = 13.33 rounds/s (800 rpm), d = 6.10% m, p = 1672 kgm 2,
m = 3.5 Pa.s, Estimation of the maximum shear rate at the extrem-
ity of the blade is 151 s,

Given the high viscosity of the reaction medium, it is important
to note that the mixture can be stirred homogeneously as long as
the quantity of geopolymer is at a distance from the helix of the
order of a few cm. Beyond this distance, the geopolymer at the sur-
face of the reactor is no longer agitated. In the case of an industrial
dimensioning, it would probably be necessary to choose more suit-
able systems with multi-blade systems for example.

3.3. Organic liquids incorporation into fresh geopolymer

The incorporation of OL (Fig. 2) was carried out by always fol-
lowing the same protocol. First, the geopolymer suspension is pre-
pared by adding metakaolin to the activating solution. Once the
torque value is stable, the OL is added at a constant flow rate of
4.0 mL per minute. The addition is stopped at 100 mL if the
geopolymer is able to accept this volume (Fig. 1, Nevastane, Shell-
spirax). If not the addition is stopped when the organic liquid can
no longer penetrate inside the geopolymer (Fig. 1, Finavestan, ...,
Dodecane)). At this stage, the mixture is removed from the reactor
and a picture of the fresh GEOIL, fixed on the 6 cm diameter pro-
peller is presented in Table 2. At this step an observation of the
GEOIL can be obtained by optical microscopy (Fig. 3).

All the points in Fig. 2 for which there is no OL added
(v =0.0 mL) correspond to the same fresh geopolymer composition,
thus the small torque variations (35-40 N.mm) can be attributed to
slight position change of the propeller in the reactor. In any case,
this difference of 5.0 N.mm is negligible in comparison with the
torque variation obtained during OL incorporation (see Fig. 3).

Three torque evolution profiles can be distinguished in Fig. 2
depending of the type of OL that is incorporated, whose corre-
sponding GEOIL aspect (Type I, Il or 1ll) are presented in Table 2
before and after hardening. In the case of dodecane or TBP/dode-



Appendix 1: Selection of suitable surfactants for the incorporation of organic liquids into fresh
geopolymer materials

C. Pierlot, H. Hu, C. Reeb et al. Chemical Engineering Science 255 (2022) 117635

140 |

120 |
_100 f
E —e—Nevastane
E_ 80 —Shellspirax
E ~e-Finavestan
@ - —-TBP
g & }Hiypeu ] < TBP/Dodecane
g —e-Dodecane
= 4 Hype1 &

20 |

0 [ U TR T T T TN T N T TR TR SN TR TR TR NN SN SN SN TN SN S SN NN SN SN SN T

0 20 40 60 80 100 120 140
Volume of organic liquid (mL)

Fig. 2. Torque (N.imm) variation versus volume (mL) of different organic liquids incorporated (flow rate = 4.0 mLmin~ ' and stirring speed = 800 rpm) into 80.0 mL of fresh
geopolymer. Type I, I and 11l physical aspects of geopolymers are represented in Table 2.

Table 2
Type L, 11, Il GEOIL before (top) and after {bottom) hardening.

Type I Type 11 Type I11
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Fig. 3. Optical microscopy in transmission mode of fresh geopolymer (A) and with incorporation of 56% of Shellspirax organic liquid (B). Observations have been carried out
with preliminary dilution in water{1/10). Small colored (blue, green, red) parts correspond to solid particles that appear under polarized light. Circular oil droplets with sizes
ranging from 1.0 to 50 pum are also visible (B). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cane, the torque remains constant. The torque recording was pro-
ceeded until introduction of 40 mL of OL, but in fact, the oil incor-
poration into the GP was not taking place. After stopping the
agitation, the organic liquid directly coalesced at the surface of
the GP. The small amount of OL that is being incorporated is in
the form of big droplets of a few millimeters diameter, as can be
seen on the picture of the paste (Table 2, first column). In the
end, the paste corresponds practically to the fresh geopolymer in
terms of viscosity and is defined as type I GEOIL.

In case of TBP and Finavestan, the torque increases regularly up
to 54 N.mm and then stabilizes after 22 mL of TBP or 42 mL of
Finavestan have been incorporated. This late stabilization results
from the limit of incorporation and the appearance of big droplets
of oil in the GEOIL that can be seen on the propeller (Table 2, sec-
ond column). The fresh paste is still a bit too fluid to avoid coales-
cence of OL droplets on the surface of the geopolymer until the
hardening phase. GEOIL type Il will characterize such systems for
which the incorporation of oil is possible in a limited proportion
and for which an oil resurgence appears before hardening.

In case of Nevastane and Shellspirax mineral oils, the torque
increases constantly even after adding 100 mL of oil (55% oil incor-
poration) and the dispersion seems macroscopically very homoge-
neous as shown by the appearance of the GEOIL on the propeller
(Table 2, third column). The microscopic state (picture not pre-
sented) shows the dispersion of numerous oil droplets ranging
from 1.0 to 50 pm. GEOIL type Il will characterize these fresh geoil
with an adapted viscosity after oil incorporation that allows the
organic liquid to remain trapped in the solid matrix until the hard-
ening is completed. The green area in Fig. 2 is a schematic repre-
sentation of torque variation versus volume of organic liquid that
leads to GEOIL type III.

Finally, with regards to the OL tested, it seems that if its viscos-
ity is greater than 0.13 Pa.s (at 100 s~!) like Nevastane or Shellspi-
rax oils, the incorporation into geopolymer is properly done. If the
viscosity is about 0.13 Pa.s, such as the Finavestan oil, incorpora-
tion is possible but only at a limited extent of about 43% and the
droplets are relatively big (100 pm). For OL with very low viscosi-
ties (lower than 0.004 Pa.) such as TBP, dodecane and their mix-
tures, incorporation is not possible.

3.4. Effect of the viscosity difference on the incorporation

The effect of the viscosity ratio (p = np /1n¢) between the dis-
persed and the continuous phases on the ability of a dispersed lig-
uid to be burst has been studied by Grace (Grace, 1982). This study
concluded that there is a range of most favorable ratios (102 < p <
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3) to produce a high quality dispersion. It appears that these con-
clusions are also valid in the present study if the fresh geopolymer
is considered as the continuous phase (m° = 1.92 Pas) and the
organic liquid as the dispersed phase. In fact, for Nevastane
(p=1.2)and Shellspirax (p = 0.17), the oil incorporation is success-
ful (Table 1). For OL with lower p ratio such as Finavestan (p = 0.13)
and TBP (p = 0.004), the incorporation of oil is still possible but at a
limited amount, especially in the case of TBP for which the p ratio
is outside the good interval conditions (102 < p < 3). As expected,
dodecane, which does not incorporate into the geopolymer has
indeed the lowest p ratio (p = 0.002). Organic liquids with a viscos-
ity high enough to reach a p ratio higher than 3.0 have not been
tested in this study. However, Grace’s observations might be appli-
cable to geopolymer suspensions with organic liquids having supe-
rior viscosities, as observed during the bad dispersion of
excessively viscous epoxy liquids into fresh geopolymer resin
(Wang et al,, 2019).

3.5. Effect of CTAB added at different steps of the process

To see whether the addition of CTAB in geopolymer paste facil-
itates OL incorporation, Finavestan oil was selected for its moder-
ate incorporation (Type II) without any additives.

In the protocol of the present study, the components are added
in the following order: activating solution, metakaolin and oil. The
CTAB is introduced at three different steps of the process: directly
in the activation solution, just after the addition of metakaolin, or
at the end, just after the oil incorporation. The concentration of
CTAB (102 M) was calculated with respect to the volume of the
fresh geopolymer. Without CTAB (black and green curves in
Fig. 4), the torque typically increases from 35-40 to 55 N.mm dur-
ing the addition of Finavestan, as already observed in Fig. 2. The
optical microscopy visualization of the hardened GEOIL without
oil are presented in Fig. 5A Angular micron particles can be
observed that probably corresponds to metakaolin (noted MK in
the photo) trapped in the polymerized aluminosilcate matrix.
(Fig. 5B) confirms the presence of large Finavestan oil droplets of
more than 50 pm, the reflection of which is materialized by a small
white disc in the center of the drop.

The addition of CTAB in the activating solution containing meta-
kaolin already induces an increase in torque (50-55 N.mm) com-
pared to the sample free of CTAB (25-40 N.mm). Oil addition
then leads to a strong increase of the torque profile, up to 160 N.
mm. After hardening, the microscopic analysis shows a homoge-
neous size distribution with droplets smaller than 10 pum that
can be detected by the numerous small white points (Fig. 5C). An
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Fig. 4. Torque (N.mm) variation versus time (min} at stirring speed = 800 rpm. The
addition of Finavestan {60 ml/23%) happens during the first 15 min (flow
rate = 40 mLmin ') into 200 mL of geopolymer without CTAB (black), with
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enlargement of a central portion of the photo in Fig. 5C (see insert)
allows the small drops to be seen better.

Even more surprising, when CTAB is added after the incorpora-
tion of Finavestan, the torque progressively increases during
10 min, leading to a similar torque value {150 N.mm) as when
the CTAB is directly introduced in the activating solution. Again,
the droplet size is about a few microns (Fig. 5D).

The huge increase of torque experienced when adding CTAB
could be due to the adsorption of CTAB on the surface of MK par-
ticles. The polar head of CTAB is positively charged and is therefore
likely to adsorb on the surface of MK particles, which are nega-
tively charged in alkaline conditions (Zhang et al., 2008). The
hydrophobic forces arising from the interaction between
hydrophobic tails of CTAB molecules cause the formation of
agglomerates of MK particles (Suzzoni et al,, 2018). These agglom-
erates are responsible for the viscosity increase due to higher effec-
tive volume. This phenomenon is even much more significant in
the presence of oil, probably due to the fact that the mixture is get-
ting close to the maximum packing fraction (Guazzelli and
Pouliquen, 2018).

3.6. Effect of CTAB concentration

Since the positive effect of CTAB has been shown on the incor-
poration of a moderately viscous oil (Fig. 4), the incorporation of a

Fig. 5. Optical microscopy in reflexion mode of cured geopolymers: {A) without Organic Liquid (OL) and with of 23% of incorporated of Finavestan OL as described in Fig. 4:
(B) without CTAB, (C) with addition of CTAB in the activating solution and (D) with addition of CTAB after Finavestan incorporation.
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Fig. 6. Torque (N.mm)variation versus TBP/Dodecane volume (mL) added at a flow rate of 4.0 mL.min ! at a stirring speed of 800 rpm in 80 mL of geopolymer. (A): Different
concentrations of CTAB (0, 1, 3, 5 and 10.10% M) and (B): Different quaternary ammonium {C6, C8, C10, C12, C14, C16-TAB) at 3.10° M are introduced in the activating

solution.

very fluid oil mixture TBP/dodecane (7/3) will be tried using CTAB.
The CTAB is introduced in the activation solution at different con-
centrations (0, 1, 3, 5 and 10.10* M).

The black curve (Fig. 6) corresponds to the experience without
CTAB. The correspondence between the torque and the viscosity
was reported using the calibration curve (Fig. 1). Before oil addi-
tion, the viscosity of the GP increases with the amount of CTAB,
from 1.7 Pa.s without CTAB to 3 Pa.s for 3.10% M of CTAB and to
45 Pas if 10,107 M of CTAB was used. For less important CTAB
concentrations 0f 1.10° M and 3.10°, the torque strongly increases
up to 5 mL of organic liquid added, then further increases but less
quickly up to 20 mL. In the end, the quality of the dispersion is high
and corresponds to a geoil type IIl. As previously observed, when
the addition of 20 mL of oil is completed, the torque reaches a cer-
tain value (60-90 N.mm, = 10 Pa.s) and further increases, leading
to a successful incorporation. On the other hand, for the highest
CTAB concentrations (5.10% M and 10.10* M), the torque increases
too quickly up to 85 N.mm at just 5 mL of LO incorporated. At this
stage, the viscosity is so high (around 20 Pa.s) that the rotation of
the propeller can no longer drive the geopolymer from the outside
towards the center of the reactor. Thus, the organic liquid can no
longer penetrate inside the GP and accumulates at the surface of
the slurry. In such a case, the torque signal is very noisy and the
mixture heterogeneous. The torque tracking was therefore not
reported on Fig. GA. for such high concentrations of CTAB (5.107
M and 10.10°* M).

3.7. Effect of the alkyl chain length of trimethyl ammonium bromide
surfactants

Several quaternary ammoniums (QA) with different chain
lengths (Cg, Cg, Cig, Cy2, Cia, Ci) were tested in this study. Using
the results of Fig. 6A, a QA concentration of 3.10° M was chosen
for the incorporation of a TBP/dodecane mixture. Fig. 6B shows
that whatever the quaternary ammonium that is used, the oil
incorporation is successful, providing with a final geoil type III,
similar to the one previously obtained with CTAB (C,;). The torque
profiles are identical for each pairs of compounds Cg-Cs, Ci0-Ci2
and Ci4-Cq6-TAB. The profiles are convex for Cg-Ci2-TAB and con-
cave for Cy4-Cys-TAB. Torque monitoring shows that quaternary
ammonium with short alkyl chains such as hexamethyltrimethy-
lammonium are able to replace CTAB for the incorporation of oil
with the same efficiency. The positive action of CTAB on the incor-
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poration of alkane type fluids is therefore due to its positive charge
rather than its than its surfactant activity.

It can be observed that the magnitude of the torque increase
tends to be smaller with decreasing alkyl chain length. This is in
accordance with the presence of hydrophobic forces between MK
particles. Shorter alkyl chains decrease the range of attraction
between MK particles, which decreases the size of particles
agglomerates, the effective volume and ultimately the impact on
the viscosity.

3.8. Zeta potential of metakaolin particles in the presence of QA

Quaternary ammonium salts (QAs) have been used to obtain
high surface area nanoporous geopolymers (Kang et al., 2005; Pei
et al,, 2020; Singhal et al.,, 2017; Yu et al., 2020) improve the com-
pressive strength of geopolymers (Petlitckaia and Poulesquen,
2019) or to increase the hydrophobicity of mineral particles to
improve the adsorption capacity of organic compounds {Chen
et al, 2019; Falah et al,, 2016; Montgomery et al, 1991; Siyal
et al., 2018). The interaction between metakaolin and QAs, respon-
sible for an increase in viscosity of fresh geopolymers has already
been observed when using CTAB (Cantarel, 2016; Revathi et al.,
2017).

To demonstrate the interaction between metakaolin and QAs,
suspensions of metakaolin in the presence of QAs with different
chain lengths have been formulated and left at rest for 12 h. This
period of rest allows the QAs species to fully adsorb on the surface
of the particles. Despite the fact that geopolymer formation
requires very basic conditions, the range of pH was extended from
2 to 12 in this study. In the absence of QAs, the Zeta potential of
metakaolin (Fig. 7) decreases from —10 mV to —-60 mV with
increasing pH value. In the presence of QAs, the Zeta potential/
pH curves are strongly translated to higher values and the greater
the length of the alkyl chain, the higher the value of the Zeta poten-
tial. When using CTAB, the Zeta potential is high and almost con-
stant (60/50 mV) along de pH, even in highly alkaline conditions.
These experiments demonstrate the affinity of QAs for metakaolin,
and the interactions appear to be stronger with a longer alkyl chain
like CTAB.

The concentration of hydroxide ions in a geopolymer activation
solution is about 6.75 mol. L', This high concentration of NaOH is
intended to accelerate the dissolution of the Metakaolin and thus
the polymerization of the geopolymer. Since the most basic condi-
tions used in zetametry never exceeded 102 mol.L’!, we consid-
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Fig. 7. Zeta potential {(mV) versus pH of metakaolin suspensions without and with
Cg,Cs,Cy2 and Cy4-TAB species at 3107 M.

ered that our basic conditions used did not influence the zeta
potential measurement. Despite the fact that geopolymer forma-
tion requires very basic conditions, the range of pH was extended
from 2 to 12 in this study.

3.9. Influence of the H,0/Na,O molar ratio (MR) without QAs

Surprisingly, it was observed that an increase in viscosity of the
starting geopolymer slurry facilitates the incorporation of very
fluid organic liquids such as TBP/dodecane mixtures, even in the
absence of QAs. To increase the viscosity of a geopolymer slurry,
the amount of water can be reduced while keeping other formula-
tion parameters constant. The GP that serves as a reference in this
study has a molar ratio (MR) H20/Na»0O of 13. Two others GPs with
less water have been prepared (MR = 12 and MR = 11). The viscosi-
ties of the fresh geopolymers and the p ratio reported in Table 3
show that the viscosity of fresh GPs is increasing with decreasing
amount of water. This is particularly observed for the formulation
with the lowest amount of water (MR = 11, torque = 65 N.mm)
which corresponds to a viscosity of about 10 Pa.s in comparison
with 2.4 and 2.0 Pa.s for MR = 12 and 13 respectively.

During the addition of the organic liquid in the MR = 12 formu-
lation, the torque remains slightly higher than the reference for-
mulation MR = 13 (type I). The incorporation is therefore being
slightly improved (type II) but the geoil that is obtained is still
too fluid (3.5 Pa.s) to end with a high quality incorporation. In
the case of the MR = 11 formulation, the torque measurement is
linearly increasing with the amount of OL added and displaying a
significant slope (1.7 N.mm. min~') up to 100 N.mm. In the end,
the incorporation is of quality and behave as a geoil type IIL

3.10. Capillary forces

The interfacial tension between TBP/Dodecane and the activat-
ing solution is the same for the three experiments presented in

Table 3
Viscosity of geopolymer (Pa.s) at 25 °C at 100 s~ ! for different H,0/Na,0 molar ratio
(MR) and corresponding p ratio (viscosity of TBP/Dodecane| viscosity of geopolymer).

Geopolymer
MR=13 MR=12 MR=11
Viscosity of geopolymer (Pas) at 25°Cat 2.0 2.4 10
100s7! )
p ratio 1.8-10° 1.5-10° 036-10
3
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Fig. 8, but there is a change in the viscosity of the aqueous meta-
kaolin suspension. The p ratio Meii/Mceopolymer 15 always lower than
2.10°%. According to Grace's observations (Grace, 1982), it is logic to
consider that TBP/Dodecane cannot be incorporated as droplets
into geopolymer slurries, and it is indeed the case with geopoly-
mers (MR = 12 and 13). Such observations have also been con-
firmed in other studies® in which the incorporation of dodecane
in geopolymers was only possible if p is higher than 102, More-
over, this rule seems to be verified as well for organic liquid poly-
mers, for which the viscosity adjustment of the geopolymer
slurries represents the key parameter in the process of incorporat-
ing the resins into geopolymers (Colangelo et al., 2013). However,
in the present study, the incorporation of TPB/dodecane in the
MR = 11 geopolymer, for which the p ratio is the lowest (lower
than 3.10°%), the oil can be dispersed in a better way than for
MR = 12 or 13 formulations.

To find an explanation, one has to consider that the system of
interest is not just a liquid/liquid system, which would be gov-
erned by surface tension and viscosity forces only but also includes
metakaolin particles. Ternary particle-liquid-liquid systems, com-
posed of particles dispersed in two immiscible liquids can form a
variety of structures depending on the ratio of the three compo-
nents and their chemical affinity. Even when a tiny amount of
the second immiscible liquid is added into the first liquid contain-
ing the particles (i.e. particles suspension), the rheological proper-
ties of the initial suspension can be dramatically altered from a
fluid-like to a gel-like state or from a weak to a strong gel. In that
case, the viscosity further increases as the volume fraction of the
second fluid increases and is attributed to capillary forces between
the two fluids and the solid particles. The so-called “capillary sus-
pensions” are a typical phenomenon for these ternary systems, in
which capillary or pendular states are building up depending on
the wetting properties of each liquid towards the solid particles.

These capillary forces also depend on the interfacial tension
between the two liquids and can be observed when the proportion
of solid particles is important. This phenomenon could explain why
the incorporation of TBP/dodecane is possible in a highly concen-
trated aqueous suspension (MR = 11) and not in a more diluted
medium (MR = 12 or 13).

An experiment carried out with hydrophilic glass beads (Si0;)
in water with small amount of diisononyl phthalate (DINP) as sec-
ond immiscible fluid shows that the water preferentially wets the
glass beads. However, oil droplets are also wetting the glass beads
to a lesser extent, but high enough to create bridges joining beads
with each other, thus forming the pendular state. The same exper-
iment with hydrophobic glass beads instead of hydrophilic ones
changes the system from pendular to capillary state in which
water, being the continuous phase, does not preferentially wet
the treated beads (Koos, 2014; Koos and Willenbacher, 2011). Such
capillary associations can be observed by microscopy using fluo-
rescent dyes.

Unfortunately, through the course of this study, it was not pos-
sible to show such water/oil/metakaolin associations by micro-
scopy. However, to demonstrate these capillary forces, Washburn
tests were performed. Water, dodecane and Finavestan were
allowed to rise along conventional and hydrophobically modified
(using CTAB) metakaolin.

Fig. 9 presents the results of the Washburmn methods that can be
described as follow. After the contact of a glass tube filled with
metakaolin powder has been made, the liquid is rising along the
powder as a result of capillarity, inducing an increase in mass,
whose square can be plotted in function of time. If considering
the metakaolin powder as a bundle of capillaries, the liquid migra-
tion into the solid can be described thanks to the Washbum equa-
tion (Eq. (1)) below:
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where m, C, p, 7, 1,0, t are respectively the mass of liquid adsorbed,
the capillary constant of the powder, the density, the superficial
tension and the viscosity of the liquid, the contact angle between
the liquid and the solid and the time.

Dodecane and water show the same migration rate in untreated
metakaolin. Concerning water, the speed of migration is almost
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referred to the web version of this article.)

identical on the two kinds of metakaolin particles, which is not
the case for dodecane, which seems to be more retained by the
hydrophobic powder. About Finavestan, there is no difference in
behavior depending on the nature of the metakaolin, the migration
speed being rather governed by the high viscosity of the oil (Eq.
(1)), as can be confirmed by the low value of p2.y [ 1 (Table 4).
From the slopes measurements (Am?/At) and the calculated p2.
v/n, C.cos(0) values can be determined (Table 4). The value of
C.cos(8) is the highest for water, followed by dodecane and finally
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Table 4

Density (kg.m” 2, Viscosity (Pa.s), Superficial tension (N.m~'} and pz.wn {kgl.m"?s '} ar 25 *C for water, dodecane and Finavestan oil. Slope (Am?%/Atin kgl.s

extracted from the Washburn equation.
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'y and C.cos(0) are

Density at 25 °C (p) Viscosity at 25 °C (n) Superficial Tension at 25 °C (y) Piyin slope (Am?/AtL) C.cos(B)
Liquid (kegm™) (Pas=Nsm™) (Nam™) (ke?m3s") (kg’s™!) (m~%)
Dodecane 749 0.0013 0.0254 37-10% 38 .10°%° 10-107 2
1610 43 -10%
Finavestan 900 0143 0.0314 62-10° 1910w 31-10M2
19. 10" 31-10M®
Water 1000 0.001 0.0725 53.10° 32 .109%3a 601072
35.10% 60 - 107"

Slope (Am?/At) with metakaolin (MK), " with hydrophobic metakaolin (MK-CTAB).

Finavestan, which indicates that water is better wetting natural or
hydrophobically treated metakaolin than dodecane or Finavestan.
However, the most important observation to keep in mind for this
study is that these three different liquids are capable of wetting
metakaolin particles, since capillary rises are observed.

The capillary interactions seen in the Washburn experiments
presented in Fig. 9 bring to light the importance of the interactions
between metakaolin and the two immiscible liquids. When meta-
kaolin is impregnated with CTAB, the behavior of dodecane
towards the powder changes, whereas the behavior of water
remains unchanged. Thus, by concentrating an aqueous suspension
of metakaolin even more, the solid-liquid interactions with the
introduced oil will increase, and the strength of capillary forces
will be enhanced. This could explain why the incorporation of
organic liquid is made possible in very high viscosity geopolymers,
even if the p ratio is lower than 10 (Fig. 8).

Torque monitoring, which is very convenient in the case of
industrial applications, was used to follow the incorporation of
OL in geopolymer. First, in-line torque monitoring during OL incor-
poration into geopolymer (GP) slurries provides information on the
viscosity of the mixtures using a prior calibration. This avoids off-
line rheological measurements and allows observing the impact of
each components on the rheology of the mixtures. In addition, in-
line torque monitoring allows having relevant information about
the OL incorporation process. In particular, three types of torque
evolution were identified upon OL addition, corresponding to three
types of fresh GEOIL textures (Type 1, Il and III). When the OL is not
incorporated and remains at the surface of the geopolymer slurry,
the torque remains constant, which corresponds to Type | GEOIL.
On the contrary, effective OL incorporation processes are those dis-
playing an increase in torque. If the torque increases at the start of
OL incorporation, but remains constant from a specific amount of
OL incorporated, Type Il GEOIL is obtained, with an excess of OL
at the surface of the mixture. In order to obtain a continuous
increase in torque, corresponding to a full incorporation of the
OL, the addition of quaternary alkylammonium (QAs) has proven
to be very efficient (Type I11). It was demonstrated that the effec-
tiveness of QAs is due to the positive charge of the quaternary
ammonium part rather than to the length of the alkyl chain. More
specifically, QAs species increase the viscosity of fresh GP and act
on the viscosity ratio (p) between the OL and the GP. This ratio is
an important parameter to obtain a suitable OL incorporation
(Type II). In accordance with Grace's observations, a ratio greater
than 107 constitutes favorable conditions. However, even at very
low p ratio (<10~*), when highly viscous geopolymers are used
(MR = 11), the incorporation of OL is possible. In that case, meta-
kaolin particles (MK) are concentrated enough to consider the
presence of strong particle/liquid interactions. These capillary
forces were demonstrated using the Washburn method, showing
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different behavior between OL, water and MK particles, depending
on whether the latter has been hydrophobically treated with QAs
or not.

The alkali-activation of metakaolin, poor in Ca, leads to the for-
mation of a 3D reticulated alumino-silicate gel (N-A-S-H), the so-
called geopolymer structure. Other raw materials used for alkali-
activation, rich in Ca (e.g. fly ash C or slag) lead to the formation
of 2D calcium alumino-silicate hydrates {C-A-5-H) as in Portland
cements. This type of material is less suitable for OL immobiliza-
tion. On the contrary, the literature reports the very good compat-
ibility of various organic liquids with geopolymer materials (Reeb
et al,, 2021). It would indeed be interesting to investigate other
Ca-poor raw materials with the purpose of recycling industrial
wastes (e.g. fly ash F, red mud). However, metakaolin (MK) was
chosen in this study for its stable composition and easy supply.

In conclusion, the in-line torque monitoring is useful to ensure
OL incorporation (i.e. when the torque increases) but also to main-
tain sufficient workability of the final GEOIL mixture. The addition

AFMAc cirrfarmbante to raniirad frr tha tncnenarabine AF camaa NI

O1 YAS SUriactants is Fequiredq 1or ine huufpu:nuuu of some OL in
fresh GP. It can be noticed that QAs can be added directly in the
activation solution or after the OL incorporation step with no sig-
nificant differences. However, the addition of QAs leads to a strong
viscosity increase of fresh GEOIL, which can be an issue at an
industrial scale. In this work, only QAs surfactants were tested
and other types should be considered to better control the rheol-
ogy of GEOIL mixtures. Finally, in the case of successful OL incorpo-
ration (Type I11), droplets are efficiently dispersed and smaller than
10 pm in the GEOIL composite.
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This research contributes to nuclear waste management by proposing a simple treatment route for high
viscosity (HV) organics (oils and greases). These are currently without an industrial solution, because they
are not directly pourable into a cementation matrix. Their solidification[stabilization (S[S) into geopoly-
mers (GP) is investigated. Incorporation is achieved by assembling the HV organics (a model oil MO,
an industrial oil 10 or a grease G) with a low viscosity (LV) solvent, either dodecane (C12) or a mix of
tributylphosphate (TBP)/C12, prior to mixing with the fresh GP.

First, the minimal solvent amount is determined to achieve sufficient fluidity of the HV oil or grease
mix. Two different criteria are used, one for the Newtonian oils and the other for the non-Newtonian
grease. Secondly, the immobilization of 20%vol of assembled mix is performed into a GP paste or mortar.
The organics bleeding, the GP setting, the rheological properties of the mix, and the mechanical per-
formance at 28 days endogenous curing are assessed. The morphology of the oil or grease emulsion
inside the hardened GP mortar is determined by 2D SEM observations and 3D quantitative X Ray micro-
computed tomography. The efficiency of the immobilization is proven by cross analyzing these properties.
In particular, a minimal compressive strength of 25.4 MPa +/— 4.6 is achieved for a GP mortar immobi-
lizing 20%vol HVG assembled with TBP/C12; it corresponds to an emulsion made of 12.9%vol droplets in

the 10-480 pm size range, and 7.1%vol smaller than 10 pym, without organics bleeding.

© 2022 Elsevier BV. All rights reserved.

1. Introduction
1.1. Industrial and scientific context

The Stabilization/Solidification  (S5/S) of organic lig-
uids (OL) in geopolymers is a well-known process
[3,8,9,11,15,27,28,31,40,48,56]. It is useful for varied applications,
e.g. after oil removal, where mechanically stable highly porous
ceramics are an asset (as membrane supports for photocatalytic
degradation applications, as catalyst supports, or heavy metals
adsorbents, etc.) [3-5,15,27,31,48], or for the manufacturing of
phase change materials [28,48]. One particularly useful application
is the direct immobilization of nuclear OL waste [8,9,11,27,40].

Indeed, more traditional Portland cement-based matrices, or
alkali-activated materials with high Ca content (e.g. based on biast
furnace slag or Class C fly ash), are less adapted to incorporating
significant amounts of OL [19,25,32,34,40,42,52]. For instance, after

" Corresponding author at: Sorbonne Université, CNRS, EPHE, UMR 7619 METIS, 4
place Jussieu 75005 Paris, France.
E-mail address: catherine.davy@ensam.eu {CA. Davy).
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0022-3115}© 2022 Elsevier B.V. All rights reserved.

243

incorporating 40% by weight of oily waste into Portland cement
matrices [19], a very low compressive strength of 0.5 MPa is ob-
tained; this does not comply with current Waste Acceptance Cri-
teria [54]. In [40], formulations incorporating alkali-activated Class
C fly ash and 20%vol pump oil demonstrate a weak resistance to
water flow.

On the opposite, geopolymers have proven effective to incorpo-
rate up to 60%vol low viscosity oils [8,11,40]. Geopolymers (GP) are
alumino-silicate amorphous cements, generally obtained by the ac-
tivation of powdered solid precursors (metakaolin, Class F fly ash,
silica fume, etc.) with a highly alkaline silicate liquid [10]. Several
routes exist to incorporate the OL into the GP [56]. The direct route
is the simplest option; provided that the OL is sufficiently fluid, it
consists in simply pouring the OL into the fresh GP paste while
stirring the mix, which results in emulsifying the OL, and creating
a 3D droplet distribution throughout the GP matrix.

For instance, the compressive strength of GP mortars added
with 20%vol OL are high, with values of 33.6 MPa +/-3 at 30 days
[40], and durability is significant; water permeability is on the or-
der of 4 %« 10~ m? for at least 40 days experiments, and this
value is on the order of High Performance Portland-cement based
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Glossary

C12 dodecane

TBP tributylphosphate

GP geopolymer

MK-GP metakaolin-based geopolymer
oL arganic Liquid

vV low Viscosity

HV high Viscosity

LVOL low viscosity organic liquid
HVOL high viscosity organic liquid
MO model oil

10 industrial oil

SEM Scanning Electron Microscope
X Ray micro-CT X ray micro-computed tomography

Concretes (HPC) [6,46,53]. The connectivity between the spherical
OL droplets, leading to a percolating oil system, is shown to be
abtained from 27%vol OL and more [11,13]; nevertheless, depend-
ing on the actual 3D morphology of the waste inside the GP (e.g.
as elongated droplets), this proportion may be significantly lower
[13,21,35].

Despite all this, for high viscosity OL (i.e. organics with a viscos-
ity = 1 Pas), the direct /S process is not possible, because these
OL cannot be simply poured into the fresh GP paste.

1.2. Aims and scopes

Currently, in Europe and in a number of industrialized coun-
tries, some amounts of radioactive high viscosity (HV) oils and
greases are awaiting a long-term treatment route, because they
cannot be directly conditioned in a cement-based matrix, due to
their poor flowability and fluidity. Due to the presence of radionu-
clides, they cannot be heated or calcined easily (due to WAC reg-
ulations [54]); it would be preferable to make them more fluid, so
that they can be further incorporated into a S/S cementing pro-
cess. According to the literature dedicated to the fluidization of
petroleum compounds for their transport by pipelines, HV oils and
greases can be fluidized in different ways, particularly by assembly
with low viscosity (LV) solvents [12,26].

For an assembly with nuclear OL waste, the adequate choice
of the solvent is important, because it must not react with the
OL, and not evaporate at room temperature. Usual solvents in the
nuclear industry are alkanes, such as dodecane (C12) with a low
viscosity of 1.32 mPas, or mixtures of such solvents. The mix-
ture of TriButylPhosphate (TBP) and dodecane (TBP/C12, at 30 and
70%vol respectively) is currently used as an extraction solvent in
the PUREX (Plutonium Uranium Reduction Extraction) process, for
fuel recycling [14]; TBP/C12 has a low viscosity of about 1.90 mPa.s
[26]. Its use for the assembly of oils and viscous grease would al-
low a double conditioning in a single process, with a circular econ-
omy perspective.

This research aims to determine in what practical conditions
the assembly of C12 or TBP/C12 with HVOL (oils and grease) is fea-
sible, and what are its main performances. It is divided into two
parts.

The first part determines the conditions for an assembly (dilu-
tion) of HVOL with LV solvents prior to their incorporation into GP
paste. To this purpose, the cases of HV oils and greases are dis-
tinguished, due to their different rheological behavior (Newtonian
or non-Newtonian, respectively). Two main LV solvents for HVOL
are tested, either C12 alone or TBP/C12 (mix of 30%vol TBP+70%vol
C12); the solvent amount is varied in order to determine a thresh-
old below which the HVOL+LV solvent mix is considered pourable.
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The second part investigates the immobilization of 20%vol of
the assembled OL mixtures into GP materials. A minimum OL
amount of 20%vol is necessary to justify industrial scaling of the
immobilization process. This involves (1) the incorporation quality:
what is the GP+OL rheological behavior? does the OL remain im-
mobilized inside the GP after hardening? (2) how is the GP paste
setting impacted by OL presence? (3) is the mechanical perfor-
mance of hardened GP+OL mortars sufficient and compliant with
industrial practice? and (4) how is the OL microstructure inside the
hardened GP: is the emulsion made of 3D small, dispersed, spher-
ical and disconnected droplets, corresponding to non-percolating
oL?

2. Materials and methods
2.1. Raw materials

2.11. Geopolymer matrices

Metakaolin (MK, of M1000 grade) is supplied by Imerys
(France). A sodium silicate solution, Betol 52T is supplied by Woell-
ner (Germany). Sodium hydroxide is purchased from VWR (France).
Silica Sand (0-5 mm grain size distribution) from Le Beausset is
supplied by Lafarge.

2.1.2. Organics - oils and greases

The OL used in this study are summarized in Table 1. They are
divided in two categories: high viscosity organic liquids (HVOL) or
low viscosity organic liquids (LVOL). HVOL are the compounds to
be stabilized into the GP matrix (a model oil, an industrial oil and
a grease), and the IVOL (solvents) aim to lower their viscosity, and
hence, ease the stabilization, by an assembly method.

The selected LVOL are Tributylphosphate (TBP) (CAS Number
126-73-8) and Dodecane (C12), both supplied by VWR (France). A
mixture of TBP/C12 (30/70 vjv) is also studied because it is the
most common extraction solvent used in the nuclear fuel cycle.

A HV pure mineral oil (Nevastane EP1000) is obtained from To-
tal (France). This oil is chosen for its purity (i.e. its absence of ad-
ditives) and for its absence of reactivity in alkaline media.

A HV industrial oil (Mobil 600XP680) is obtained from Lubex-
cel (France). The additives present in Mobil 600XP680 are various
amines, such as C12-14-tert-alkyl (CAS Number 68955-53-3) and
tris(methylphenyl) phosphate (CAS Number 1330-78-5) [20].

A HV grease of grade NLGI 3 is chosen (Gadus S2 V100 3,
supplied by Lubexcel, France). The grade corresponds to the con-
sistency of the grease and can vary between 0 (fluid) and 6
(hard). Greases differ from oils by the presence of a thickener
in their composition, which operates as a sponge retaining the
oil in its structure [44,45]. Lithium stearate is the main thick-
ener present in NLCI 3 grease (CAS Number 4485-12-5). Lithium
stearate molecules arrange as arrays or networks of twisted and
entangled fibers (or filaments) of several tens of nm diameter
[18]. Qil in the grease is assumed to flow into the structure
of the solid thickener. Forming a porous matrix, the thickener
is viewed as a “sponge” that holds and releases the oil con-
tained in the grease, due to van der Waals and capillary forces,
dipole-dipole and ionic interactions, or hydrogen bonds [30]. The
grease of that study also contains additives such as zinc naphthen-
ate (CAS Number 12001-85-3), N,N-Bis(2-ethylhexyl)-1,2,4-triazol-
1-ylmethanamine (CAS Number 91273-04-0) and alkyl thiadiazole
(EC Number 948-020-7).

Fourier transform infrared (FT-IR) spectra of oils and greases are
recorded on a ThermoScientific iS50 Nicolet FT-IR spectrometer in
attenuated total reflection (ATR) mode, using a thin film of the an-
alyzed solution, for wave numbers ranging from 400 to 4000 cm~!
at a resolution of 1 cm~'. The resulting FTIR spectra are presented
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Table 1

Classification and properties of the studied OL.
Name Description Density (g.cm™) Viscosity at 25 °C (Pa.s)’ Category
Dodecane (C12) Solvent 0.750 0.0013 LVOL
Tributylphosphate (TBP) Solvent 0.973 0.0034 VoL
Mix of TBP/C12 (30/70) Solvent 0.823 0.0019 LVOL
Nevastane EP1000 Mineral oil (MO) 0.886 3.67 HVOL
Mobil 600XP630 Industrial oil {10) ! 0.914 2.95 HVOL
Gadus S2 V100 3 Grease (NLGI 3, also G) 0.900 . HVOL

! Industrial oil = Mineral oil + various additives.
2 All organic liquids {except the grease) have a Newtonian behavior.

3 The grease displays a non-Newtonian behavior and is characterized by its yield stress (102.7 Pa).
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Fig. 1. FTIR analysis of the organic liquids used in this study.

in Fig. 1. The oil additives are not concentrated enough to be visi-
ble on FTIR spectra.

2.2. Preparation of composite materials

2.21. Preparation of GP paste

The GP is manufactured with a stoichiometry of 3.8 Si0,: 1.0
Al;03: 1.0 Na,0: 11,0 H,0, which is the reference selected in
[8.9.40].

The first step consists in preparing the alkali-activating solu-
tion. Sodium hydroxide pellets are dissolved in water mixed with
Betol 52T. The alkali-activating solution is left to cool down for
several hours before use. The aqueous solution is then mechani-
cally stirred at 2000 rpm and the solid precursor powder (MK) is
quickly added. The blend is mixed for 2 min until homogenization.
The water-to-MK ratio (W/MK) is 0.40. The fresh paste is used im-
mediately for OL incorporation (see below).

For mortar formulations, intended for compressive strength
measurements, sand is quickly introduced, and the mixing is car-
ried out for 1 additional min. In such case, only a small quantity
of sand is used. It represents a sand-to-metakaolin mass ratio S/MK
of 0.5. Because the OL cannot penetrate inside the sand grains, the
choice of a small amount of sand allows the presence of a greater
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GP paste proportion, favorable for 20%vol OL incorporation into the
mortar.

2.2.2. Incorporation of the OL

HVOL and the solvents used for their assembly (dilution) are
introduced sequentially in the same container. Mixtures are then
subjected to magnetic stirring for an hour at 200 rpm (for oil) and
1000 rpm (for grease) respectively. This method is identical what-
ever the solvent used, i.e. C12 or TBP/C12 mixture.

The homogenized and assembled OL mixtures are then incor-
porated into the fresh GP paste (or mortar) under strong agitation
(2000 rpm) and the mixing is carried out for 2 min, in order to
obtain composite materials with an OL volume concentration of
20%vol (% of the total GP matrix + OL volume).

2.3. Characterization methods

2.3.1. Rheology measurements

All rheology measurements are carried out on a rheometer
AR-G2 (TA instruments, USA) at 25 °C. The rheology of the oils
corresponds to Newtonian fluids, whereas grease, GP pastes and
GP+OL pastes are non-Newtonian. This induces different experi-
mental protocols, as follows.

« Rheology of OL

The viscosity of oils and solvents (pure or as mixtures) is char-
acterized by applying a gradually increasing shear rate from 1 to
10° 5! followed by a gradually decreasing shear rate from 103
to 0.1 s-! using a plane geometry with a diameter of 40 mm. All
these samples display a Newtonian behavior and the viscosity is
calculated by averaging 10 values obtained for different shear rates.

The viscosity of grease (pure or after assembly) is character-
ized by applying a gradually increasing shear rate from 10-* to
102 5! followed by a gradually decreasing shear rate from 102 to
10-* s-! using a vane geometry. The grease of that study has a
shear-thinning behavior and the apparent yield stress is considered
at 104 s,

« Rheology of GP pastes + OL

The viscosity of GP pastes alone or incorporating assembled

HVOL is characterized by applying a gradually increasing shear rate
y from 1.0 to 102 s-! followed by a gradually decreasing shear
rate from 10% to 0.1 s! using a vane geometry. Flow curves are
modeled using the Herschel-Bulkley relationship, which is usually
a suitable candidate to describe the geopolymer rheological behav-
ior [41,43]. This relationship involves three parameters. It is appli-
cable to fluids with non-linear evolution, as follows [38]:
o =0y +Kp" (1)
where o is the shear stress at given shear rate (in Pa), o is the
yield stress (in Pa), K is the consistency index (in Pas), y is the
shear strain (in s-') and n is the flow index (no unit). Comparing
K values is possible for fluids with similar n values. Shear thinning
is observed when n < 1, and shear thickening for n > 1.
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Industrial

Table 2
Main characteristics of the samples investigated by 3D X Ray micro-CT (voxel size = 5 pm).
Industrial
GP + assembled HVOL oil + C12

oil + TBP/C12 Grease + C12 Grease + TBP/C12

Size of the raw image stack (pixels®)
Size of the cropped image stack (pixels®)

868 x 947 x 1250
582 x 420 = 500

Size of the cropped image stack (mm?) 15.3
Manual threshold (grey level) 60
Observed relative volume of the OL 37

emulsion (%)
in a given object size range (microns)

(10-700 pm)

833 x 756 = 1251
487 = 264 » 840

1070 = 1140 x 1260
506 = 646 = 400

689 x 836 = 1260
290 = 504 x 822

135 163 15.0
37 61 72

2.0 93 129
(10-440 um) (10-670 pm) (10-480 um)

2.32. Isothermal micro-calorimetry

The reactivity of GP pastes with or without OL is charac-
terized in the fresh state by isothermal micro-calorimetry. The
measurements are carried out on a TAM-air micro-calorimeter
(from TA instruments, USA). The preparation of the slurry is per-
formed outside the calorimeter. Right after mixing (see procedure
in Section 2.2.2), about 2 g of GP paste are introduced into ded-
icated glass containers, which are sealed to avoid possible evapo-
ration of water from the samples. The sealed containers are then
introduced into the calorimeter. The heat flow and the cumulative
heat are recorded over time at a stable temperature of 25 °C. The
first 30 min are omitted in the calculation of cumulative heat due
to the perturbation induced by introducing the sample into the
calorimeter.

2.3.3. Mechanical characterization

The compressive strength of reference mortars (without OL) and
of compaosite mortars incorporating OL is measured on a hydraulic
press (3R RP 40/400 N), following the European standard EN 196-1.
For this purpose, cubic specimens of 40 x 40 x 40 mm are pre-
pared by pouring the fresh mortar pastes into PTFE molds; they
are then cured in a climatic chamber for 2 days at 20 °C and 95%
RH.! After demolding, the specimens undergo endogenous curing
in a sealed bag. Their compressive strength is evaluated at 28 days.
Complementary samples are made specifically for 3D X Ray micro-
computed tomography (see below); they are cured in endogenous
conditions for 28 days, as for mechanical tests.

2.34. Microstructure analysis
« Scanning Electron Microscopy (SEM)

Microscopic observations of hardened samples are performed
on a Scanning Electron Microscope (SEM), (FEI Inspect S50, high
vacuum mode, acceleration voltage of 15 kV, current intensity of
50 nA, and working distance of 10 mm). The samples are sliced
using a diamond saw blade and placed in an oven at 350 °C for
3 h. This thermal treatment aims at removing the OL (by calcina-
tion) before introduction in the SEM chamber.

« 3D X-ray micro-CT

With this observation method, the samples do not require dry-
ing or polishing, or even resin impregnation. They are simply cut to
a 1 cm?® size using a diamond saw. Four image series are acquired
in less than 30 min each, and processed by X ray micro-CT at the
ISIS4D platform (Lille, France) [29,37,50]. Each image series corre-
sponds ta one different sample of GP mortar (S/MK = 0.5) incor-
porating 20%vol assembled HVOL, one stabilizing HV oil with C12,
one of HV oil with TBP/C12, one of HV grease with C12 and one of
HV with TBP/C12 (Table 2). For all of them, an identical voxel size
of 5 um is used.

The X Ray micro-CT apparatus is equipped with a nano focus
tube operated at a 60 kV tension and 35 pA current, with a flat

' RH = Relative Humidity.

detector panel of 1874 x 1496 pixels®. At each given angular po-
sition of the sample, the projection image is the average of four
images in order to limit noise. After the reconstruction procedure
(along the Z axis, with a filtered retro-projection algorithm [22-
24]) and acquisition artifacts removal, an output volume is com-
puted, composed of 1250-1260 images in a (X, Y) plane (at 0.57-
1.22 x 105 pixels® each) regularly spaced from one another by one
voxel size (5 pm). Each sample corresponds to huge datasets of
0.72-1.53 x 10° voxels?, linearly scaled into a 16-bit format.

Before quantitative analysis, all images are cropped in a (X, Y)
plane so that sample boundaries and exterior are removed. The re-
maining image volumes, ranging between 13.5 and 16.3 mm?, are
given in Table 2. For each given formulation, similar volumes are
selected, in order to provide comparable droplet structures; the
volumes are considered representative of the emulsion morphol-
ogy, with a number of segmented droplets of several thousands
and more,

The images are filtered and segmented with the Image] soft-
ware [47], in a minimal manner to avoid information loss. The grey
level histogram of the whole image stack is spread aver the whole
0-255 available range. Contrast is enhanced and a limited Gaus-
sian Blur filter (0.8 pixel radius) is applied. Thresholding is then
performed using the image stack histogram, by selecting the local
minimum grey level value between darker pores and lighter solids.
This provides realistic binary images (with pores in black and the
rest in white).

Further, the pore size distribution is quantified as in [11], with
the Beat plugin [33] for 3D Continuous Pore Size Distributions (3D
CPSD). By assuming that in each 2D image, every individual pore
object is modeled by an ellipse, the Image] tool “analyze Particles
> Ellipses” provides a so-called shape factor, defined as the ratio
between the minor and the major axis [49,55]; the shape factor
thus defined is comprised between 0 and 1, and the closest the
pore is to a sphere, the greater the shape factor value; a perfect
sphere has a shape factor of 1. Conversely, the more elongated the
droplet is, the smaller the shape factor.

3. Results and discussion
3.1. Assembly of HVOL with LV solvents

In the following, the amount of solvent is expressed in%vol
of the assembly. For example, a dilution with 20%vol solvent
corresponds to a mixture of HVOL/solvent in the proportions of
80/20 v/v.

3.1.1. Assembly of high viscosity oils (HVO)

HV oils have a Newtonian rheological behavior, identical to that
of LV oils. Therefore, based on former research on the stahilization
of OL into GP pastes [11,39,40], the criterion proposed here for an
adequate incorporation of the assembled HV oil is to impose that
it corresponds to that of a LV model oil (Finavestan A360B, pure
linear alkane oil provided by Total, France), which is at a value of
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Summary of HV oil (HVO) assemblies selected for immobilization in geopolymer pastes.

Nomenclature Quantity of solvent Viscosity (Pa.s) before Viscosity (Pas) after
(HVO-solvent-%vol.) HVO Solvent (%vol.) assembly assembly
HVMO-C12-25 HVMO Ciz 25 3.70 0.16
HVMO-TBPjC12-27 HVMO TBPJC12 27 3.70 0.18
HVIO-C12-20 HVIO 1z 20 2.95 0.10
HVIO-TBP(C12-25 HVIO TBPjC12 25 2.95 0.19

al a.

a.  HM Industrial Oil

& HVIO-C12
= HVIO-TBP/C12
- HVMOC12

= .HVMO-TBP/C12

Model oil viscosity

0,14

Viscosity (Pa.s)

0,01 4-

0,001 b | B .
0 20 40 80 80 100
Percentage of solvent (%)

Fig. 2. (a): macrophotographs of the progressive assembly of HV oil with an in-
creasing amount of C12; (b): Viscosity evolution of HV oils after assembly with LV
solvents, as a function of solvent®vol. 10 stands for Industrial Qil; MO stands for
Model Oil.

0.2 Pas +/—0.05. Any oil with an equivalent viscosity is consid-
ered adequately stabilized; any oil with a greater viscosity is as-
sumed not adequately stabilized (it is considered not sufficiently
pourable); any oil with a smaller viscosity is neither considered
adequately stabilized (phase separation may occur before full GP
hardening). This criterion ensures that the oil will be easily and
efficiently poured into the GP paste.

The fluidization of the HV industrial oil (HVIO) is illustrated in
Fig. 2(a). When 20%vol C12 is added to the HVIO, the mix becomes
very fluid, and it is homogeneous and stable. Accordingly, viscosity
decreases exponentially with the solvent content (Fig. 2(b)), so that
it reaches the 0.2 Pas threshold at slightly different solvent con-
tent, depending on the solvent (C12 or TBP/C12) and on the HV oil
considered (MO or [0). For HVMO, the addition of (at least) 25%vol
of C12 or 27%vol of TBP/C12 is required. For HVIO, which is less
viscous than HVMO, a minimum amount of 20%vol is required with
C12 and a slightly greater amount of 25%vol with TBP/C12. This is
attributed to the greater viscosity of TBP/C12 compared to C12 (see
Table 1). In both cases however, the solvents are very efficient to
reduce the initial viscosity of the HV oil down to a pourable oil.

Table 3 summarizes the selected mixes for further incorporation
in GP pastes.
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Fig. 3. (a): macrophotographs of the progressive assembly of HV grease with in-
creasing amounts of C12; (b): Yield stress evolution of HV grease through assem-
bling with LV solvents C12 or TBPjC12.

3.1.2. Assembly of highly viscous grease (HVG)

The grease has a typical shear-thinning behavior, with a non-
zero shear stress at very low shear rate (i.e. a yield stress). Since
its viscosity varies with shear rate, the selection of the adequate
solvent proportion to obtain a pourable assembled mix cannot be
identical to that for the HV oils. It is determined as follows.

The solvent/grease mix is studied visually for C12 (Fig. 3(a)) and
TBP/C12 (with a behavior similar to C12), and by recording the
change in yield stress with increasing solvent amount (Fig. 3(b)).
It is observed that the assemblies are stable and homogeneous,
even at high solvent concentration. However, the evolution of the
grease texture is slow with solvent addition; insufficient spread
(i.e. an insufficient ability to be poured) remains up to 50%vol sol-
vent; a sufficient spread of the mix is obtained at 80% solvent
addition.

Results in Fig. 3(b) show that the initial yield stress of the
grease is decreased by one order of magnitude (i.e. one decade)
when adding 50%vol solvent, by two decades at 60%vol, and by
three to four decades at 80%vol solvent; compared to an initial
value of 100 Pa (without solvent), the yield stress at 80%vol is of
0.12 Pa with C12 and 0.01 Pa with TBP/C12. Owing to this evolu-
tion, and to visual inspection, a decrease by a factor of 500 is re-
tained for further addition to a GP paste, i.e. a yield stress lower
than 0.2 Pa. This corresponds to a solvent content of 79%vol of
C12 or 66%vol of TBP/C12. The corresponding mixes have a simi-
lar spread to that at 80%vol (Fig. 3(a)).

Table 4 summarizes the selected mixes for further incorporation
into GP pastes.
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Table 4
Summary of grease assemblies selected for immobilization in geopolymer pastes.
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Nomenclature

Quantity of solvent Yield stress (Pa) Yield stress (Pa) after

(HVG-solvent-%vol.) HVG Solvent (%vol.) before assembly assembly
HVG-C12-79 HVG ciz 79 102.7 0.1z
HVG-TBP/C12-66 HVG TBP{C12 66 102.7 0.21
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Fig. 4. Macrophotographs of the fresh GP pastes, either the reference without OL
(1st line), or added with 20%vol of assembled HVMO (2nd and 5th lines), HVIO
(3rd and 6th lines) or HVG (4th and 7th lines). The assembly is done either with
C12 (2nd to 4th lines) or with TBP{C12 (5th to 7th lines). In each column, the GP-
HVOL is represented in the fresh state (left), or in the hardened state (middle and
right photographs, corresponding to top and side views respectively). No HVOL is
observed on the hardened paste surface.

3.2. Incorporation of assembled HVOL into GP pastes

The visual observation of the GP+0L composite pastes is pro-
vided in Fig. 4, in the fresh state (left image for each mix) and in
the hardened state (middle and right image for each mix). Com-
parison is done with the reference GP paste (without any OL), see
the top line in Fig. 4. In both fresh and hardened states, whatever
the OL and the solvent considered, the OL does not bleed out of
the GP paste, neither in the fresh state nor in the hardened state.
The general aspect of the pastes has a similar homogeneity to that
of the reference GP paste. It is considered that the HVOL immobi-
lization is effective from a macroscopic viewpoint. However, strong
variations in rheology may be observed. This will be the focus of
the following section.

3.3. Rheological properties of geopolymer pastes incorporating
assembled HVOL

Flow curves of GP pastes immobilizing 20%vol HVOL are pre-
sented in Fig. 5. They are compared to the reference GP paste (i.e.
without HVOL). All rheological curves display the general shape of
the reference GP paste, described by the Herschel-Bulkley model,
see Table 5 for the calculated values of the model parameters. De-
spite the OL addition, the rheological behavior is that typical of a
GP paste.

For shear rates below 100 s-', the OL incorporation increases
the paste viscosity; this increase is more pronounced with TBP/C12
compared to C12 alone, except for HVIO. This result means that for
two HVOL out of three, the use of TBP(C12 tends to make the paste
more viscous than the C12 solvent, i.e. TBP/C12 has a greater struc-
turing effect on the GP+HVOL mix, possibly due to interactions of
the GP paste with the phosphate functions present in TBP. Such
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Fig. 5. Flow curves of GP pastes incorporating 20%vol. of HVOL assembled with
a given proportion of LV solvent. Reference GP paste (without OL) is provided for
comparison.

interactions have been reported in the literature, but only in the
case of Portland cement [7]. For HVIO, the presence of additives
is possibly predominant over that of GP/TBP interactions (see also
below).

For HVMO and HVG, when considering each solvent individu-
ally, the rheological behavior of the GP+assembled HVMO is close
to that of GP+assembled HVG, with almost superposed curves. In
more quantitative terms, with the C12 solvent, the yield stress for
GP+ assembled HVMO is of 60.4 Pa. and 51.0 Pa for GP + assem-
bled HVG; with the TBP/C12 solvent, the yield stress for GP+ as-
sembled HVMO is of 118.4 Pa, and 128.3 Pa for GP + assembled
HVG.

For HVIO, either with C12 or TBP/C12, the same viscosity in-
crease is noted, with flow curves almost superposed, and a yield
stress value of 167.2 and 161.0 Pa respectively (Table 5). It is the
greatest increase in paste viscosity (i.e. the greatest structuring ef-
fect) of all the mixes. In that case, the main structuration is at-
tributed to the additives present in the HVIO, interacting with the
MK particles of the fresh GP. Although the exact nature of these
additives is not provided by the industrial supplier, they are very
possibly surfactants, owing to their typical structuring effect.

Finally, since no significant difference is observed for the two
assemblies of HVG (with or without TBP), the effect of the 10 addi-
tives is considered predominant compared to possible interactions
between TBP phosphate functions and GP paste.

3.4. Influence of assembled HVOL on the reactivity of GP pastes

Micro-calorimetry results for GP pastes immobilizing assembled
HVOL are given in Fig. 6. Whether for reference GP, GP+assembled
MO, GP+assembled 10 or GP+assembled HVG, the heat flow curves
are almost superposed. There is only a slight shift of the heat flow
curves for GP+assembled HVG in the first 10-100 h, with a maxi-
mum delayed by about 10 h; all curves are superposed at 100 h
and later, Because it is similar whether HVG is assembled with
C12 or TBP(C12, and it is not observed for HV oils, this effect can-
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Journal of Nuclear Materials 571 (2022} 153979

Identified values of the Herschel-Buckley model parameters for the geopolymer pastes incorporating 20% vol. of assembled HVOL

Incorporated HVOL

Herschel-Buckley parameter

ayp (Pa) K (Pa.s) n
Reference GP (without oil) 13.7 17.8 0.96
GP + HVMO0-C12-25 60.4 39.5 0.78
GP + HVIO-C12-20 167.2 58.9 0.73
GP + HVG-C12-79 51.0 47.5 0.72
GP + HVMO-TBP/C12-27 118.4 60.2 0.72
GP + HVIO-TBP/C12-25 161.0 56.5 0.68
GP + HVG-TBP/C12-66 1283 49.4 0.65
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not be attributed to the solvent used for the assembly. It is at-
tributed to possible interactions between components of the grease
(e.g. its additives) and the GP paste. However, the value of the
heat flow maximum is of the same order of magnitude in all sam-
ples. Interestingly, the results highlight that the assemhled HVOL
have no impact on the cumulative heat curves, i.e. on the extent
of geopalymerization. On the whole, the assembled HVOL have a
very limited effect on the geopolymerization process.

3.5. Mechanical properties of geopolymer materials incorporating
assembled HVOL

The 28-days compressive strength of the hardened
GP-+assembled HVOL composites is given in Fig. 7. The reference
geopolymer (i.e. without OL incorporation) has a high compressive
strength of 65.1 MPa +/—10.3. For GP mortars incorporating as-
sembled HVMO or HVIO, the compressive strength f; is identical
whatever the LV solvent. For HVMO mortars, fc = 311 MPa +/- 1.1
with C12 solvent, and f. = 33.8 MPa +/— 1.2 with TBP/C12 solvent.
For HVIO mortars, f; = 33.6 MPa +/— 1.5 with C12 solvent, and
fc = 33.6 MPa +/— 15 with TBP/C12 solvent. This is consistent
with micro-calorimetry observations, showing that assembled
HV oils have no impact on the cumulative heat. Moreover, these
values, on the order of 30 MPa, are in good agreement with
compressive strengths provided in the literature for GP mortars
containing 20%vol OL [8,9].

For GP incorporating HVG, the choice of the solvent impacts
compressive strength. For HVG mortars, f = 320 MPa +/— 3.0
with C12 solvent, and f. = 254 MPa +/— 4.6 with TBP/C12 sol-
vent. This difference in compressive strength may be explained hy
either an incorporation of air in the composite material, or a dif-
ference in the morphology of the HVG droplets. This hypothesis is
verified by using 2D SEM and 3D X-ray micro-CT.
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Fig. 7. Compressive strength of geopolymer mortars incorporation 20%vol. of as-
sembled HVOL after 28 days of curing in endogenous conditions.

3.6. Microstructural analysis of GP mortars containing assembled
HVOL

3.6.1. 2D SEM observations

The SEM observations focus on the GP paste present in GP
mortars incorporating assembled HVOL, see Fig. 8 (magnification
x1000 on the left and x2000 on the right). The homogeneously
distributed holes at the sample surface correspond to the loca-
tion of the OL, removed by calcination during sample preparation.
HVMO mortar images are not presented, because they are analo-
gous to HVIO mortar images. For HVIO (1st and 2nd lines), what-
ever the solvent, the GP paste is interspersed with homogeneously
distributed OL droplets, most of which are smaller than 10 um (i.e.
smaller than the 1/4th of the scale on the right side images); no
significant difference is observed between the two pastes. For HVG
(3rd and 4th lines), bigger OL droplets than with HVIO are ob-
served whatever the solvent; droplets of spherical shape are ob-
served for the HVG assembled with C12 (3rd line), whereas a more
elongated shape is observed for the assembly with TBP/C12; with
both solvents, the OL is homogeneously distributed inside the GP
paste. Let analyze and quantify the HVOL droplet emulsions in 3D,
with X Ray micro-CT observations (Fig. 9).

3.6.2. 3D X ray micro-CT observations

Because the samples require no preliminary preparation (e.g.
no calcination), X Ray micro-CT provides unaltered observation
of the GP + assembled HVOL mortar composites (Fig. 9 left).
A single dark grey range is observed for the droplets, meaning
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Fig. 8. SEM observations of the GP-HVOL composites in the hardened state, after 350 °C calcination {i.e. the OL is removed): (1st line) HVIO assembled with C12; (2nd line):
HVIO assembled with TBP{C12; (3rd line): HV grease assembled with C12; (d): HV grease assembled with TBP{ C12. The left column is a general view of the material, and

the right column is a close-up, as indicated by a green rectangle on the left image.

that all of them correspond to HVOL, and not to entrained air
bubbles (these would appear in a darker grey range than the
oL).

After thresholding to retain only the OL (in black, see
Fig. 9 right), a quantification of the 3D HVOL emulsion is also per-
formed in the image observation range (Table 2 and Fig. 10). With
3D X Ray micro-CT, the image observation range is bounded; for
the smallest abservable object, it corresponds to two voxel sizes
(here, 10 pm for all image stacks), and for the biggest object, to
1/3rd of the smallest image size (between 440 and 840 pm de-
pending on the sample considered, see Table 2). Owing to macro-
scopic observations (no bleeding is observed in Fig. 4) and SEM
imaging (droplets of 10 pm and smaller values are present in
Fig. 8), it is assumed in the following that the HVOL not visible

250

by 3D X Ray micro-CT is very probably located in objects smaller
than 10 pm.

For HVIO, Fig. 9(a) and (b) show that the retained OL (mea-
sured after thresholding) is of limited proportions, with amounts of
3.7%vol for HVIO assembled with C12 and 2.0%vol for HVIO assem-
bled with TBP/C12 (Table 2). The assembled HVIO droplets, which
are not visible with X Ray micro-CT (i.e. smaller than 10 um), are
therefore of significant proportions. When calculated as the dif-
ference between the added amount of 20%vol and the observed
HVIO amount, this proportion is of 16.4 or 18%vol, depending on
the solvent. Because the smaller the OL droplets, the more sta-
ble the emulsion is, having a majority of the OL in the form of
droplets smaller than 10 um means that the incorporation of as-
sembled HVIO is very efficient in GP paste.
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(d)

Fig. 9. Example of a raw X-ray micro-tomography image (limited to an identical
260 = 260 pixels2 i.e. 1.3 x 1.3 mm? for each) - left and same image after filtering
and thresholding) for hardened GP composite mortars (S/MK = 0.5) incorporating
assembled (a): HVIO with C12; {b): HVIO with TBP/C12; (c): HV grease with C12;
(d): HV grease with TBP/C12.

For assembled HVG immobilized into GP mortar paste, the vis-
ible amount of HVG is of 9.3% with C12 solvent, and 12.9% with
TBP/C12 (Table 5); this is greater than for HVIO, see Fig. 9(c) and
(d). With the same analysis as with HVIO, it means that 10.7 or
7.1% are in droplets smaller than 10 pum, depending on the solvent
considered. In other words, for HVG, despite an efficient process,
the emulsion has bigger droplets than for HVIO.

Fig. 10(a) presents the droplet size distributions for the four
GP-+assembled HVOL composites, obtained from the 3D X Ray
micro-CT image stacks. Compared to the qualitative SEM images
(Fig. 8), these measurements encompass both droplets observed
with the SEM (below 40-70 um diameter) on the left side of the
distributions, and bigger droplets (up to 440-700 um depending
on the sample, see Table 2).

For both HVIO and HVG, the use of C12 (as a solvent) provides
generally bigger OL droplets, with a wider distribution, of up to
0.32 mm diameter (for HVG) and 0.65 mm (for HVIO).

Compared to C12, TBP/C12 provides narrower droplet size dis-
tributions, with maxima of 0.22 mm diameter (HVG) and 0.12 mm
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Fig. 10. 3D X-ray micro-CT results of hardened GP mortars immobilizing 20%vol
HVOL (i.e. HVIO and HVG): (a): droplet size distributions of the assembled HVOL;
(b): Shape factor of the assembled HVOL (by assuming an ellipsoidal shape for the
HVOL droplets).

(HIO). This is explained by the amphiphilic (i.e. surfactant) na-
ture of TBP, promoting lower interfacial tension between the OL
droplets and the fresh GP paste. Indeed, when considering an or-
ganic molecule as a surfactant, the notion of Hydrophilic-Lipophilic
Balance (HLB) in the Griffin's sense [16,17] refers to the proportion
of hydrophilic and hydrophobic (i.e. lipophilic) functions present
in the molecule. An HLB value between 1 and 8 corresponds to
a lipophilic molecule, leading to emulsions of water into an oil
continuous phase, and to surfactant molecules adsorbed at the
oiljwater interface (with lipophilic portions of the surfactant ori-
ented towards the ail); this adsorption decreases the oil/water in-
terfacial tension [51]. On the opposite, an HLB value greater than
8 promotes the formation of oil emulsions into an aqueous con-
tinuous phase. When considered as a surfactant, TBP has been at-
tributed a HLB value of 5.46 [12], meaning that it is significantly
lipophilic. Therefore, when considering the assembled organics as
the oil phase and the GP paste as a highly concentrated aque-
ous solution i.e. as the water phase, TBP tends to adsorb at the
oilfwater interface, which reduces the oil/water interfacial tension,
leading to smaller OL droplets inside the GP paste.

Moreover, when analyzing the droplet shape (Fig. 10(b)}, assem-
bled HVG has generally more elongated droplets than assembled
HVIO. The smaller the shape factor, the greater the elongation (i.e.
the less spherical the droplet). In particular, the smallest peak of
the shape factor is obtained at a value of 0.67 for HVG assem-
bled with TBP/C12, and 0.69 for HVG assembled with C12. Com-
paratively, the shape factor for assembled HVIO is closer to 1, with
two peak values of 0.75 and 0.81 with C12 and a single peak at
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0.86 with TBP/C12. For HVIO assembled with C12, the major peak
of the shape factor at 0.75 is attributed to partial droplet coales-
cence, whereas the secondary peak at 0.81 corresponds to more
spherical individual droplets.

3.7. Discussion

For GP mortars immobilizing HVG + TBP/C12, the smaller com-
pressive strength, when compared to the other 20%vol OL incorpo-
rations (Fig. 7), is attributed to two main factors. First, a greater
OL proportion is present in the 10-480 pum range (of 12.9%) and,
hence, a smaller OL proportion (of 7.1%) is present below 10 pm
size, meaning that the OL emulsion is less refined than for the
other assemblies. Secondly, a smaller shape factor i.e. significantly
more elongated droplets are present in the GP mortar. This in-
duces smaller droplet curvatures, and hence, greater stress concen-
trations at the tips of elongated droplets.

In terms of OL immobilization, using TBP/C12 for the assembly
of HVOL allows to stabilize and solidify two distinct nuclear waste
types, namely the TBP/C12 PUREX solvent, and HVIO or HVG. In
order to comply with current regulations for nuclear waste storage
(at least in France), the developed process allows to pour the OL
into the fresh GP mortar, whether it is a HV oil or a grease; this
provides hardened materials with sufficient compressive strength
(f. = 254 MPa +/— 4.6, where a minimum of 8 MPa is required
by the French national nuclear waste management agency ANDRA),
and no bleeding is observed. The major part of the OL is made of
droplets smaller than 0.12-0.65 mm diameter, depending on the
assembly considered.

4. Conclusion

The present work has shown that it is possible to incorporate
HV oils and greases directly into a GP matrix. This only requires an
assembly step with low viscosity solvents (C12 or TBP/C12). With
the OL studied in this research, a minimum amount of 20-25%vol
C12, or 25-27%vol TBP/C12, is required to fluidify HV oils (either
model or industrial ones), and 79%vol C12 for HV grease or 66%vol
TBP/C12.

Although the assembly rate is higher for the TBP/C12 mixture
than for C12 alone, its incorporation into the conditioning process
for HV oil and grease wastes would allow for a double disposal
in a single process. The process simply consists in assembling the
HVOL with one of the two solvents (preferably TBP/C12 for double
conditioning) and pouring it into a GP paste (or alternately pour-
ing a GP paste over the assembled HVOL). However, it should be
noted that assembling HV oils or grease with TBP/C12 induces a
significant viscosity increase of the GP paste; the greatest viscosity
increase is observed for a HV industrial oil, whatever the solvent. It
is interpreted that the additives present in the HVIO, and the TBP
phosphate functions, both act as structuring agents in the GP paste.
However, the viscosity increase is compatible with a lost drum pro-
cess, where the GP+HVOL composite remains into the drum until
hardening and storage.

In the hardened state, the composite mortars synthetized with
the HVOL have sufficient mechanical strength, no bleeding, and
they form fine emulsions with droplet sizes smaller than 0.12-
0.65 mm in the hardened state. With TBP/C12, the HV grease
has bigger and more elongated droplets; both effects are respon-
sible for a smaller compressive strength of GP mortar made with
HVG+TBP/C12 than with assembled HV oils or with HVG+C12.

Further, in order to ensure long term immobilization of HV oils
and greases, it will be useful to study their durability in the usual
storage environmental conditions, and particularly their leaching
durability (e.g. due to underground water seepage). In the context
of radioactive waste immobilization, ensuring that no leakage of
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the arganics is achieved in leaching environmental conditions is of
paramount importance,
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Résumé détaillé
1. Contexte de I’étude

L’utilisation des propriétés radiologiques depuis le début du XIX®™e siécle a conduit a la
formation d’une importante quantité de déchets radioactifs. Ces déchets sont de nature tres
différentes, aussi bien en terme de composition, d’état physique ou d’activité radiologique.
De nos jours, la plupart de ces déchets possédent une voie de traitement spécifique pour leur
stockage garantissant la protection de I'environnement. Cependant, certains déchets ne
possédent toujours pas d’exutoire et sont temporairement entreposés sur leurs sites de
production. C'est par exemple le cas de certains déchets liquides organiques radioactifs
(DLOR) qui sont strictement interdits dans les sites de stockages, et ce peu importe leur
activité radiologique. A I’échelle mondiale, le procédé de référence pour le traitement des
DLOR est la minéralisation par incinération. En France, a l'unité d’incinération de CENTRACO
gérée par Cyclife, les cendres issues de I'incinération sont par la suite immobilisées dans des
matrices cimentaires a destination des centres de stockage de ’ANDRA. Néanmoins, certains
DLOR ne respectent pas les spécifications de l'incinérateur en termes de composition
chimique ou d’activité radiologique et ne peuvent donc pas étre incinérés. Plus
particulierement, les huiles industrielles tritiées ne peuvent pas étre incinérées. En I’'absence
d’une voie de traitement, un volume significatif d’huiles tritiées s’est accumulé au cours du
temps et une quantité importante sera produite a I'avenir avec la mise en fonctionnement et
le démantelement du réacteur ITER. Cette these s’inscrit donc dans le contexte de la recherche
d’un procédé de traitement pour ces huiles tritiées qui soit a la fois robuste, fiable et
économiquement réalisable. Une alternative prometteuse concerne le conditionnement
direct en matrice cimentaire. Les ciments sont en effet trés utilisés pour le conditionnement
des déchets radioactifs de par leurs nombreux avantages comme leur flexibilité vis-a-vis de la
variabilité des déchets, leur faible cout, leur résistance a l'irradiation et la possibilité de traiter

de grandes quantités de déchets.

2. Objectifs de la these

Bien que leur composition soit trés variable, les huiles industrielles (lubrifiant, huile de
pompe, huile de coupe, ...) sont majoritairement composées d’huiles minérales. Dans un souci

de compréhension, ce travail s’articule donc autour de I'immobilisation d’huiles minérales.

Le premier objectif consiste a assurer que I'immobilisation d’huiles minérales en matrices
cimentaires soit bien maitrisée, sans ressuage d’huile, tout en maintenant de bonnes
propriétés mécaniques des composites obtenus. Comme dans le secteur du génie civil, le

ciment de référence pour le conditionnement des déchets nucléaires est le ciment Portland.
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Néanmoins, des études ont montré que la présence d’especes organiques pouvait interférer
avec la réactivité des ciments Portland, impactant fortement leurs propriétés mécaniques. De
plus, I’émulsion (I'incorporation) des DLOR est généralement difficile dans les coulis de ciment
Portland. Pour pallier ces problemes, I'utilisation des matériaux alcali-activés (MAA) s’est

avérée efficace, particulierement les géopolymeres.

Le second objectif concerne la limitation du rejet en tritium des colis finaux. Des essais
réalisés en interne au CEA Marcoule ont montré que les rejets en tritium des huiles tritiées
sont principalement sous la forme d’eau tritiée (HTO), mais une quantité significative de
tritium gazeux (HT) a également été mesurée. La forme HT est particulierement difficile a
confiner et sera I'objet de ce travail. La stratégie envisagée consiste a fonctionnaliser les
matériaux cimentaires avec un piégeur a hydrogeéne/tritium. A cet effet, les oxydes minéraux
sont de bons candidats, de par leur stabilité a I'irradiation, a la température et leur capacité
de piégeage a température ambiante. Plus particulierement, de nombreuses études ont mis
en évidence I'efficacité des mélanges a base de Mn0O»/Ag>0 pour le piégeage d’hydrogene.
L’Ag,0 agit comme catalyseur permettant la dissociation des molécules de dihydrogene en
atomes d’hydrogénes qui peuvent ensuite s’insérer dans la structure du MnO,. La réaction est

irréversible et conduit a la formation de MnOOH.
Afin de satisfaire ces objectifs, deux MAA sont considérés dans cette étude :

o Les géopolymeres, pour leur trés bonne efficacité concernant I'immobilisation des
DLOR. Néanmoins, I'importante quantité d’eau libre présente dans les pores des
géopolymeéres pourrait altérer I'efficacité du piégeur a hydrogéne et ainsi limiter ses
performances vis-a-vis du confinement du tritium.

e Les laitiers activés, dans lesquels I'immobilisation des DLOR est plus difficile que dans
les géopolymeres. Néanmoins, la quantité d’eau libre y est moins importante, ce qui
pourrait étre un atout pour I'efficacité du piégeur a hydrogéne et ainsi assurer le
confinement du tritium.

3. Stratégie expérimentale

Ce manuscrit de thése est divisé en cing chapitres indépendants :

e Le chapitre | est une revue de la littérature concernant l'incorporation de liquides
organiques (LO) dans des MAA, plus particulierement dans des géopolymeres. La
premiéere partie présente de fagcon générale les différentes voies d’incorporation des
LO dans des matériaux cimentaires a I'état frais. La deuxiéme partie présente les
avantages des géopolymeéres par rapport aux ciments Portland pour I'incorporation de
LO. En particulier, les trois principales applications découlant de la bonne compatibilité
entre géopolymeres et LO sont discutées.
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o Le chapitre Il se concentre sur I'’émulsification d’une huile minérale dans des MAA a
I'état frais. A cet effet, six tensioactifs de nature chimiques différentes (cationique,
anionique, non-ionique) sont évalués. Toutes les caractérisations sont réalisées a I'état
frais, c’est-a-dire avant la prise des matériaux avec pour but de formuler I'émulsion la
plus stable (gouttelettes de tailles fines et homogeénes).

e Le chapitre lll a pour but de déterminer la matrice la plus adéquate pour
I'immobilisation d’huile minérale : géopolymére ou laitier activé. L’originalité de ce
chapitre réside dans la comparaison de ces deux types de MAA pour I'immobilisation
d’une huile minérale, dans les mémes conditions, ce qui n’a pas été réalisé
précédemment. De plus, ce chapitre vise a comprendre comment les MAA sont
impactés par la présence d’huile minérale, a savoir si lI'impact est uniqguement physique
et d0 a une augmentation de la porosité (présence d’huile) ou bien également
chimique (impact sur la réactivité des MAA).

¢ Le chapitre IV détermine I'efficacité du piégeur a hydrogéne/tritium choisi a base de
MnO,/Ag,0 dans les deux types de MAA. Cela est nécessaire puisque |'efficacité du
piégeur peut étre affectée par I'environnement porale des matériaux cimentaires
(quantité d’eau libre, sorption d’ions, réaction redox, ...).

e Le chapitre V propose une méthode visant a assurer le confinement a long-terme des
LO dans des matrices géopolymeéres, de maniere a consolider leur acceptation au
stockage. Cette méthode est basée sur la détermination de I’énergie de surface des
géopolymeéres par mesures d’angles de contact et en utilisant le modéle d’'Owens-
Wendt. La connaissance de cette énergie de surface permet ensuite de théoriquement
quantifier I’affinité des LO pour la matrice géopolymeére.

4. Principaux résultats expérimentaux

4.1. Etude de I’émulsion de I’huile minérale a I’état frais

Une huile minérale a été incorporée avec succés a raison de 20%vol. dans des MAA a
I'état frais a base de métakaolin (MK) ou de laitier de hauts fourneaux (LHF), formant ainsi des
matériaux composites (immobilisation de I'huile). Dans les deux types de MAA, de grosses
gouttelettes d’huile sont observables sans ajout de tensioactif et l'incorporation d'huile est
considérée insuffisante. Plusieurs tensioactifs (CTAB, SDS, Glucopon 225DK, Span 80, Tween
80, Brij 010) ont permis d’améliorer I'émulsion d'huile (gouttelettes d'huile plus petites et
homogénes) mais avec des efficacités variables. En particulier, des études rhéologiques, des
mesures de tensions interfaciales et I'analyse de suspensions ternaires diluées montrent que
les tensioactifs agissent selon deux mécanismes distincts pour émulsifier I'huile dans les MAA
(Tableau 1).
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Tableau 1: Représentation schématique des deux mécanismes d’actions des tensioactifs
proposés. Le fond bleu clair représente la solution d’activation alcaline, les cercles rouges
représentent les gouttelettes d’huiles et les hexagones bruns représentent les particules
solides (MK ou laitier). Les cercles verts et les lignes noires correspondent respectivement
aux « tétes » hydrophiles et aux « queues » lipophiles des tensioactifs.

Mécanisme 1 Mécanisme 2
Viscosité Constante Augmente
Tension PP L
. . Décroit significativement Décroit peu
interfaciale
Interactions .
Faible Forte

huile-particules

Représentation
schématique

Glucopon
SDS Tween 80
Brij 010

Géopolymere

Glucopon
SDS
Laitier activé CTAB Span 80
Tween 80
Brij 010

Le mécanisme classique (Mécanisme 1 ou M1) réduit la tension interfaciale pour
stabiliser I'émulsion d'huile ; c'est le principal mécanisme observé dans la matrice laitier activé.
Le mécanisme singulier (Mécanisme 2 ou M2) favorise l'interaction des particules solides avec
I'huile pour stabiliser I'émulsion d'huile ; c'est le principal mécanisme observé dans la matrice
géopolymeére. Il semblerait que le mécanisme dépende de la solubilité des tensioactifs dans
les solutions d'activations. Etonnamment, méme si les MAA a I'état frais peuvent étre
conceptualisés comme étant similaires (suspensions alcalines concentrées de particules
solides), le comportement des tensioactifs peut étre opposé dans les deux types de MAA et
devra étre au centre de l'attention lors du développement futur de MAA immobilisant des
huiles. D'un point de vue applicatif, M1 est a privilégier si I'ouvrabilité des MAA frais est

recherchée, tandis que M2 est a viser afin d’avoir une meilleure stabilisation de I’huile dans
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les composites durcis. Enfin, en accord avec les mesures de tailles de gouttelettes,

I'incorporation d'huile minérale présente des performances plus élevées dans la matrice

géopolymeére que dans la matrice laitier activé.

4.2. Etude des matériaux composites

Une huile minérale pure (ci-aprés huile) a été immobilisée avec succes dans des matrices

géopolymere (GEO) et laitier activé (LA) jusqu'a un taux d’incorporation de 40%vol. Les

principales conclusions et orientations de I'étude sont les suivantes :

En plus d’étre observé a I'état frais avec I'amélioration de I’émulsion d’huile, I'avantage
d'utiliser des tensioactifs pour I'immobilisation d'huile dans des MAA peut également
étre observé dans les composites durcis. Dans le cas de la fracturation des matériaux
composites, I'huile reste confinée en présence de tensioactifs du fait de la petite taille
des gouttelettes, alors qu'un écoulement important d'huile est observé en I'absence

de tensioactifs du fait de la présence de grosses gouttelettes.

L'ajout de tensioactifs, dans le but d'améliorer I'incorporation de I’huile, a pour effet
secondaire d'augmenter la porosité des MAA. Dans les deux types de MAA, le
Glucopon 225DK est le tensioactif incorporant et stabilisant la plus grande quantité de
bulles d'air, ce qui est préjudiciable aux propriétés mécaniques a court-terme et a la
durabilité a long-terme des matériaux obtenus.

Les composites « MAA-Huile » immobilisant 20%vol. d’huile possédent tous une
résistance a la compression importante, de 25 MPa en moyenne pour les composites
a base de GEO et de 20 MPa en moyenne pour les composites a base de laitier, soit
bien plus que les 8 MPa exigés par '’ANDRA. Les composites GEO-huile incorporant
40%vol. d’huile ont une résistance a la compression moyenne de 15 MPa, tandis que
les composites LA-Huile incorporant 40%vol. d’Huile n'ont pas de résistances a la
compression mesurables, méme ceux contenant des tensioactifs.

Cette étude montre qu'il n'y a pas d'influence de I’huile minérale ou des tensioactifs
sur le temps de prise et le développement des propriétés mécaniques des MAA. Les
principaux produits réactionnels des MAA (C-A-S-H dans les laitiers et N-A-S-H dans les
géopolymeres) ne sont pas non plus impactés par I'ajout d'huile minérale ou de
tensioactifs. L'impact sur les propriétés mécaniques peut donc étre essentiellement
attribué a des raisons physiques, a savoir I'augmentation de la porosité (incorporation
d'huile et/ou d’air).

Ce chapitre a permis de démontrer que les matrices géopolymeére et laitier activé conviennent

a limmobilisation de 20%vol. d'huile minérale a condition d'ajouter un tensioactif,

préférentiellement le CTAB dans le laitier activé ou le BrijO10 dans le géopolymere. Le choix

et la concentration des tensioactifs doivent étre déterminés avec soin, non seulement dans le
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but de stabiliser I'émulsion d'huile mais aussi d’éviter les effets secondaires, comme une
augmentation excessive de la porosité. Enfin, comme ce fut le cas a I'état frais, les
observations a I'état durci confirment que le géopolymere présente des performances plus

élevées pour l'immobilisation d'huile minérale que le laitier activé.

4.3. Efficacité du piégeur « y-MnO,/Ag,0 » dans les MAA

Le piégeur a hydrogene/tritium choisi dans cette étude est un mélange a base de y-MnO; et
d’Ag,0. L'efficacité de ce piégeur a été évaluée dans les MAA par production d'hydrogene in-
situ, de deux manieres distinctes:

¢ Irradiations gamma (500 kGy): Les matrices géopolymeres contenant le piégeur ont
démontré une efficacité de piégeage d’H, de presque 100% en I'absence d'huile et
d'environ 90% en présence d'huile. Au contraire, les matériaux a base de laitier activé
contenant le piégeur ne présentent qu'une efficacité de piégeage d’H, de 50% en
I'absence d'huile et d'environ 20% en présence d'huile.

e Corrosion du magnésium: Le piégeage d’H; dans la matrice laitier activé est limité a 0,7
mmol.g de piégeur, alors qu'il est d’ores et déja plus élevé dans la matrice GEO et
persiste aprés 500 jours d’analyse.

Les deux types d'expériences ci-dessus s'accordent donc sur les meilleures performances du
piégeur y-Mn0O,/Ag,0 dans une matrice type géopolymére que dans une matrice type laitier
activé.

Pour comprendre ce dernier résultat, des expériences ont mis en évidence que la structure du
piégeur y-MnO,/Ag.0 est modifiée au contact d’especes réductrices a base de soufre,
conduisant a la formation d’'une poudre de piégeur inefficace. Cela explique pourquoi le
piégeur est moins efficace dans les laitiers activés car ces derniers contiennent naturellement
des espéces soufrées.

En complément, le mise en contact du piégeur y-MnO2/Ag,0 avec des solutions interstitielles
directement extraites de MAA durcis, a mis en évidence la forte tendance du piégeur a
adsorber des ions a sa surface (Ca?*, Mg?*, Na*, silicates, aluminates ...). La sorption de ces ions
semble géner |'accés des atomes d'hydrogéne au sites réactifs du piégeur, réduisant d’environ
50% la capacité de piégeage d’H, dans les deux types de MAA. La capacité de piégeage
théorique n’est donc plus valable en environnement cimentaire.

4.4. Confinement de I’huile a long terme

Ce dernier chapitre a permis de déterminer expérimentalement I'énergie libre de surface d'un
géopolymere en utilisant le modéle d'Owens-Wendt basé sur la mesure d’angles de contact.
Les enveloppes de mouillage correspondantes permettent de prédire théoriquement l'angle
de contact de tout liquide a la surface du GEO. La connaissance de I'énergie de surface du GEO
permet également de quantifier des parameétres d’interactions solide/liquide. Par exemple, le

coefficient d'étalement « S» démontre le mouillage préférentiel du GEO par des LOs
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typiquement utilisés dans l'industrie du nucléaire, plutot que par I'eau. Cela est un résultat
positif pour assurer le confinement a long-terme des LOs dans des matrices GEO. Puisque les
LOs ont une excellente affinité pour le GEO, une infiltration d'eau a long-terme n'est pas
susceptible de les déloger des GEO. Dans le cadre de la gestion des déchets nucléaires, ces
premiers résultats apparaissent comme une contribution positive a I’acceptation des GEO

immobilisant des huiles dans les sites de stockages industriels.

5. Conclusions et perspectives

Que ce soit concernant l'incorporation de I’'huile minérale, ou bien I'efficacité du piégeur a
hydrogene, ce travail de thése a mis en évidence que la matrice géopolymere est plus adaptée
qgue la matrice laitier activé vis-a-vis de I'immobilisation d’huile tritiées. Les principales
guestions restantes concernent le comportement a long terme de ces matériaux composites,
avec notamment la question du relargage d’huile. A cet effet, la thématique initiée dans le
dernier chapitre devra étre approfondie.
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Synthesis and characterization of composites based on alkali-activated
materials incorporating mineral oils for the management of tritiated oils

This work deals with the conditioning of tritiated industrial oils in the context of nuclear wastes that are still deprived
of an appropriate treatment solution. The strategy consists in directly conditioning model mineral oils in alkali-
activated materials (AAM), additionally functionalized with a y-MnO,/Ag,0 hydrogen/tritium getter. Geopolymer
(GEO) and alkali-activated blast furnace slag (AABFS) are considered as AAM. In the presence of surfactants, the oil
was successfully emulsified (small and homogeneous droplets) in both types of AAM. Two surfactant mechanisms
are distinguished acting by: 1) decreasing the interfacial tension or 2) promoting oil-particles interactions.
Mechanism 1 should be favored if workability of fresh mixtures is required, while mechanism 2 should be targeted
to provide a better confinement of oil owing to strong oil-particles interactions. After curing, AAM-OIL composites
are obtained. There is no influence of the oil and surfactants on the setting time and strength development of AAM.
The main reaction products (C-A-S-H in AABFS and N-A-S-H in GEO) are not impacted. However, the addition of
surfactants leads to increased porosity of AAM due to air bubbles stabilization. AAM-OIL composites immobilizing
20%vol. of oil all have compressive strengths higher than 20 MPa, which is a more than the 8 MPa required from
ANDRA. Overall, according to both fresh and hardened states observations, GEO exhibit higher performances for the
immobilization of oil than AABFS. The efficiency of the y-MnO,/Ag,0 getter was assessed in AAM via in-situ hydrogen
production by gamma irradiations or magnesium corrosion. Both types of experiments agree to the higher
performances of the getter in GEO than in AABFS. This is explained by reducing sulfur species present in AABFS, which
react with the oxidizing getter components. Finally, wetting measurements demonstrated that industrial oils have
an excellent affinity for GEO, testifying that long-term water seepage is not likely to dislodge them from GEO-OIL
composites. In the context of nuclear waste management, GEO functionalized with y-Mn0,/Ag,0 getter appears as
a promising option for disposal of tritiated oils. However, additional investigations of HTO confinement need to be
performed that could renew the interest of using AABFS.

Keywords: Alkali-activated materials (AAM), blast furnace slag (BFS), geopolymer (GEO), nuclear waste, oil, emulsion,
surfactant, composite, tritium/hydrogen, y-MnO,/Ag,0 getter.

Synthése et caractérisation de composites a base de matériaux alcali-activés
incorporant des huiles minérales pour la gestion des huiles tritiées

Ce travail a pour but le conditionnement des huiles tritiées et s’inscrit dans la problématique des déchets nucléaires
sans filiere de gestion. La stratégie consiste a directement conditionner des huiles minérales modéles dans des
matrices alcali-activés (MAA), également fonctionnalisées avec un piégeur a hydrogéne/tritium y-MnO2/Ag,0.
Géopolymeres (GEO) et laitiers de hauts fourneaux (LHF) sont considérés comme MAA. En présence de tensioactifs,
I'huile est émulsionnée avec succes (gouttelettes fines et homogénes) dans les deux types de MAA. Deux modes
d’actions des tensioactifs sont observés agissant par: 1) réduction de la tension interfaciale ou 2) promotion
d’interactions huile-particules. Le mécanisme 1 doit étre favorisé si I'ouvrabilité des coulis est requise alors que le
mécanisme 2 doit étre ciblé afin de permettre un meilleur confinement de I’huile grace aux interactions huile-
particules. Aprés durcissement, des composites MAA-Huile sont obtenus. Il n’y a pas d’influence de I'huile et des
tensioactifs sur la prise et le développement des propriétés mécaniques des MAA. Les principaux produits de réaction
(C-A-S-H pour LHF et N-A-S-H pour GEO) ne sont pas impactés. Néanmoins, 'addition de tensioactifs entraine une
porosité plus importante a cause de la stabilisation de bulles d’air. Les composites MAA-Huile contenant 20%vol.
d’huile ont tous des résistances en compression supérieures a 20 MPa, ce qui est plus que les 8 MPa requis par
I’ANDRA. Globalement, en accord avec les observations aux états frais et durci, les GEO possedent de meilleures
performances pour I'immobilisation d’huile que les LHF. L’efficacité du piégeur y-Mn0O,/Ag,0 a été caractérisée dans
les MAA par production d’hydrogene in-situ par irradiations gamma et corrosion du magnésium. Les deux types
d’expérience s’accordent sur la meilleure performance de piégeage dans le GEO que dans le LHF. Cela s’explique par
la présence d’espéces soufrés réductrices dans le LHF qui réagissent avec les oxydants constituant le piégeur.
Finalement, des mesures de mouillabilité ont démontré que les huiles industrielles ont une excellente affinité pour
le GEO, démontrant qu’une exposition longue durée a de l'infiltration d’eau ne délogera pas I’huile des composites
MAA-Huile. Dans le contexte du traitement des déchets nucléaires, les GEO fonctionnalisés avec un piégeur y-
MnO,/Ag,0 semblent étre une option intéressante pour le stockage des huiles tritiées. Néanmoins, des études
complémentaires doivent étre menées au sujet du confinement de I’'HTO, ce qui pourrait faire renaitre I'intérét
d’utiliser le LHF.

Mots-clés: Matériaux alkali-activés (MAA), laitier de hauts fourneaux (LHF), géopolymere (GEO), déchet nucléaire,
émulsion, tensioactif, composite, piégeur a hydrogéne/tritium y-MnO,/Ag-0.




