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Abstract: The direct incorporation of low viscosity organic liquids (OL) such as dodecane and
tributylphosphate (TBP) into fresh geopolymers (GP) is difficult and generally leads to variable amounts of
un-incorporated OL remaining outside the hardened geopolymer. Experimentally, it is observed that a
regular torque increase during OL incorporation corresponds to a suitable dispersion of the OL in the form
of fine micrometric droplets. This can be obtained for TBP and dodecane by adding a small quantity of
quaternary ammoniums salts (QAs) such as cetyltrimethylammonium bromide (CTAB). Shorter alkyl
chains QAs, such as hexamethyltrimethylammonium (HMTA) can also be used but with a reduced
efficiency. The positive impact of CTAB is then confirmed by the Washburn capillary rise method, showing
that the interactions between TBP and CTAB-modified metakaolin are weaker compared to untreated
powder. Finally, it is observed that the incorporation of TBP into geopolymer slurries is much easier than
the incorporation of dodecane. The low interfacial tension measured between TBP and the activating
solution (around 8 mN-m™), contrasting with dodecane (29 mN-m™), explains that the dispersion of TBP
droplets in fresh metakaolin suspensions is more efficient.

Key words: geopolymer, tributylphosphate, dodecane, interfacial tension, washburn

1 Introduction
1-3)

ance of chemical stabilization of many compounds and pro-
duces a mechanically stable form of waste. Unfortunately,
the stabilization of organic liquids (OL) in Ordinary Portland

Geopolymers  “are polymers above all polymeric mate-
rials like their organic analogues, and the prefix geo is used

to indicate that their structure is mineral. Geopolymers,
composed of an amorphous three-dimensional inorganic
network and synthesized by the activation of a solid alumi-
no-silicate precursor with an alkaline medium, called acti-
vating solution, have attracted increasing attention because
of their environmental benefits and favorable characteris-
tics. In fact, the production of Portland cement contributes
to about 8% of anthropogenic CO, emissions”and is re-
sponsible for about 0.8 tons of CO, equivalent per ton pro-
duced. Thus, there is an urgent need for alternatives to
Portland cement, to meet the growing demand for infra-
structure construction while respecting a reduction in
carbon dioxide emissions.

Incorporation of industrial waste into cementitious ma-
terials (by the method of stabilization and solidification,
also called S/S)is well documented, as it provides assur-

Cement (OPC) greatly retards and disrupts cement setting,
and organic liquids generally form weak chemical bonds in
cement unlike some inorganics” ¥ Due to these disadvan-
tages, geopolymers could be a solution to replace OPC for
the incorporation of organic liquids and also for the treat-
ment of OL waste.

Since the resulting paste hardens to form a solid material
(hardened GP), mixing organic liquids (OL) with such
aqueous suspensions” 2" %has been recently described for
the synthesis of porosity-controlled media, thermal insulat-
ing foams or filtration supportsgfl'”and for the treatment of
radioactive wastes'* .

In order to understand the immobilization of radioactive
organic liquid wastes, alkanes™ '“and paraffin oils'”are
used as model oils. The one-step incorporation process,
which seems industrially more reasonable than the two-
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step process, requires the direct incorporation of the
organic liquid into the fresh geopolymer suspension.
Organic liquids typically exhibit limited incorporation
without the introduction of specific additives. Among these
additives, quaternary ammonium surfactants efficiently fa-
cilitates the emulsification of OL into GP suspensions. In
particular, cetyltrimethylammonium bromide (CTAB)
appears to be a promising candidate. It was also observed
that when using CTAB, the viscosity of fresh hexadecane/
geopolymer composite pastes containing 20% by volume
of hexadecane is between 100 and 1000 times higher than
the viscosity of the pure geopolymer slurryw).

The measurement of the viscosity of the reaction
medium is generally carried out in offline mode using a
rheometer, which very often is not near the reactor. Fur-
thermore, this method is not industrially suitable because
it requires constant motions, which are time consuming.
On the contrary, the direct torque measurement allows to
have an immediate estimation of the viscosity throughout
the process and to obtain valuable information when
changing formulation parameters.

Thus online torque measurement has already been used
to follow emulsification processes of viscous organic poly-
mers such as polyethylene“’), epoxy resinzm, polyure-
thane®, polyester™ *’, rosin resins®, bisphenol A-polyes-
ter”, silicon resin®” or bitumen®”.

This article is the continuation of our previous work™
with a view to completing the interest of online torque
monitoring carried out in the reactor before and during the
incorporation of organic liquids, and in particular to see the
effect of an excess of additive (such as surfactant)in the
reaction medium. The objective is to determine to what
extent torque tracking provides relevant information on
both the oil incorporation process and its distribution in
the GP. Another notable modification compared to refer-
ence™is the study of low viscosity organic fluid, tribu-
tylphosphate (TBP) and dodecane. Their low viscosity,
implies that their incorporation into fresh GP requires the
use of additives. Moreover, the TBP/Dodecane mixture is

Impeller Stirring

used as solvent extraction in several industrial processes,
such as hydro-metallurgy and industrial nuclear fuel repro-
cessing (PUREX process).

Different quaternary ammoniums will be evaluated re-
garding their performance on the incorporation of TBP/Do-
decane into geopolymers. The well-known cetyltrimethyl-
ammonium (CTAB) will be taken as a reference to
determine the effectiveness of other quaternary ammoni-
ums.

2 Experimental Procedures
2.1 Materials

Geopolymers were synthesized using an aluminosilicate
source (metakaolin, ARGICAL-M 1000, Imerys), a sodium
silicate solution (Woellner, Betol® 39 T: 27.8 wt% SiO,, 8.3
wt% Na,O and 63.9 wt% H,0)and sodium hydroxide
(Sigma Aldrich, 99%). Geopolymers have the following
molar composition 3.8 SiO, : 1 Al,O, : 1 Na,O : 13 H,0.

Hexyl-, octyl-, decyl-, dodecyl-, tetradecyl-, hexa-tri-
methylammonium bromide and Sudan IV as dye were pur-
chased from Sigma-Aldrich. Mineral oils Nevastane EP100
and Finavestan A360B were obtained from Total, Shellspi-
rax S2 A 80W-90 is a commercially available oil. Dodecane,
and Tributyl phosphate were obtained from VWR with an
announced purity of 99%.

2.2 Geopolymer/oil preparation

The experimental setup used to prepare the fresh suspen-
sion of geopolymer and then to incorporate the organic
liquid is described in Fig. 1. First, 12.92 g of sodium hydrox-
ide, 82.16 g of Betol® 39 T silicate solution and 11.04 g of de-
ionized 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 com-
plete dissolution of sodium hydroxide, and then cooled
down during 1 hour to reach room temperature. 72.12 g
powder of ARGICAL-M 1000 are dispersed in the aqueous

(Torque)
ic Liqui %% Additives
Organic Liquids
oil \ (Quaternary
(o Amm onium)
6
Solid particles .
(Métakaolin) > o Curing
2 days, 25°C
\J
Aqueous solution
Fresh Geopolymer Hardened Geopolymer
Fig. 1 Experimental setup used to prepare the fresh suspension of geopolymer and then to incorporate the organic liquid.
Schematic picture and real aspect of hardened geopolymer with organic liquid droplets inside is represented on the
right.
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solution during 2 min and the mixture is stirred during 15
min at 800 rpm until both torque stability and visual homo-
geneity of the dispersion are obtained. At this stage, the
fresh geopolymer paste is formulated. The last step consists
of introducing the Sudan IV colored organic liquid into the
suspension with a Syringe pump Legato (kdScientific) at a
flow rate of 4.0 mL.min"'. The fresh suspension is trans-
ferred into open cylindrical polystyrene container which is
then closed with the lid and aged at room temperature for 2
days before solid-state characterization. While incorporating
the organic liquid into the freshly prepared geopolymer, the
torque is measured in function of time using a Heidolph RZR
2051 control and recorded via a specific software (Watch/
Control 200) pro-vided by Heidolph.

2.3 Rheological experiments

Kinexus rheometer (Malvern)was used with the cone-
plate (6 cm, 4°)geometry, 3 mL of the organic liquid or
geopolymer suspension is placed inside the gap.

2.4 Torque measurements

Heidolph RZR 2051 control was used to measure the
torque in function of time at a selected stirring rate (100 to
800 rpm). Data were recorded via a specific software
(Watch/Control 200) provided by Heidolph.

2.5 Optical microscopic analysis

A Keyence VHX-5000 microscope is used in reflection-
mode for hardened geopolymer observations. Fresh geo-
polymers with dispersion in water (1/10)were observed
using Axiostar microscope Zeiss in transmission-mode.

2.6 Washburn tests
Kriiss Force Tensiometer - K100 was used to perform

the Washburn tests in the sorption mode. 1.0 g of powder
(natural or hydrophobically modified metakaolin)is intro-
duced in an appropriate sample holder, which is packed
using 2 kg weight for 30 seconds. Mass” (w”) versus time (t)
data are monitored as soon as the liquid penetrates into
the solid.

Hydrophobically metakaolin powders (MK-CTAB) were
obtained by dispersing 5.0 g of natural metakaolin in 50 mL
aqueous solution of 10™* M CTAB. After stirring during 2
hours, the powders were then filtered on paper and dried
in an oven at 60C overnight.

2.7 Superficial and interfacial tension

Kriiss Tensiometer DSA 10 was used in the pendant
droplet software. The denser phase is introduced into the
syringe, and the less dense phase (organic liquid)into a
small quartz tank (2 X2 X2 cm).

3 Results and Discussion
3.1 Experimental setup

Figure 1 represents the experimental setup for forming
the geopolymer suspension (with the proportions indicated
in 2.2)by adding metakaolin to the activation solution.
When the torque value is stabilized, OL is added at a con-
stant rate of 4.0 mL per minute. The addition of OL is
stopped as soon as its incorporation into the geopolymer
becomes difficult. The mixture is then removed from the
reactor and placed within a plastic container to obtain the
hardened geopolymer after a few days (photo of the fresh
geopolymer on the turbine and hardened in the container,
are presented in Fig. 2).

The torque is recorded during the incorporation of the

Type I, 1®

Type IO

Type IV®

dodecane

finavestan

Type I

Type 11

shellspirax

Type 111

Fig. 2 Visual appearance of the three types(Type I, II and III) of mixture of organic liquid and suspension of metakaolin in
the fresh geopolymer (top on the turbine)in the hardened geopolymer (bottom in the plastic container).

627

J. Oleo Sci. 73, (4) 625-636 (2024)



C. Pierlot, Y. Boland, H. Hu et al.

——Finavestan (0.13  Pa.s)|

.

120 :

100 ¥ type IIl @
E ;
€80
3 . ——Nevastane  (2.33 Pa.s)
g 60 —Shellspirax ~ (0.32 Pa.s)
<2

5
[

IS
1)

—--TBP (0.0036 Pa.s)
—-TBP/Dodecane (0.0022 Pa.s)
(0.0018 Pa.s)

N
o

—-Dodecane

0 20 40 60 80 100 120 140
Volume of organic liquid (mL)

Fig. 3 Torque (N)variation versus organic liquid volume
(mL)added at a flow rate of 4.0 mL.min "' at a
stirring speed of 800 rpm in 80 mL of fresh
geopolymer: Different mineral oil (Nevastane, 2.33
Pa-s; Shellspirax, 0.32 Pa-s), industrial oil
(Finavestan, 0.13 Pa-s), two pure organic liquids
(Tributylphosphate (TBP), 3.6 mPa's ; Dodecane,
1.8 mPa-s), a mixture TBP/Dodecane (30/70 w%,
2.2 mPa-s)have been used.

OL(Fig. 3). It can be noticed that the initial state (v=0.0
mL)which corresponds to the same composition of fresh
geopolymer, presents small variations in torque (35-40 N-
mm) which can be attributed to a slight change in the posi-
tion of the impeller in the reactor. But this difference of 5.0
N-mm is negligible compared to the variation in torque ob-
tained during the incorporation of OL. Moreover, even if
there are small variations in torque due to the positioning
of the turbine in the reactor, it should be noted that the
initial value of the torque (before the addition of organic
liquid)is stable over time. And, it is the same at the end of
the addition of the organic liquid. Finally, by precisely con-
trolling both the stirring speed and the organic liquid addi-
tion rate, the torque measurements can be considered re-
producible, within the range of experimental error.
Depending of the type of organic liquid (OL) that is incor-
porated, four torque evolution profiles (Fig. 3) can be dis-
tinguished (Type I, II, IIT or IV) whose corresponding GEOIL

(geopolymer and incorporated organic liquid)aspect are
presented in Fig. 2 before and after hardening. In the case
of dodecane or TBP/dodecane, the torque remains con-
stant. The torque recording was proceeded until introduc-
tion of 40 mL of OL, but in fact, the oil incorporation 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 (Fig. 2, first
column). In the end, the paste corresponds practically to
the fresh geopolymer in terms of viscosity and is defined as
type | GEOIL. After breaking the hardened GEOIL into
small pieces using a hammer, microscopic examination (Fig.
4)of a small fragment allows to see the oil dispersion inside
the solid matrix. For dodecane, only a few very small drop-
lets of a few microns are visible (red dotted circle in Fig.
4A) . This indicates that practically no dodecane are incor-
porated (all the coalesced dodecane was found on the
surface of the GEOIL).

In the case of TBP and Finavestan, the torque increases
regularly up to 54 N-mm and then stabilizes. This late
torque stabilization results from the limit of incorporation
and the fresh paste is still too fluid to avoid small coales-
cence of OL droplets on the surface (Fig. 2 for Finavestan) .
This is confirmed by a very heterogeneous distribution of
TBP drops(red dotted circles)trapped in the hardened
geopolymer (Fig. 4B), and in particular the presence of ex-
cessively large droplets (150 microns). GEOIL type Il will
characterize such systems.

In the case of Nevastane and Shellspirax mineral oils, the
torque increases constantly even after adding 100 mL of oil
and the dispersion seems macroscopically very homoge-
neous as shown by the appearance of the GEOIL on the
impeller. GEOIL type Il will characterize such behavior.
The microscopic state (picture not presented)shows the
dispersion of numerous oil droplets ranging from 1.0 to 50
microns.

A last behavior can be observed when the viscosity of
the medium (and therefore the torque)increases too
quickly (type IV, Figs. 3 and 4). In this scenario, the reac-
tion medium is not correctly homogenized, since the

Fig. 4 Optical microscopy in reflection mode of hardened GEOIL with 23% of incorporated dodecane (A) and TBP (B).
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turbine is in motion but fails to propel the geopolymer.
Consequently, the geopolymer is unable to achieve the re-
quired flow for packaging into the plastic container.

With regard to the Fig. 3, it seems that if the OL viscosity
is greater than 0.13 Pa-s(Nevastane or Shellspirax), the
incorporation into the geopolymer is done relatively well. If
the viscosity is about 0.13 Pa-s, such as Finavestan oil, the
incorporation of OL will be possible but with relatively
large droplet sizes and also in limited quantity, if the for-
mulation of the reaction medium is not revised. For OLs
with very low viscosities (less than 0.004 Pa-s)such as TBP,
dodecane and their mixtures, the incorporation is not pos-
sible without modifying the formulation of the reaction
medium.

Several methods exist for the incorporation of OL into
geoplymersw). The direct route (OL is directly poured into
the fresh GP slurry)is easy to implement, and large
amounts of OL can be incorporated. The viscosity of geo-
polymer slurries generally helps to prevent coalescence of
OL droplets formed by mechanical stirring until hardening
of the paste. However, at high incorporation rates and for
low viscosity OL3°>, coalescence of OL droplets becomes
more favorable, and this leads to phase separation. In such
cases, the addition of surfactants can be necessary to
maintain emulsion stability.

Cationic™and non-ionic*” surfactants have proven their
effectiveness for the incorporation of OL in geopolymers.
Surfactants reduce the size of dispersed droplets by de-
creasing the interfacial tension, which slows down the
droplet movements and stabilizes the emulsion. Moreover,
surfactants are also organic molecules with versatile chemi-
cal structures, so they can adsorb at the surface of solid
metakaolin and induce a stabilization of OL droplets. In the
latter case, they can structure the oil/geopolymers fresh
mixes, with greater viscosity than without surfactant®. To
be more precise, cationic (CTAB), anionic (Sodium dodecyl
sulfate (SDS) ), and non-ionic surfactants (Span 80, Tween
80, Brij 010 and Alkylpolyglucoside (Glucopon) ) have
already been tested as an agent for incorporating organic
liquids in geopolymers in our previous work® . In mecha-
nism of action 1, the surfactant simply reduces the oil
droplet size by decreasing the interfacial tension. This is
the classical way for emulsions formulation. The metaka-
olin particles don't have a direct influence on the stability
of the oil droplets. In this mechanism 1, the surfactants
only have to be soluble enough in the activating solution to
reduce the interfacial tension, by positioning themselves at
the interface between both liquids. For mechanism 2, sur-
factants need to be poorly soluble in the aqueous phase
and able to absorb at the surface of the solid particles via
their polar heads. While the lipophilic parts of the surfac-
tants remain in contact with the droplets of organic liquid,
the connection between the solid particles and the oil
droplets create a kind of network which causes an increase

in the viscosity of the medium. This is often the case with
quaternary ammoniums such as CTAB, and Span 80. Since
anionic surfactants like SDS are unable of adsorbing at the
surface of kaolin in alkaline conditions because electrical
repulsion, and since glucopon are not salts sensible are
totally soluble in aqueous media, these two last surfactants
act as mechanism 1.

The constraint of the low viscosity of TBP and dodecane
for solidification/stabilization (S/S)into geopolymers has
already been observed by some authors. These latter
found that incorporation can be achieved by assembling a
high viscosity organic (oil or grease)with the low viscosity
OL, before mixing with the fresh GP.

3.2 Incorporation of TBP/Dodecane in GP using quaternary
ammonium salts

To see to what extent the incorporation of TBP/dodec-
ane could be improved using surfactants, we focused on a
particular class of surfactants which are quaternary ammo-
niums salts (QAs). QAs have been already used to improve
the compressive strength31>or to obtain nanoporous solids
with high surface area%*%), to improve the compressive
strength of geopolymersw or to increase the hydrophobici-
ty of mineral metakaolin particlesggﬂm. The interaction
between metakaolin and QAs, responsible for an increase
in viscosity of fresh geopolymers has already been observed
when using cetyltrimethylammonium bromide (CTAB) ¥

Beneficial effect of CTAB on the incorporation of a mod-
erately viscous 0il*has been already shown, thus this sur-
factant will be used as reference to examine the incorpora-
tion of a very fluid oil mixture TBP/dodecane.

Moreover, to see the influence of the hydrophobic part
of the QA alkyl chain, we also compared the effect of
another surfactant with an octyl chain. Both CTAB (C -
TAB)and C¢-TAB will be introduced in the activating solu-
tion at different concentrations (0, 1, 3, 5 and 10.10™° M),
and the torque evolution during OL introduction is shown
in Fig. 5. The black curve in Figs. 5A and 5B (that is also
presented in Fig. 3), corresponds to the same experiment
without QAs (Type I GEOIL).

Using the calibration curve, correspondence between
torque and viscosity was reported in Fig. 5A. Without QAs
the viscosity of the GP increases slightly from 1.7 to 2.4
Pa-s(from 35 to 40 N-mm in torque).

In the absence of TBP/dodecane (V=0 mL)in Figs. 5A
and 5B, the effects of CTAB and C¢-TAB are similar since
an almost regular increase in torque is observed for the
initial slurry from 35 to 556 N mm with an increase of con-
centration from 1 to 10.10™* M.

For lower CTAB concentrations of 1.10™% and 3.10™* M,
the torque increases sharply up to 5 mL of organic liquid
added, then increases again but less rapidly up to 20 mL.
The quality of the dispersion is high and corresponds to a
type III GEOIL. As observed previously, when the addition

629

J. Oleo Sci. 73, (4) 625-636 (2024)



C. Pierlot, Y. Boland, H. Hu et al.

A 110
type IV k:)
100
type Il
90
= 80 =
£
= 70
;,’ -e-1.10-2M CTAB
S 60 -8-5.10-3 M CTAB
T -+-3.10-3M CTAB
L 50 --1.10-3M CTAB
-e-Without CTAB
40
30 - : : : :
0 5 10 15 20 25 30
Volume of organic liquid (mL)
B 110
100
% type |||©
t 80 -e-1.10-2M C8-TAB
£ -e-5.10-3 M C8-TAB
P 70 --3.10-3 M C8-TAB
< -0-1.10-3M C8-TAB
2 60 -e-without C8-TAB
<3
= type Il
5 5 2y
% Tpe (B
30 1 1 1 1 1

0 5 10 15 20 25 30
Volume of organic liquid (mL)

Fig. 5 Torque (N-mm)variation versus addition of TBP/
Dodecane volume (mL)in fresh geopolymer suspension
added at a flow rate of 4.0 mL.min"" at a stirring
speed of 800 rpm in fresh geopolymer in order to
obtain 80 mL final hardened composite.
Concentration of quaternary ammonium salts
(CTAB or C16-TAB for A, and C8-TAB for B)in the
activating solution are 0, 1, 3, 5 and 10.10~* M.

of 20 mL of oil is completed, the torque reaches a certain
value (60-90 N'mm, ~ 10 Pa-s)and increases further,
leading to successful incorporation. For the highest con-
centrations of CTAB(5.10"* M and 10.10™% M), the torque
increases too quickly up to 85 N-mm at only 5 mL of incor-
porated OL. At this stage, the viscosity is so high (around
20 Pa-s)that the stirring of the impeller can no longer
drive the geopolymer from the outside towards the center
of the reactor. Thus, the organic liquid can no longer pene-
trate inside the geopolymer and accumulates on the
surface of the slurry. In such a case, the torque signal is
very noisy and the mixture heterogeneous (type IV
GEOIL).

For C¢-TAB concentrations of 1.10~? M, a positive effect
is observed since the torque increases. However, this
increase (from 30 to 40 N-mm)is not sufficient for allowing
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Fig.6 Interfacial tension(mN-m ')at 25C between
water (@) and activating solution (@®)as a function
of TBP content in TBP/Dodecane mixture.

correct oil incorporation (type II GEOIL) . For the last three
concentrations tested (3.107% 5.107° M and 10.10™° M),
the torque varies in parallel with the same slope leading to
good incorporation (type III GEOIL). On the other hand, in
the presence of TBP/Dodecane, the CTAB seems to be
more effective because the GEOILs viscosity increases
much more than with the C¢-TAB. In fact, only type II or III
GEOILs could be obtained with the C¢-TAB, and not type
IV as observed with the CTAB.

Four other quaternary ammoniums salts (QAs)with dif-
ferent chain lengths(Cg, C,, C,., C,4) were also studied
(data not shown) with the same concentrations and similar
results were obtained.

3.3 Interfacial tension between (TBP/Dodecane) and
aqueous phases

Figure 3 shows that increasing the percentage of TBP in
the TBP/dodecane mixture enhances the quality of incor-
poration of the organic liquid into the geopolymer. In fact,
the incorporation is of type I with 70% dodecane and 30%
TBP, and of type II with TBP alone. To explain this phe-
nomenon, interfacial tensions (Fig. 6)between different
TBP/dodecane mixtures and aqueous solutions (water or
the alkaline activating solution) are measured.

Figure 6 (blue points)illustrates that the measured inter-
facial tension, y(mN-m " "), between dodecane and water is
48 mN-m ™', which is close to previously reported values of
about 52 mN-m ' (Table 1). Such a difference has already
been observed and can be due to the different levels of
purity of the dodecane, used either directly or after purifi-
cation on alumina or silica columns™. y then drops sharply
to 17 mN-m ™' for 30% TBP and decreases steadily to 8
mN-m~" for 100% TBP. This last value is consistent with
the literature (12 mN-m ™" for 35% TBP*and 8'”and 6.8
mN-m ' *”, for 100% TBP as mentioned in Table 2. It

J. Oleo Sci. 73, (4) 625-636 (2024)
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Table 1 Interfacial tension between linear alkane (Cn)and water (20 or
25T )reported in the literature. Values for Dodecane (C12)are
represented in bold.

Alkane Interfacial tension
C5 49.0 50.3 50.9
Cyclo-C6 50.0 45.0
Co6 51.1 50.7 50.6 51.4
C7 50.2 51.2 51.0 51.9 48.3
C8 50.8 51.5 514 52.5
C9 51.8 52.4
C10 52.0 52.1 53.2
Cl1 52.4 53.1
C12 52.8 52.8 52.6 53.7
C13 54.0
Cl4 52.2 54.5
Clo6 53.3 53.3 55.2
etoene.
Reference % o 2 45 ®

Table 2 Interfacial tension between mixture TBP
(x)/alkane (1-x) and water (20 or 25TC)
reported in the literature (x is the weight
fraction of TBP in TBP/alkane).

Alkane Intezfi;ira}lnt;:lr;sion Reference
none 1.0 8 *
none 1.0 6.8 v

C7 0.0 48.3 @
0.2 29.9
0.4 24.6
0.6 19.7
0.8 18.0
1.0 28.5
C8 0.0 47.5 ?
0.21 21
Ccl2 0.0 52.6 *
0.3 44.1
Cl2  0.04 21 *
0.35 12

should be noted that some fluctuations are observed in the
literature concerning the value of the surface tension
between TBP/dodecane and water. This rapid decrease of y
with the increase of TBP percent in dodecane has already
been observed for other TBP/alkane systems%). This con-

firms that TBP exhibits a surfactant effect, i.e., a few
percent of TBP decreases the interfacial tension of the
pure solvent.

Replacing the water by the activation solution (Fig. 6
(green points) ) which is a very basic solution (pH = 14) of
sodium silicate and sodium hydroxide, causes an initial sig-
nificant drop in y(from 48 to 29 mN-m ™ ')as already ob-
served for the interfacial tension between dodecane and
mixture of concentrated sodium hydroxide and silicate™ .
This indicates that even in the absence of QAs, silicates
and HO  anions reduce the interfacial tension. The addition
of TBP further decreases y down to a minimum of 9 mN+-m ™"
and gives a curve with a similar evolution as observed with
water. The same value of y is obtained for TBP weight frac-
tion of 0.1, 0.2 and 0.3. It was not possible to measure y for
the TBP alone, because the refractive index of the TBP
and the activation solution were too close, which did not
allow to obtain a mathematical modelling of the shape of
the interface. However, this tension can be estimated at
around 8 mN-m ' given that the drop formed tend to
quickly come off the needle, as it is the case with water.

As expected (Fig. 6 red point) , the addition in the activa-
tion solution of a QAs surfactant such as CTAB consider-
ably decreases the interfacial tension to 8 mN-m ' for
100% dodecane. As soon as TBP is added (for TBP>0.1),
the interfacial tension decreases further and is no longer
measurable, because the drop comes off the needle imme-
diately after being formed.

Values from the literature of interfacial tensions between
linear alkane (C,) and water at room temperature are repre-

631

J. Oleo Sci. 73, (4) 625-636 (2024)



C. Pierlot, Y. Boland, H. Hu et al.

sented in Table 1. It can be noted that y increases slightly
with the chain length of the alkane, since this value is
around 49 mN-m ' for pentane (C;)and 55 mN-m ' for
hexadecane (C,5). Thus, a mixture of alkanes in C,,, C,, Cy4
(kerosene)presents a y of 52.3 mN+-m ™" included between
these 2 extreme values. Based on these interfacial tension
values between water and the different alkanes, which are
relatively close, it can be assumed that the interfacial ten-
sions implying TBP-alkane mixtures should be close as well
and do not depend on the type of alkane.

Table 2 presents interfacial tensions between mixtures
of TBP(x)/alkane (1-x)and water found in the literature (x
is the weight fraction of TBP in TBP/alkane). For x=0, data
are in agreement with those in Table 1. Also, y decreases
with increasing x value to a final value of 8 mN-m ™" Band
6.8 mN-m ' for x = 1, which is also in agreement with the
value obtained in this work (9 mN-m ™). However slightly
different value (28.5 mN-m ') *for x=1, has been also re-
ported. For x=0.1, 0.2 and 0.3, the values fluctuate a little
more, which could be due to the significant water solubility
in TBP(5.11 x 10" mol fraction)*”. This could modify y
depending on the contact time between the drop of water
at the end of the needle and the solution of TBP/Dodecane.

This hypothesis is confirmed by the fact that even
though the solubility of TBP in water is quite low(2.70 X 10~°
mol fraction) “"the action of TBP at the water/air interface
is important since the surface tension of water saturated
with TBP (y=31.7 mN-m ") *’is much lower than that of
pure water (y=72 mN-m~'). In any case, the values ob-
tained in this work are close to those reported in the litera-
ture® .

In fact, TBP lowers the interfacial tension at the hydro-
carbon/water interface whether the aqueous phase is pure
or contains hydroxide and silicate ions. The minimum vy
value is obtained for TBP weight fraction greater than x =
0.3.

TBP adsorbs at the alkane/water interface due to the
basicity (nucleophilicity) of the oxygen atom due to the P =
O functional group. The adsorption will then be governed
by the ability of P =0 groups to coordinate with water mol-
ecules. In the presence of acid in water (Ex: HNO,), inter-
actions are formed between the H" protons and the P=0
group, making the P =0 functions less available, hence in-
creasing yzg). On the other hand, in a basic or neutral
medium, the functional groups P =0 remain available and
y decreases.

Figure 3 shows that TBP (Type II)incorporates better
into the geopolymer than dodecane (Type I). Regarding the
interfacial tension measurements (Fig. 6), this could be ex-
plained by lower y values for TBP (around 8 mN-m ™) than
for dodecane (29 mN-m "), which facilitates the dispersion
of TBP in the metakaolin suspension. The y value for the
TBP/Dodecane (30/70) mixture is equal to 14 mN-m ™" and
is greater than that of TBP. This difference may be suffi-
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Fig.7 Square of liquid mass (m?) rising via capillarity
versus time on metakaolin powders (natural MK)
and impregnated with 10 M of CTAB (MK-CTAB).
Liquids are water (blue circles), dodecane (black
circles), TBP (red circles)and TBP/Dodecane
(green circles). Full circles correspond to MK and
open circles to MK-CTAB.

cient to explain that the incorporation of TBP/Dodecane is
of type I, in contrast with the incorporation of TBP (type
D).

3.4 Washburn capillary rise method

To obtain information on the wettability of metakaolin by
the different liquids investigated in this study, Washburn
tests are performed. The rise of water, dodecane and TBP/
Dodecane along conventional (MK)and hydrophobically
modified (MK-CTAB) metakaolin are compared.

First, the metakaolin powder is packed into a cylindrical
cell. Then, when the filter paper at the bottom of the cell is
placed in contact with a liquid, the latter penetrates and
rises along the powder by capillarity. The square weight of
the cylinder cell is followed over time (Fig. 7), allowing the
square of the liquid mass (m®) rising via capillarity into the
solid metakaolin to be described using the Washburn
equation (Eq. 1).

m*=[C.cos(0).y. p’m].t (1)

where m, C, 0, v, p, 1, t are the mass of liquid adsorbed, the
capillary constant of the powder, the contact angle
between the liquid and the solid, the superficial tension,
the density, the viscosity of the liquid, and the time, re-
spectively.

The curves (Fig. 7)are always made up of a first linear
increasing evolution, which corresponds to the capillary
rise of the liquid, followed by a plateau where m® no longer
evolves, i.e.;, when the migration of liquid is over. As
example, the plateau can be represented for dodecane (for
250 s)in Fig. 7 since it is quickly reached (for 250 s)and
since the m” value (0.5 and 0.6 g*) are not too large. On the
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Table 3 Density (kg.m?), Viscosity (Pa-s), Superficial tension(N.m™")and p*.y/m(kg’m s ") at 25C for water,
dodecane and Finavestan oil. Slope (Am*/At in kgz.sf Yand C.cos(0)are extracted from the Washburn equation.

Density at Superficial Viscosity at 25C p .y Slope C.cos(0)
25T (p) Tension at (Am/At)
25C (v)
(kg.m™) (N.m™) (Pars=N.s.m’) (kg'm’s™ (kg’s™h (m’)
Dodecane 749 0.0254 0.0018 7.92E + 06 2.66E-09° 3.4E-16"
2.55E-09" 3.2E-16°
""""""" TBP 977 00277 00036  734E+06  143E-09'  19E-16'
1.00E-09° 1.4E-16°
""" TBP/dodecanc 832 00248 0002  780E+06  272E-09'  35E-16'
7.13E-10° 9.1E-17°
"""""" Water 1000 00725 0001  725E+07  3.17E-09'  44E-17°
3.21E-09° 4.4E-17°

* with metakaolin (MK), ° with hydrophobic metakaolin (MK-CTAB)

other hand, for reasons of graphic representation the
plateau is not represented in the opposite case (values of
m? at the plateau too high or time to obtain the plateau too
long).

Theoretically, the maximum volume of liquid filling the
pores of the cylinder of metakaolin is constant. Hence, the
higher the density of the liquid, the higher the values of m*
at the plateau (Table 3). The most interesting part of these
curves is the ascending part because the value of the slope
characterizes the capillary rise during the steady state.

From the value of the slope and the knowledge of the
density, viscosity and superficial tension” of each liquid,
C.cos (0)**”can be extracted using Eq. 1(Table 3).

For water, the speed of migration is almost identical on
the two kinds of metakaolin particles, which indicates that
the interaction with the solid is not QAs dependent. This
confirms that the hydrophobic alkyl-chain of quaternary
ammoniums fixed at the surface of metakaolin particles has
no interaction with water. In the absence of CTAB, the
slope of the function m*=f£(t)is the least important for
TBP, but this difference does not seem sufficient to explain
the different behavior of the TBP during incorporation into
the geopolymer (Type II)in comparison with the incorpora-
tion of dodecane and TBP/Dodecane (Type ).

In the case of the CTAB-modified metakaolin, the rate of
TBP migration significantly decreases. This could explain
the different behavior observed between the incorporation
of TBP and dodecane in the geopolymer. As for TBP, the
capillary rise of TBP/dodecane decreases on the treated
metakaolin powder, which does not explain their different
incorporation behavior (Type I for TBP/Dodecane and Type
II for TBP).

Overall, Washburn rising tests show that all tested liquids
are capable of wetting metakaolin particles, since capillary
rises are observed. These capillary interactions presented

on Fig. 7 highlight the importance of the interactions
between metakaolin particles and liquid phases. When
metakaolin particles areimpregnated with CTAB, their in-
teractions with liquids containing TBP decreases, while re-
maining unchanged with water.

4 Conclusion

Torque monitoring during organic liquids (OL) incorpora-
tion into geopolymer (GP) suspensions provides information
on the viscosity of the reaction mixture using a prior
torque/viscosity calibration curve. This avoids off-line rheo-
logical measurements when varying the process (stirring,
time, ...)and/or the formulation (nature and quantity of
QAs, ..) parameters. Four types of torque evolution, corre-
sponding to four types of GEOIL consistencies have been
observed (Type I, I, IIl and IV). A continuous increase in
torque corresponds to an efficient incorporation of OL into
the geopolymer (Type III). If the torque remains constant,
the OL is not incorporated and remains at the surface of
the geopolymer slurry (Type I). According to Type I and III,
if the torque remains constant after an initial increase,
Type II GEOIL is obtained with the excess of OL remaining
at the surface. Finally, an excessive increase in torque
during the incorporation process no longer allows the stir-
ring of the medium (Type IV).

When facing type I, quaternary alkylammonium salts
such as CTAB can be used to obtain a regular torque in-
crease, leading to an efficient OL incorporation. Shorter
alkyl chains QAs such as hexyl or octyl trimethylammoni-
um bromide can also be employed, although with less effi-
ciency than CTAB, since higher concentrations are re-
quired to obtain similar performances.

Without surfactants, the incorporation of TBP (Type II)
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into fresh geopolymers is easier than the incorporation of
dodecane (Type I). Regarding interfacial tension measure-
ments between OLs and the aqueous alkaline activating so-
lutions, lower values are obtained for TBP (8 mN-m ') than
for dodecane (29 mN-m ™). This explains the easier disper-
sion of TBP in metakaolin suspensions. In addition, the
gamma value for the TBP30/Dodecane70 mixture (14 mN-
m™")is higher than the one of TBP, which may explain that
the incorporation of TBP/Dodecane is of Type I, while the
one of TBP is of Type II.

Finally, the Washburn capillary method highlighted that
the hydrophobic alkyl-chain of quaternary ammoniums
fixed at the surface of metakaolin particles has no interac-
tion with water. On the over hand, the rate of TBP migra-
tion slows down if metakaolin particles are previously
treated with CTAB (compared with untreated particles) and
this unlike dodecane. This could be part of the answer to
explain the difference in behavior between the incorpora-
tion of TBP and dodecane in the geopolymer.
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