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Abstract: Although nanoparticles (NPs) are known to increase foam stability, foam stabilisation is not
observed in all surfactant/NP combinations. The present study evaluates the stability of CO, foams
containing surfactant/NP mixtures with attractive or repulsive electrostatic interactions at the low
pH imposed by CO; in the presence of a high-salinity brine. Three ionic surfactants and two oxide
NPs (SiO, and Al,O3) were used in combinations of similar or opposite charges. Surface tension,
viscosity, (-potential and hydrodynamic size experiments allowed the analysis of CO, foam stability
based on the impact of surfactant-NP interactions on bulk and interfacial properties. All oppositely
charged systems improved the foam half-life; however, a higher NP concentration was required to
observe a significant effect when more efficient surfactants were present. Both bulk viscosity and
rigidity of the interfacial films drastically increased in these systems, reducing foam drainage. The
mixture of SiO, with a zwitterionic surfactant showed the greatest increase in CO, foam stability
owing to the synergy of these effects, mediated by attractive interactions. This study showed that the
use of NPs should be tailored to the surfactant of choice to achieve an interplay of interfacial and
rheological properties able to reduce foam drainage in applications involving CO, foam in brine.

Keywords: viscosity; foam; stability; salt; silica; alumina; surfactant; drainage rate

1. Introduction

CO; foam has potential applications in controlling gas mobility in enhanced oil re-
covery (EOR) and mitigating carbon dioxide emissions. However, the high solubility of
CO, in water results in fast foam coarsening and, consequently, in the early destruction of
CO; foams [1,2]. Furthermore, the presence of salt in the aqueous phase, such as in brines
that are commonly used in industrial applications, reduces the electric double layer around
bubbles, thereby decreasing the repulsive forces and increasing the coalescence rate [3,4].

Surfactants are usually used as foam stabilisers; however, their rapid adsorption/
desorption at fluid interfaces hinders the formation of a robust interfacial barrier that can
reduce CO, diffusion from bubbles [5]. This effect can be compensated with the use of
nanoparticles (NPs), because the high energy of attachment of particles to interfaces, relative
to the thermal energy kT, promotes irreversible adsorption [6], thereby creating a physical
barrier around the bubbles that delays foam coarsening and coalescence [7-9]. Moreover,
the presence of NPs can increase the viscosity of the aqueous phase, thus further retarding
foam destruction processes [10-12]. These effects are governed by particle-particle interac-
tions in the solution (structuring) and can be modulated by the presence of surfactants [13].
Therefore, the use of solid NPs to increase the stability of surfactant foams has attracted
increased interest in foam-based EOR methods [14]. For example, when compared with the
use of surfactants alone, the use of silica (SiO,) and alumina (Al,O3) NPs combined with
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surfactants for the stabilisation of CO; foam resulted in an approximately fivefold increase
in the foam half-life [15]. Research on the effects of surfactants and NP types has indicated
that the electrostatic attraction between the surface charge of the NPs and that of surfactant
head groups plays a vital role in stabilising the foam [16]. These attractive interactions lead
to enhanced NP adsorption at the gas-liquid interface and tighter packing at the lamellae,
thereby slowing down the liquid drainage and enhancing foam stability.

Despite the reported advantages of incorporating solid particles into surfactant-
stabilised aqueous foams, their influence on the formation and stability of the foam strongly
depends on the surfactant type, and particle size and concentration. For instance, some
researchers have stated that any NP can be used to stabilise surfactant foams [15,16]. How-
ever, a careful analysis of the literature shows that not all surfactant/NP combinations
enhance the foam stability [17-20]. Therefore, the specific mechanisms mediated by sur-
factant/NP affinities, such as the effect on increasing mechanical strength of the lamellae,
capillary pressure, and network structure formation, need to be better understood [21,22].
In particular, the choice of ionic surfactants, in combination with NPs exhibiting acid /base
properties, for use in the stabilisation of CO; foams remains a major research problem,
because an acidic aqueous phase can have additional effects on the interactions in the bulk
and at the bubble interface.

The present study aims to investigate the specific mechanisms involved in the stabil-
isation of CO, foams by surfactant/NP mixtures that can present attractive or repulsive
electrostatic interactions at the low pH imposed by the gas and in the presence of a high-
salinity brine. To this end, we use three ionic surfactants with the same alkyl chain (C12)
and different polar heads and two oxide NPs (SiO, and Al,O3) that exhibit opposite surface
charges at the typical pH of CO;-saturated aqueous solutions. The foam stability results are
first analysed considering the impact of the surfactant-NP interactions in each system on
the fluid properties (i.e., surface tension and viscosity) and the colloidal behaviour of NPs
(i.e., ¢-potential and hydrodynamic size). The findings are then correlated with the specific
mechanisms for arresting drainage in this type of foam, and the broader implications for
the design of surfactant/NP mixtures in CO, foam applications are discussed.

2. Materials and Methods
2.1. Materials

Three ionic surfactants with the same alkyl chain (C12) were used to evaluate the
influence of charges on foam stabilisation: a negatively charged surfactant (sodium dodecyl
sulphate, SDS, purity: 99%), a positively charged surfactant (dodecyl trimethyl ammonium
bromide, DTAB, purity: 99%), and a zwitterionic surfactant (cocamidopropyl betaine,
CAPB, activity: 99%) which exhibits both charges depending on the pH (isoelectric point
4.0 [23]). SDS and DTAB were purchased from Sigma-Aldrich (Sao Paulo, Brazil) and
CAPB was kindly donated by Oxiteno (Sao Paulo, Brazil). These surfactants were used
without further purification, and their working concentrations were determined based on
the content of the active compound (purity) in the sample.

The NPs were selected based on their point of zero charge (pzc) to obtain different
surface charges at the working pH (~5). The two oxide NPs used were SiO, (pzc ~2)
and AlL,Oj3 (pzc ~9) [24], obtained from Sigma-Aldrich (Sao Paulo, Brazil). They have
similar primary particle sizes (12 and 13 nm, respectively). The molecular structures of the
surfactants and NPs are shown in Table 1.

Synthetic desulphated saline water containing the salts NaCl, CaCl,-2H,0, MgCl,-6H,O,
KCl, NapSOy4, and NaHCOj (all obtained from Sigma-Aldrich, Sao Paulo, Brazil; purity > 98%)
was used as the base aqueous fluid for the foaming formulations (Table 2). The composition
of this brine was similar to that of desulphated seawater commonly used for injection
in offshore EOR projects in Brazil [25]. Ultrapure water obtained from a Milli-Q Direct
8 system (18.2 M) cm at 25 °C) was used in all the preparations. The CO; gas (purity:
99.5%) used for foam production and pH adjustment was purchased from Linde Gas (Rio
de Janeiro, Brazil).
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Table 1. Chemical names and structures of the surfactants and nanoparticles used in this work.

Chemical Name Molecular Structure CAS
% o
Sodium dodecyl sulphate (SDS) g g : : ; o2 151-21-3
0
Dodecyl trimethyl ammonium bromide (DTAB) N, 1119-94-4
Cocamidopropyl betaine (CAPB) N jrg 0 61789-40-0
0
OH 0
| I
Silicon oxide (SiO,) NP Si Si = o 7631-86-9
HO & X 0 / \
0} OH
o, HO ‘on,
| .o o.|
Alumina oxide (Al,O3) NP Al Al Al 1344-28-1

7| No7r \O/l ~
HO HO "OH,

Table 2. Composition of the brine (synthetic desulphated saline water) used in the formulation of
aqueous fluids.

Ion Concentration (mg L—1)

Na* 22,016
Ca®* 264
MgZ 302
K* 786
S042~ 78

Cl~ 35,873
HCO;5~ 72

2.2. Experimental Procedures
2.2.1. Preparation of Surfactant Solutions and NP Dispersions

Surfactant solutions were prepared at 0.1 wt % by dissolving appropriate surfactant
amounts or by diluting commercial formulations into desulphated seawater brine (compo-
sition in Table 2). The surfactant solutions were stirred for at least 1 h at room temperature
(25 °C) using a magnetic stirrer. The NP dispersions were prepared by dispersing appropri-
ate amounts into brine or 0.1 wt % surfactant solutions to achieve the desired concentration.
The NP were compared at the same concentration in wt % despite their difference in specific
gravity to enable comparisons with relevant previous studies that used such NPs. The
dispersions were first mixed for 1 h by using a magnetic stirrer and then sonicated using
an ultrasonic bath for 20-30 min. For the non-foaming experiments, CO, was first bubbled
into the solution to resemble the working pH of the aqueous phase during foaming.

2.2.2. Foam Characterisation

Foam decay curves were obtained using a dynamic foam analyser (DFA100) from
Kruss, with a glass column measuring 40 mm in diameter. CO, foam was generated by
bubbling the gas through a porous membrane (diameter: 30 mm; pore size: 15-25 um) into
50 mL of surfactant or surfactant/NP in brine. The gas flow rate was set at 0.5 L min~! and
was interrupted when the foam reached a height of 200 mm. All foams were evaluated at
least two times using independent surfactant solutions. The concentration of the surfactants
was fixed at 0.1 wt %, which is the lower limit of the concentration range typically used in
CO; foam field applications. Two NP concentrations, 0.5 wt % and 1.0 wt %, were used.
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The foaming factor (FF), defined as the volume of generated foam divided by the
volume of gas used during foam formation, was calculated to compare the foamabilities
of the systems. The volumes of foam (V) and liquid (L: volume of liquid at a given time;
Lr: maximum liquid volume) were obtained by measuring their respective heights in the
column using a 469 nm light source with 20% luminosity. The half-life of the foam (t,5),
defined as the time required for the foam column to decay to half its initial height, was used
as the criterion for foam stability. In addition, the relative half-life (t; /2"31 ) was calculated
as the ratio of the half-lives of the surfactant/NP and surfactant-only foams. The liquid
content (¢) was defined as the ratio of the liquid volume in the foam and the total foam
volume, with ¢g being the ratio immediately after foam formation. The initial drainage rate
(DR;) was obtained by plotting the normalised volume of the drained liquid (L/Lr) over
time. The initial slopes obtained by linear fitting represent DR;.

2.2.3. Surface Tension

Surface tension () measurements were performed using a Kibron EZ P1-Plus ten-
siometer at 25 °C by the Wilhelmy method (standard deviation < 0.01 mN m~1). A plot of
the surface tension (7y) versus the surfactant concentration (log Cs,,,r) was used to determine
the minimum surface tension (7y,,;,), CMC, surface excess concentration (I'), and surface
area per molecule (A;;). The CMC was determined as the surfactant concentration at which
a discontinuity was observed in the surface tension plot [26]. The I was obtained from the
Gibbs adsorption equation (Equation (1)), where R is the universal gas constant and T is
the temperature (in Kelvin). The area occupied by a surfactant molecule in the monolayer
at the surface is given by A, = N4 x I'), where N4 is Avogadro’s number [26].

-1 9y
F_ZRT<aCsurf>Tp (1)

Additionally, the surface tension data were used to evaluate pCyg, which indicates the
efficiency of adsorption of the surfactant (negative log of the minimum concentration of
the surfactant in bulk required to produce maximum adsorption at the interface) [26]. The
parameter pCyg was calculated as the logarithm of the surfactant concentration required to
reduce the surface tension of aqueous solutions by 20 mN m .

In the case of the surfactant/NP systems, the surface tension of the aqueous phase was
measured after CO, foam formation. All surface tension measurements were performed
in triplicate.

2.2.4. Viscosity

The variation in the viscosity with the shear rate (flow curves) of the surfactant solu-
tions and surfactant/NP dispersions was evaluated using a HAAKE MARS 60 rheometer
equipped with a double-gap cell (volume: 3 mL; gap: 4 mm). Initially, all samples were
subjected to pH adjustment by bubbling with CO, for 2 min. The formulations containing
NPs were placed in an ultrasonic bath for 10 min before measurements in the rheometer.
The samples were allowed to stand for 10 min in the rheometer before the measurement to
equilibrate the temperature. The temperature was set to 25 °C using an external water bath
system with a precision of 0.1 °C. Flow curves were obtained over a shear rate range of
0.01-1000 s~ !. The experiments were performed in triplicate, with independent solutions.

2.2.5. Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were performed at 25 °C to obtain the
NP hydrodynamic diameter (Dp) in brine, in the absence and presence of surfactants; these
measurements were performed using a Zetasizer Nano ZS (Malvern Instruments, Worces-
tershire, U.K.) equipped with a He-Ne laser at 633 nm. A polystyrene cuvette with polished
walls (DTS0012) was used. The tests were performed in triplicate, with durations defined
in automatic mode (a minimum of 10 and a maximum of 100 runs), backscattering config-
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uration (6 = 173°), and at 25 °C. In addition, the charges were evaluated via (-potential
measurements using the same equipment under identical conditions. The Smoluchowski
equation was used to convert the electrophoretic mobility into surface charge values. The
dispersions of NPs (0.01 wt %) were evaluated in ultrapure water and surfactant solutions
(0.1 wt %) in brine using a high concentration {-potential cell (ZEN1010, Malvern Instru-
ments, Malvern Worcestershire, U.K.). The final pH of all dispersions was approximately 5
owing to previous saturation with CO, (resembling foaming conditions).

3. Results
3.1. CO, Foam Behaviour of Cationic, Anionic, and Zwitterionic Surfactants in Brine

The CO, foam behaviour of the brine formulations containing only surfactants was
analysed by considering the interfacial properties of the surfactant. The foam decay profiles
of SDS and CAPB were very similar, and the foam stability of both surfactants was higher
than that of the foam stabilised with DTAB, a cationic surfactant of the same chain length
(Figure 1). The poorer foam stabilisation performance of DTAB in comparison with SDS
has been reported for nitrogen foams [27,28].
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—1 200 - A CAPB[T
e A —_—
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Figure 1. Foam decay profiles of CO, foam formed with 0.1 wt % surfactant-only formulations, in
desulphated seawater brine at 25 °C (standard deviation: foam height <5 mL).

Conversely, the nature of the ionic head did not significantly affect the foamability (FF);
this can be explained by the minimum critical surface tension (*y;,;), which was in the range
of 30-40 mN m~! for all surfactants (Table 3). This reduction in the surface tension was
sufficient to create new interfaces when bubbles were generated. The marginally smaller FF
value of DTAB was attributed to the higher -,,;, than that of the other surfactants, which
could have contributed to faster foam destruction during CO, foam formation.

Table 3. Interfacial and CO, foam properties of surfactant formulations in brine (FF: foaming
factor, t1,;: foam half-life, v,,;,: minimum surface tension, I': surfactant excess concentration,
Ap: mean area per surfactant molecule at the interface, CMC: critical micelle concentration, pCp:
adsorption efficiency).

Foaming Interfacial
Surfactant FF tin Vinin r A CMC C
) (mNm-1)  (molm2) (A% molecule~1) (Wt %) P20
SDS 0.55 196 31.3 4.29 x 107° 38.7 0.01 3.1
DTAB 0.51 39 38.1 4.44 x 107° 374 0.05 2.0
CAPB 0.56 201 35.3 6.54 x 1076 254 0.002 3.4
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Further analysis using the half-life (t1,,) of the foams showed that the differences
observed in foam stability could not be correlated with the CMC of the surfactants in brine
(Table 2). The CMC of the zwitterionic surfactant was an order of magnitude lower than
that of the anionic and cationic surfactants. However, t1,, of CAPB was very similar to
that of SDS, and the DTAB foam exhibited a much shorter time. A similar analysis using
Ay, indicated that the interfacial films formed by the anionic and cationic surfactants at
the gas—water interface had similar packing. A better correlation was observed with pCp,
which is related to the free energy change involved in the adsorption of the surfactant at
the interface [26]. Both CAPB and SDS showed similar pCy( values which were greater than
that of DTAB, indicating that these surfactants are more efficient at stabilising the interface,
as reflected in the highest stability of their foams over time. The greater the pCyg value, the
larger is the AG value for transferring a surfactant molecule from the bulk to the interface,
and this process is thermodynamically favoured. Therefore, because the increase in the
surfactant adsorption efficiency at the gas—water interface promotes stabilisation via the
Marangoni effect [29], the bubble elasticity increased in systems containing anionic and
zwitterionic surfactants, which can be related with the greater foam stability observed.

3.2. Effect of SiO, and Al,O3 NPs on Foam Stability

The influence of NP surface charges on the stability of CO, foam with formulations
containing surfactant/NP mixtures was studied using two oxide NPs with similar nominal
sizes (to avoid the effects of initial NP size) and at two NP concentrations. The aqueous
phase in this type of foam is characterised by a low pH (~5, Table S1 in Supplementary
Materials) owing to the dissolution of CO, during foam formation. At this pH, the surface
charges of the SiO; and Al;O3 NPs were —10 mV and +23 mV, respectively (Table S3
in Supplementary Materials), allowing both NPs to interact with attractive or repulsive
electrostatic interactions according to the surfactant head group.

The results showed a general trend of significant improvement in CO, foam stability
in systems containing oppositely charged groups, that is, DTAB/SiO, and SDS/Al,O3
(Figure 2a—d). The influence of electrostatic attraction has been shown to be dominant in
promoting foam stability [16]; at the same time, some reports note that similarly charged
components contribute to reducing foam destruction [30]. In the present study, a marginal
increase in the foam stability was observed for the SDS/SiO, system (1.0 wt %), where both
the surfactant and NP exhibit negative charges (Figure 2c). This behaviour can be attributed
to the possible weak hydrophobic interactions between the surfactant hydrocarbon chains
and SiO, NP surface groups [31,32].

These results partially agree with those reported by Yekeen et al. [33], wherein the
stability of CO, foams containing SDS increased with an increase in the concentrations of
510, and Al,O3 NPs up to 1.0 wt %. However, the study by Yekeen et al. did not detect any
differences between the effects of SiO, and Al,O3 NPs on the stabilisation of CO, foams
containing SDS.

The improvement in CO, foam stability in oppositely charged systems did not follow
the same trend with increasing NP concentration. The foams formed with the cationic
surfactant exhibited a drastic increase in stability in the presence of only 0.5 wt % SiO, NPs,
and a further increase in the NP concentration only led to a discrete effect. Conversely,
the greatest improvement in the foam stability with anionic surfactants was obtained with
1.0 wt % of Al,O3 NPs, suggesting that the effect of adding NPs in these systems also
depends on the foaming properties of the surfactant. In the latter system, a higher NP
concentration was needed for a significant improvement because SDS is already an efficient
foamer (Figure 1). In contrast, systems such as DTAB, which contain a poorer foamer, can
benefit from lower NP concentrations. In addition, the CO, foam stability of the SDS/Al,O3
system at 1.0 wt % NP concentration was significantly higher than that of DTAB/SiO,
(Figure 2a,d), indicating that there might be a limit on the improvement in foam stability
owing to the addition of NPs in systems based on surfactants with poor foaming properties.
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Figure 2. Foam decay profiles of CO, foam formed for 0.1 wt % (a,b) DTAB, (c,d) SDS, and (e,f) CAPB
in the absence and presence of NPs (in brine at 25 °C) (standard deviation: foam volume < 5 mL).

These hypotheses were confirmed by the behaviour observed in the CO, foams for-
mulated with the zwitterionic surfactant, where an improvement in the foam stability was
obtained in the presence of both NPs, but only at the highest concentration (Figure 2e,f). The
presence of both charges in the surfactant molecule at the working pH of the aqueous phase
(CAPB isoelectric point: 4.0 [23]) allowed for strong attractive surfactant-NP interactions
in both systems, leading to improved foam stabilisation. However, the effect was negligi-
ble at 0.5 wt % NP concentration, confirming that for surfactants with adequate foaming
properties, higher NP concentrations are required to achieve significant benefits towards
CO, foam stabilisation. Moreover, high NP concentrations are necessary for significant
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stabilisation of these CO; foams owing to the large gas solubility in the aqueous phase,
in contrast to results reported for N; foams, in which lower NP concentrations (0.1 wt %)
were required [34].

3.3. Interfacial, Colloidal, and Rheological Properties of Surfactant/NP Systems: Implications for
foam Destabilisation

To examine the role of surfactant-NP interactions on the CO; foam stability in these
systems, the bulk and interfacial properties of the aqueous NP dispersions were determined
and discussed in terms of the foam destabilisation mechanisms. The dispersions were
prepared at 1.0 wt % NP concentration because the most significant differences in the
behaviour were observed at this concentration.

The viscosity of fluids containing NPs is known to be notably higher than that of
dilute surfactant solutions [13]. All the surfactant/NP formulations in this study showed
an increase in viscosity and exhibited non-Newtonian behaviour. In contrast, the surfactant
solutions behaved as Newtonian fluids, in a manner similar to the aqueous brine (Figure 3a).
This behaviour is characteristic of colloidal dispersions as a result of rearrangements of
the NPs in the bulk (alignments on the flow) with the applied shear [35]. All samples
exhibited shear thinning behaviour; in other words, the viscosity decreased with increasing
shear rate, and the viscosity was higher than that in the absence of NPs even at high shear
rates. This increase in the viscosity was more pronounced in systems containing oppositely
charged surfactant/NP pairs than in those with the same charge. To further explore this
effect, the viscosities of the surfactant/NP systems were compared at a shear rate of 105~ !,
relative to their values without NPs (Figure 3b). This shear rate was selected within the
local shear rate range observed in foam films formed with non-Newtonian fluids of similar
viscosity by Safoune et al. [36]. As can be seen, the highest viscosities for each surfactant
corresponded to the systems containing NPs with opposite charges, including the two
CAPB formulations. This behaviour agrees well with the highest values of foam half-life
(t1/2, Table 3) obtained from the foam decay curves and confirms the importance of the
viscosity of the aqueous phase in the stability of CO, foams. Previous studies from our
group [37,38] and others [39—-41] have also shown the relevance of increasing the viscosity
of the aqueous phase in obtaining a significant improvement in CO, foams in brine.

35 T T ;
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e o "3, [cAPB —~-siO, ALO,H _ 254
e'/ e ii‘ = 204
>, 0.14 e Ry 3
= LN L, O 15
8 -_ "/_'I. .l’
o =e A na
@0 0.01 gtnte, .'"a; > 10
g Sealiine.. 5
2200 0n
0,001 Jsutacians witoutwes TR
- - - - - - 0-
0.001 0.01 01 1 10 100 1000 10,000 DTAB SDS CAPB
Shear Rate (s™)
(a) (b)

Figure 3. (a) Flow curves of solutions containing DTAB, SDS, or CAPB in the presence of 1.0 wt % NPs
and (b) their relative viscosities (ratio of viscosities with and without NPs) at a shear rate of 10 s~ 1.

However, the viscosity values did not show a direct correlation with the foam half-life:
DTAB/SiO; had the highest viscosity, whereas CAPB/SiO; showed the longest foam t; /»
(846 s). A better correspondence was found considering the relative foam half-life (#; /2”31,
Table 4), that is, the improvement in foam stability with NPs compared to the surfactant-
only foam. The parameter t;,,"* shows the direct impact of the increase in viscosity due to
the presence of NPs on reducing CO, foam decay because all oppositely charged systems
followed the same order: DTAB/SiO, > CAPB/SiO, > SDS/Al,O3 > CAPB/Al,Os. This
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behaviour confirms the importance of the viscosity of the aqueous phase on the CO,
foam stability, which can compensate for the poor foaming properties of surfactants such
as DTAB.

Table 4. Half-life (t; /5) and relative half-life (t; /2”1) of CO; foams containing surfactants and NPs
(1.0 wt %) in desulphated seawater brine.

Surfactant/NP

CO; foam t1 /5 (s)
COZ foam tl/zml

DTAB SDS CAPB
Without NP 5102 A1203 Without NP 5102 A1203 Without NP 5102 A1203
39 250 50 196 265 737 201 846 511
6.4 1.0 1.4 3.7 4.1 25

The viscosity of the aqueous phase in NP dispersions is directly related to their
colloidal properties [30]. Therefore, the changes in NP surface charges upon their dispersion
in the surfactant formulations were analysed to examine the type and extent of interactions
in the surfactant/NP systems studied herein. The (-potentials of SiO, and Al,O3 NPs
showed significant variations in the presence of DTAB (from —10 mV to +20 mV) and
SDS (from +23 mV to —33 mV), respectively, owing to surfactant adsorption on oppositely
charged surfaces (Figure 4a, Table S2 in Supplementary Materials). However, in systems
bearing the same type of charge, the changes in the {-potential were negligible (AC < 5 mV).
The large surfactant adsorption on the NP surface was confirmed by the inversion of
the charge sign in the systems with attractive interactions: the charge sign changed from
negative to positive in SiO, NP upon the adsorption of DTAB, and from positive to negative
in Al,O3 NPs upon SDS adsorption. The attractive electrostatic interactions in these
systems, which are responsible for the increase in the colloidal stability of NPs in brine,
can promote faster migration and adsorption of the NPs to the interface [42]. This effect
was corroborated by the changes observed in the v values in the surfactant/NP systems
compared to that of the surfactant-only solution (Figure 4b). The systems with larger
variations in (-potential evidently showed an increase in the interfacial tension, which can
be related to the displacement of surfactant molecules by the adsorption of less surface-
active NPs [42]. The presence of NPs at the interface confers more rigidity and elasticity to
the bubble surfaces, thereby improving the stabilisation of the CO, foams (higher t; /).

An intriguing behaviour was observed in the systems containing zwitterionic surfac-
tants. Although the Al,O3 NPs showed a significant change (and charge sign inversion) in
the (-potential when dispersed in CAPB, no significant change was observed for SiO, NP,
indicating low surfactant adsorption on the NP surface. In contrast, this system exhibited
the largest Ay value, suggesting significant adsorption of NPs at the interface. To shed
light on this contrasting behaviour, DLS was used to measure the hydrodynamic diameter
(Dp) of the aggregates formed by the NPs in brine and in the presence of CAPB (Figure
S1in Supplementary Materials). In brine, the Dy of aggregates of SiO, NPs (333 + 4 nm)
was smaller than that of Al,O3 NPs (2515 4+ 4 nm) because the effect of bivalent anions
(SO4%7) from brine on the electrical double layer is greater in Al,O3 NPs. These divalent
ions could create a bridge between the positive surface sites of Al,O3 NPs, eliminating the
electrostatic repulsion and, consequently, promoting an expressive increase in the hydrody-
namic diameter [43]. In the presence of CAPB, this effect was mitigated by the formation of
a surfactant bilayer that stabilised the Al;O3 NPs in the brine [44,45], and the NPs were
better dispersed (Dy = 732 £ 55 nm). However, the opposite effect was observed for SiO;
NPs, wherein the Dy in CAPB solutions increased to 2167 £ 165 nm, likely owing to the
low C-potential (—15 mV, Table S3 in Supplementary Materials), and, in turn, resulting in
NP aggregation. In this case, once the larger aggregates of SiO, NPs adsorb at the bubble
interfaces, they occupy a larger interfacial area and displace the surfactant molecules, thus
explaining the increased interfacial tension in these systems (Figure 4c). Furthermore, these
results can be correlated with the rheological transitions observed in the flow curves of
these two systems (Figure 3a). In the CAPB/Al,O3 system, where the inter-NP interactions
in the solution become weaker (as Dy decreases), the rheological transition occurs at a



Colloids Interfaces 2023, 7, 2

10 of 16

lower shear rate than that in the CAPB/SiO, system. The latter showed the same transition
at a much higher shear rate, indicating that more energy was necessary to break the NP
network in the solution [46], which was responsible for the high viscosity.

An analysis of the combination of the rheological and colloidal properties of the sur-
factant/NP brine formulations and the behaviour observed in CO, foam stability indicates
that the strong interactions occurring in oppositely charged systems are responsible for two
main phenomena. The first is the formation of NP networks in the solution (as evidenced
by the rheological transitions and the increase in the bulk viscosity). The second is the
enhanced adsorption of NPs at the gas—solution interface (as evidenced by an increase in the
surface tension). These two processes have been reported to delay main foam destruction
mechanisms such as drainage and coarsening [47]. In the next section, we discuss more
insights into the influence of these NP-mediated phenomena on foam drainage, and its
implication for the stability of the CO, foams studied in this work.

60 ‘ 12
Il sio, Hl sio,
404 I A0 | 10 - [ A1,0, E

20
>

E o]
< 0.

404

-60

DTAB SDS CAPB DTAB SDS CAPB

(a) (b)

(c)

Figure 4. Changes in (a) (-potential of NPs in the presence of surfactants, and in (b) surface tension
(7) of the surfactant in the presence of NPs (formulations in desulphated seawater brine, at 25 °C).
(c) Schematics illustrating the effect of the zwitterionic surfactant (CAPB) on NP dispersion in brine

and adsorption at the gas—solution interface.

3.4. Impact of Drainage Mechanism in the Presence of NPs on Foam Half-Life

Coarsening is the most important mechanism in CO, foams owing to the high gas dif-
fusion. However, coarsening can be minimised by reducing the drainage because a greater
volume of liquid contributes to thicker interbubble films and hinders gas diffusion [48,49].
The contribution of NPs in delaying foam destabilisation by controlling drainage can be
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evidenced by the trapping of liquid at the plateau borders via the formation of a rigid
barrier in foam films [50]. The normalised liquid content (¢ /eg) was used as a parameter to
quantify and compare the amount of liquid trapped in the CO, foams studied herein. The
variation in € /&g with time showed that the liquid drainage was significantly reduced in
foams with oppositely charged combinations (e.g., DTAB/SiO, and SDS/ Al,O3) (Figure 5),
along with the improved foam stability. In addition, a detailed analysis of the drainage
time helped better understand the role of NPs in the stability of these foams. For example,
in the SDS/SiO, system, no significant reduction in the drainage was observed despite
some improvement in the foam stability (Figure 2c). Furthermore, in the DTAB/Al,O3
system, same-charge NPs accelerated foam drainage; that is, the presence of Al,O3 with
DTAB in the CO, foam was detrimental to the foam stability, which could not be explained
by the CO; foam volume profiles alone (Figure 2b).

1.0 .,' 2] i = DTAB without NPs 1.0 = SDS without NPs
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Figure 5. Normalised liquid content (¢/¢g) profiles with the time of CO, foams formed with
(a) DTAB, (b) SDS, and (c¢) CAPB surfactants, in the absence and presence of 1.0 wt % SiO; or
AlyO3 (in desulphated seawater brine, at 25 °C).

A linear correlation was found between the foam half-life (t;,,) and drainage half-
life (d1 /) of CO, foams in the presence of NPs for all systems, except for CAPB/SiO,
which exhibited a much more pronounced delay in drainage (Figure 6a). However, despite
the deceleration of drainage being directly related to the viscosity of the aqueous phase,
the CAPB/SiO; system did not have the highest viscosity (Figure 6b). In fact, the most
viscous fluid (DTAB/SiO;) resulted in a CO, foam with relatively low t; ,; and d; /5. This
suggests that the increase in viscosity due to NPs in oppositely charged systems cannot fully
explain the observed CO, foam stability trends. Other effects discussed in the previous
sections include the surfactant adsorption efficiency and the presence of adsorbed NPs at
the gas—solution interface.
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Figure 6. (a) Correlation between foam half-life (t1,;) and drainage half-life (d; ). (b) Correlation be-
tween bulk relative viscosity (1) and drainage half-life (d; /;) of CO, foams formed with surfactants
in the presence of 1.0 wt % NPs. (The lines are a guide for the eyes.)

In addition to the changes in surface tension, NP adsorption can alter the mechanical
and rheological properties of the interfaces, which are key factors for foam stability. For ex-
ample, immobile and rigid interfaces can reduce the drainage rate because fluid flow on the
plateau border is Poiseuille-like [48]. Alternatively, when the interface is fluid and mobile,
it flows with the bulk liquid and plug flow is observed. This indicates that a fluid interface
provides significantly less resistance to the flow than a rigid interface [51]. Therefore, we
can expect a greater deceleration of the drainage rate in systems with a larger amount of
adsorbed NPs, which confers higher rigidity /immobility to the gas-liquid interfaces.

This effect was experimentally demonstrated by calculating the initial drainage rate
(DR;) from the linear fits of the normalised drained liquid volume (L/LF, see Figure S2 in
Supplementary Materials) during the first 20 s after foam formation. During this early stage
of foam life, drainage can be considered the dominant mechanism because coarsening is
not fast enough to cause a significant increase in the bubble curvature [51]. Figure 7 shows
the effect of NPs in oppositely charged systems compared to that in the surfactant solutions:
DR; is reduced in the SDS/Al,O3 and DTAB/SiO; systems as well as in the two systems
with zwitterionic surfactants. In these systems, the presence of NPs at the interface (greater
A7) confers more rigidity to the interface, thereby reducing the liquid flow. Conversely,
the DTAB/Al,O3 and SDS/SiO; combinations exhibited faster initial drainage (high DR;).
In these systems, the electrostatic repulsion between the surfactant and NPs of the same
charge at the interface could make the interfacial film less rigid and more mobile, thereby
accelerating the drainage process.

0.07 ' ' I ithout NPs

0.06 1 I + sio,
B + ALO,

0.05 .

DTAB SDS

Figure 7. Initial drainage rate (DR;) of CO, foams formed for DTAB, SDS, and CAPB, in the absence
and presence of 1.0 wt % SiO, or Al,O3 (in desulphated seawater brine, at 25 °C).
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Interestingly, although the combinations of SiO, with DTAB and CAPB caused a
similar DR; reduction compared to that in the case of pure surfactants, the effect of the
reduction in the drainage rate was much more pronounced in the system with the zwitte-
rionic surfactant. This effect confirms that despite the increase in interfacial rigidity due
to the presence of SiO, NPs, the poor efficiency of DTAB regarding surfactant adsorption
at interfaces (lower pCy) limited the overall CO, foam stability. Similarly, the larger Dy
of the Al,O3 NPs in CAPB could be responsible for the greater increase in the interface
rigidity (smaller DR;) compared with that in the SDS/Al;O3 system. Therefore, for efficient
foamers, the maximum increase in the CO, foam stability can be achieved for NPs that
strongly adsorb at the interfacial film and subsequently generate a rigid immobile surface
and produce a significant increase in the bulk viscosity, such as in the CAPB/SiO, system.

4. Conclusions

The stability of CO, foams containing ionic surfactants and NPs in brine was evaluated
for two oxide NPs with different surface charges at the low pH imposed by the dissolution
of the gas in the aqueous phase. The results were compared with those of surfactant-
only foams, and the impact of attractive or repulsive electrostatic interactions between
surfactants and NPs on the interfacial and bulk rheological properties was discussed. The
greater stability of the anionic and zwitterionic surfactants compared to that of the cationic
surfactant was shown to be directly related to the efficiency of surfactant adsorption at
the gas—solution interface, rather than to the CMC or to the surface excess. This indicates
that interfacial elasticity plays an important role in these typically unstable CO, foams.
This trend was more evident in the presence of NPs in the systems, because a greater NP
concentration was needed for a significant increase in ¢; /, of foam with surfactants with
higher pCy values.

Surfactant/NP systems with attractive interactions under the experimental conditions
(low pH and brine) also exhibited a significant increase in the bulk viscosity because of the
effect of inter-particle interactions in the solution which was mediated by the surfactants.
However, we found that the most stable CO, foams were formed not only in systems
with increased bulk viscosity (owing to inter-particle interactions in solution), but also
when the NP adsorption at the bubble surface was higher, leading to interfacial films
with lower mobility. In particular, the presence of positive and negative charges in the
zwitterionic surfactant molecules allowed interactions with both NPs despite the different
surface charges. A remarkable reduction in the initial drainage rate was observed for the
CAPB/SiO; combination. This was due to the synergy of the effects of increasing bulk
viscosity and interfacial rigidity /immobility, which reduced the coarsening rate and led to
an increase in the CO, foam stability.

This study has shown that the use of NPs for applications involving CO, foam in
brine should be tailored to decrease the early destabilisation mechanisms typical in these
dispersions, where gas diffusion dominates the foam stability. Therefore, while foams based
on surfactants with poor adsorption efficiency require low concentrations of oppositely
charged NPs to significantly improve the foam t; /, (by increasing bulk viscosity), a higher
concentration of NPs is needed in the case of efficient foamers, since decreasing the mobility
of the interfacial films due to NP interfacial adsorption is also needed for enhancing CO,
foam stability. Further studies on how these interactions can influence CO, foam stability in
porous media (where drainage has a secondary role compared to coarsening mechanisms)
are needed to assess the advantages of using these systems in foam-based applications for
EOR and carbon capture and storage.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/colloids7010002/s1, Table S1: pH of the surfactant/NPs combi-
nations after CO, saturation; Table S2: (-potentials of NPs in brine and surfactant solutions (standard
deviation < 2 mV); Figure S1: Hydrodynamic diameter (Dg) of (a) SiO; and (b) Al,O3 NPs in brine
and in CAPB solutions; Figure 52: Drainage curves of CO,-foams formed with (a) DTAB, (b) SDS,
and (c) CAPB, in the absence and presence of NPs. Slope of the linear fits (red lines) represents the
initial drainage rate (DR;).
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