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Abstract

The interfacial activity of poly(N-isopropylacrylamide) (pNIPAM) nanoparticles in the
absence and presence of an anionic surfactant (sodium dodecyl sulfate, SDS) was studied at a
crude oil-water interface. Both species are interfacially active and can lower the interfacial
tension, but when mixed together, the interfacial composition was found to depend on the aging
time and total component concentration. With the total component concentration less than
0.0050 wt%, the reduced interfacial tension by pNIPAM was greater than SDS, thus pNIPAM
has a greater affinity to partition at the crude oil-water interface. However, the lower molecular
weight (smaller molecule) of SDS compared to pNIPAM meant that it rapidly partitioned at
the oil-water interface. When mixed, the interfacial composition was more SDS-like for low
total component concentrations (< 0.0010 wt%), while above, the interfacial composition was
more pNIPAM-like, similar to the single component response. Applying a weighted-arithmetic
mean approach, the surface-active contribution (%) could be approximated for each
component, pNIPAM and SDS. Even though SDS rapidly partitioned at the oil-water interface,
it was shown to be displaced by the pNIPAM nanoparticles, and for the highest total component
concentration, pNIPAM nanoparticles were predominantly contributing to the reduced oil-
water interfacial tension. These findings have implications into the design and performance of
fluids that are used to enhance crude oil production from reservoirs, particularly highlighting

the aging time and component concentration effects to modify interfacial tensions.
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Introduction

Nanoparticles are being trialed in the field to enhance crude oil recovery having been widely
reported to improve oil displacement, although the governing mechanisms for this
enhancement remains to be debated.!** Interfacial and surface forces undoubtedly contribute to
oil displacement, with nanoparticles modifying both the interfacial (oil-water) and surface (oil-
water-solid) properties.> The structural disjoining pressure from accumulating nanoparticles
in the “liquid-wedge” between the substrate and droplet has been highlighted as a mechanism
to displace oil films in the absence of other chemical additives." %7 Furthermore, nanoparticles
can be deployed to improve sweep efficiency by increasing the viscosity of the injected fluid,
although this phenomena is outside the scope of the current study. What is the focus is the dual
effect of nanoparticles and surfactants competing at oil-water interfaces, something that is
rarely studied but is of significant practical importance in the design of nanofluids for enhanced

oil recovery (EOR).

Co-adding surfactants and nanoparticles to EOR fluids should be favorable as the two
components can promote greater displacement of an oil-wetted film on a substrate.! Surfactants
contribute by mainly lowering the oil-water interfacial energy og,y,, changing the balance of
the three interfacial energies (oo, 0gs and agy,) that govern the equilibrium contact angle (6)
of the oil on the reservoir rock; and nanoparticles contribute by increasing the disjoining
pressure between the oil and rock surface, but can also modify the substrate wettability to
become more hydrophilic, thus making it more favorable for the oil to dewet the reservoir

rock.* 8

While the loss of surfactant in the field is an environmental concern,'® its recovery in the
process fluid also creates challenges to the effectiveness of downstream processes. Using
nanoparticles would be more favorable, but particularly the use of nanoparticles that exhibit
controllable interfacial activity. Recently, the use of microgel particles for EOR has received

11-12

attention because of their ability to readily partition at an oil-water interface, thus lowering

the surfactant demand for oil displacement. Furthermore, Ni et al.'?

showed that by using
thermally-responsive microgels that partition at the oil-water interface, a crude oil-in-water
emulsion could be rapidly destabilized by decreasing the temperature below the lower critical
solution temperature (LCST) of the microgel, potentially alleviating some of the downstream
processing difficulties. Currently, when used in the field both surfactants and nanoparticles are

injected, and so it is important to understand the contributions of each to modifying interfacial

properties.



Much of the literature considers oxide-based particles when studying the competitive
adsorption between nanoparticles and surfactants. For example, Pichot et al.'* showed that
when co-adding Tween 60, a non-ionic surfactant, and nanosilica (Aerosil 200) to the aqueous
phase, both species would partition at the oil-water interface at low surfactant concentration,
but the interface was predominantly surfactant-loaded at high surfactant concentration. The
authors speculated that at low surfactant concentration, surfactant adsorption onto the
nanoparticles had depleted the surfactant concentration, hence the nanoparticles were able to

partition at the oil-water interface.

Surfactant depletion was also shown by Ravera et al.'”> when studying CTAB, a cationic
surfactant, and silica nanoparticles (Levasil). Using a fixed surfactant concentration (8 x 10
M), the authors proved that for silica concentrations > 0.4 wt%, almost all surfactants had been
depleted due to adsorption onto silica, hence the reduction in interfacial tension was attributed
to the nanoparticles, with the interfacial activity of the nanoparticles enhanced by the apparent
increase in hydrophobicity following surfactant adsorption. Furthermore, when both particles
and surfactants resided at the interface, the authors suggested that the long-time dynamics may
result from a redistribution of surfactant between the solid-liquid and liquid-liquid interfaces.

Interestingly, when both surfactant and nanoparticles are dispersed in contrasting fluid phases,
the surfactant wins-out and prevents nanoparticle adsorption at the oil-water interface.!® '#

Such behavior, along with the sensitivity to the component concentrations, highlights the

challenges associated with the design of EOR fluids to deliver optimal performance.

While most oxide-based nanoparticles are weakly interfacially active, unless hydrophobically
modified, polymeric nanoparticles such as pNIPAM are not. These nanoparticles have been

shown to substantially lower the interfacial tension (¢) by more than 30 mN/m,'”-"?

and they
are known to be good emulsion stabilizers. However, their competition at liquid-liquid
interface in a dual component fluid is less well understood. In the current study, the interfacial
activity of pNIPAM is measured in the absence and presence of an anionic surfactant, sodium

dodecyl sulfate (SDS).

Materials and Experimental Methods

Materials. Heavy crude oil with a density of 946 kg/m* (18.03° API) (measured using a DMA
4200M, Anton Paar, UK) and viscosity of 363.7 mPa-s (measured using a DHR-2, TA

Instruments, USA) at 60 °C was used throughout the study. The saturate, aromatic, resin and



asphaltene (SARA) content (by mass) and total acid number (TAN) of the heavy crude oil are
summarized in Table 1. Prior to each test, the crude oil was shaken and de-gassed. SDS (Sigma-
Aldrich), N-isopropylacrylamide (NIPAM, Sigma-Aldrich), N,N' Methylenebisacrylamide
(BA, Fluka) and potassium persulfate (KPS, Merck) were used as received and without further
purification. Ultrapure Milli-Q water was used in all experiments with a resistivity of 18.2

MQ-cm and pH of 5.5.

Table 1. Chemical properties of the heavy crude oil.
SARA analysis (IP 469

Saturate Aromatic Resin Asphaltene
7.4% 37.8% 15.3% 39.5%
TAN (ASTM D664)

0.134 mg KOH/g

Nanoparticle synthesis and characterization. The pNIPAM nanoparticles were synthesized
following the method of Li et al.!”-2* NIPAM (2.25 g) was dissolved in 250 mL Milli-Q water
in a 500 mL three-necked flask. BA (75 mg) was added to the Milli-Q water and nitrogen
bubbled through the solution for 30 min while being continuously stirred at 300 rpm. The
solution temperature was raised to 70 °C using a thermostatically-controlled aluminum heating
block and held for a further 30 min. During this time, KPS (0.25 g) was dissolved in 10 mL of
Milli-Q water and degassed using nitrogen. The solution was then added dropwise to initiate
the reaction via a gas-tight syringe. The reaction was left to polymerize at 70 °C for 3.5 h. The
resulting dispersion was passed through glass wool to remove any agglomerated material and
then further purified 5 times by centrifugation at 10,000 rpm. The synthesized pNIPAM was
used as nanoparticles throughout the study. The stock solution of pNIPAM (prepared to 0.058

wt%) was diluted to the desired concentration before each use.

The hydrodynamic diameter and zeta potential of pNIPAM particles were measured using a
ZetaSizer Nano ZS (Malvern Instrument, UK), with the fluid temperature varied from 20 to 65
°C. The temperature was controlled to within 1 °C and the dispersion was left to stabilize for
10 min at temperature prior to measurement. All particle size measurements were repeated at

least 3 times and zeta potentials were an average of 12 measurements.

Preparation of nanofluids. The pNIPAM + SDS blend was prepared by mixing pNIPAM and

SDS at an equivalent mass ratio, 1.e. 1:1. Hence, the total component concentration remains
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unchanged, but for the individual components (pNIPAM and SDS) their concentration is
diluted by a factor of 2. To prepare the nanofluids, the pNIPAM dispersion was added to the
SDS solution under gentle agitation and then mixed for 30 min to ensure good mixing. Fresh
solutions were prepared and sonicated for 5 min prior to each use. It should be noted that the
SDS concentrations used in the current study (< 0.0050 wt%) were below the critical micelle
concentration (cmc) of SDS, c.a. 0.1 wt%, hence, no micelles would be present in the

nanofluids.

Oil-water interfacial tension measurement. The interfacial tension of heavy crude oil-water
was measured using a Theta Optical Tensiometer (Attension®, Biolin Scientific, Finland)
equipped with a thermal cell (C217W, Biolin Scientific, Finland) and the temperature
monitored using a k-type thermocouple (TC-08 data logger, Pico Technology, UK). A stainless
inverted needle (Gauge 22) with a 1 mL gas-tight syringe (Hamilton Co., USA) was filled with
1 mL of crude oil and submerged in the aqueous solution at the desired temperature for 10 min
to ensure the needle and crude oil were at the desired experimental temperature of 60 °C. The
oil droplet was subsequently discharged from the needle using a micro-syringe pump (C201,
Biolin Scientific, Finland) to instantaneously form a 10 uL droplet. The droplet shape profile
was recorded dynamically at a frame rate of 2 fps to capture the dynamics of interfacial tension
as surface-active species partition at the oil-water interface. The measurement was stopped
when steady state had been reached (< 4,000 s), which was taken to be when the change in
interfacial tension was less than 1 mN/m per 10 min. The interfacial tension was determined

by the edge-detection method and fitted to the Young-Laplace equation.?!

Results and Discussion

Nanoparticle characterization. Figure la shows the thermal response of the pNIPAM
particles and mixtures of pNIPAM + SDS as the temperature is increased from 20 °C
(temperature below the LCST) to 65 °C (temperature above the LCST). For pNIPAM in Milli-
Q water, the particle hydrodynamic diameter decreased from ~225 nm at 20 °C to ~152 nm as
the temperature approached the LCST (30 °C), and then above the LCST the particle diameter
was ~55 nm and remained unchanged at higher temperatures. Based on the sizing data, the
LCST was found to be between ~32 and 35 °C, which is in good agreement with the LCST

values reported in the literature.?* >3



It has been shown that SDS binds to pNIPAM chains via hydrophobic interactions to increase
the LCST of pNIPAM.?*2° However, with the low surfactant concentrations used in the current
study (i.e. <2 x 10 wt%, which is significantly below the cmc), the effect of SDS modifying
the LCST of pNIPAM is negligible, unlike its effect on the particle size which is seen below
the LCST (Fig. 1).

Below the LCST, the hydrodynamic diameter of pNIPAM decreased with increasing SDS
concentration, with the effect attributed to improved dispersibility (de-aggregation of larger
clusters) of the pNIPAM particles induced by the anionic SDS.?*” However, above the LCST
the effect of surfactant concentration is less significant, although the particle size with
surfactant added is smaller than without surfactant, possibly due to the slightly higher ionic
concentration (residual Na-ions) of the surfactant solution leading to a subtle collapse of the
globule structure, see Fig. S1 in the Supporting Information which confirms an increase in

solution conductivity with added SDS.

300 0

— o - »- pNIPAM in MilliQ-water | o
E B ~ %~ pNIPAM + SDS 0.0005 wi% 3
= 250 4 : - %r- pNIPAM + SDS 0.0050 wi% -5 24
= ™ e ©
o . : = 1
© I = £ -10+ =
£ 200+ @ = o
© = © paur}
o B 151
o I !

X [ ]
O 150 I -%._® w
Pl &+ -— _'20 a \

o |
E % g ;
c 4 " ol \
%100 I *\\ g-zs— !
-o B 3

P N ]
S 504 Bl TR St it e et -30
=3 a * . _§= Py b
I

15 20 25 30 35 40 45 50 55 60 65 70
Temperature (°C)

15 20 25 30 35 40 45 50 55 60 65 70
Temperature (°C)

Figure 1. Hydrodynamic diameter of pPNIPAM nanoparticles in Milli-Q water without and with
SDS (a). Zeta potential of pPNIPAM nanoparticles in Milli-Q water as a function of temperature
(b). The green shaded region indicates the LCST region. The error bars are the standard
deviation and lines are included to guide the eye.

The zeta potentials of pNIPAM nanoparticles in Milli-Q water were found to be slightly

negative (Fig. 1b) which is likely attributed to the residual sulfate groups of the KPS initiator.?

Below the LCST the zeta potential is c.a. —14 mV at 20°C and the magnitude increases to —27
mV above the LCST.?> 2 The change in zeta potential correlates to the change in particle

18, 20, 23

size, with a reduced particle size increasing the surface density of exposed negative

sulfate groups.?’



Dynamic and steady state interfacial tensions. Figure 2 shows the dynamic and steady state
interfacial tensions for heavy crude oil-water, with the aqueous phase containing either
pNIPAM nanoparticles (Fig. 2a), SDS (Fig. 2b) or both (Fig. 2c). For pNIPAM only, the
dynamic interfacial tension is found to strongly depend on the nanoparticle concentration,
whereas the steady state (£ > 1,000 s) interfacial tension does not, with @, ~14 mN/m, see also
Fig. 3. For the dynamic interfacial tension, a three-step adsorption process best describes the
changes: (i) particle diffusion to the crude oil-water interface; followed by (ii) diffusion-
controlled interfacial adsorption (steps i and ii contribute to the observed time delay, when Ao
~0 mN/m); and then (iii) forming hexagonal-packed arrays where the diffused-shells of the
core-shell pNIPAM particles begin to interact. Further compression of the hexagonally-packed
particle film can only be achieved by interpenetration of the diffused-shells. Eventually the
particle film is sufficiently compressed that new particle adsorption ceases, hence, the steady
state interfacial tension is independent of particle concentration.'”-2° It should be noted that at
the highest pNIPAM concentration (0.0050 wt%) no delay time was observed, and the
interfacial tension was not observed to decrease from & (~33.5 mN/m), due to the very fast
interfacial partitioning of the nanoparticles (increased diffusion flux at higher concentrations)

during expansion of the crude oil droplet.

For SDS only (Fig. 2b), the dynamic interfacial tension could not be accurately captured due
to limitations relating to the rate of droplet generation and data capture. With the interfacial
tension decreasing as the droplet is expanded, only the equilibrium interfacial tensions can be
reliably compared. For increasing SDS concentration, the equilibrium interfacial tension
decreases up to the cmc, 0.y = 5.8 mN/m (Fig. 3). When comparing the crude oil-water
interfacial tension at an equivalent concentration of surface-active species (for example 0.0050
wt%), the reduced crude oil-water interfacial tension (-Aog) is less for SDS than pNIPAM.
However, the limiting (which is found at higher SDS concentrations up to the cmc) reduced

crude oil-water interfacial tension can be lower with SDS than with pNIPAM, see Fig. 3.

Figure 2c¢ shows the crude oil-water interfacial tensions for the pNIPAM + SDS blends (the
total component concentrations are shown inset of Fig. 2c). When compared to the individual
components, the time required for the interfacial tension to reach steady state is significantly
longer (~4,000 s). At low total component concentrations (0.0005 and 0.001 wt%), the
interfacial tension is more consistent with that of SDS-only, showing a weak time-dependency
and the steady state interfacial tension within 9% of the SDS system, see grey boxes in Figs.

2e and 2f. At 0.0050 wt% pNIPAM + SDS (i.e. 0.0025 wt% pNIPAM + 0.0025 wt% SDS), the



behavior better resembles that of pNIPAM-only at an equivalent total component

concentration, particularly when the two steady state interfacial tensions are compared, see

green boxes in Figs. 2d and 2f (steady state interfacial tension within 18% of the pNIPAM

system). However, while the steady state system better resembles that of pNIPAM-only, the

dynamic interfacial tension is significantly slowed. Such behavior is likely justified by a two-

stage absorption process, where SDS first rapidly adsorbs at the oil-water interface, but is then

gradually displaced by the pNIPAM nanoparticles with increasing time.
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With pNIPAM nanoparticles irreversibly adsorbed at the oil-water interface (see discussion
below), the short-time response to particle adsorption can be first analyzed using the Ward-

Tordai equation for diffusion-controlled adsorption:*°-!

D
szﬁggﬁ (1)

where [} is taken to be the interfacial concentration of pNIPAM at time t, Dy, is the particle
interfacial diffusion coefficient from the bulk to the interface and C, is the particle

concentration. The interfacial concentration (/) relates to the surface pressure (o, — o) by:
09 — 0y = [ NpkpT (2)

where N, is the Avogadro’s constant and kg the Boltzmann constant. Combining Eqgs. 1 and 2,

the relationship for the time-dependent interfacial tension is given by:

D
O-t = O-O - ZNAkBT 7V_’|'_/T Co\/z (3)




and according to Eq. 3, g, is proportional to v/t for a diffusion-controlled process. The slope k
which is determined from o, versus v/t should then be proportional to the bulk particle

concentration (C,) which is given by:

From analyzing the data for t < ~200 s (Fig. S2), it was found that k is directly proportional to
C, for both pNIPAM and the pNIPAM + SDS blend, see Fig. S3. Hence for both systems, the
initial stage of particle adsorption is diffusion-controlled. From Eq. 4, the interfacial diffusion
coefficient (Dy,r), which describes particle diffusion from the interfacial boundary layer to the
oil-water interface, can then be calculated. For the pNIPAM + SDS blend, D+ is an apparent
interfacial diffusion coefficient as SDS rapidly adsorbs (adsorption occurs during drop
creation) to hinder pNIPAM adsorption. It is worth noting that Dy, does not account for in-

plane particle diffusion at the oil-water interface.’?

Furthermore, others have described the initial stage of nanoparticle adsorption by accounting

for the particle detachment energy (E), with the modified Ward-Tordai equation given as:**>>

Dyr.
k = 2N,E / ”7": Co (5)

where Dy, is the particle interfacial diffusion coefficient. The energy required to remove a

particle from the crude oil-water interface can be calculated using, E = ma?oqoy (1 +
c0s0)?,%® where a is the particle radius, o,y the oil-water interfacial tension, and 6 the oil-
water-particle three-phase contact angle. Using the measured values of a = 55 nm, gy, = 33.5
N/m and 6 = 30°,% the particle detachment energy is E ~1,242 kgT, which given the fact that
the thermal energy is approximately 50k T,** the pNIPAM particles are correctly assumed to
be irreversibly adsorbed at the oil-water interface. Furthermore, pNIPAM is a ‘soft’ particle
that can deform at the oil-water interface, thus increasing its apparent size, anchoring the

particle even more strongly to the oil-water interface.?®
Finally, the particle bulk diffusion coefficient (D, sg) can be calculated from the Stokes-
Einstein equation, which is given by:*

kT
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where Ry, is the particle hydrodynamic radius and u the fluid viscosity. All three calculated

diffusion coefficients (Dyr, Dy~ and Dpy sg) are summarized in Table 2.

By comparing the two interfacial diffusion coefficients, Dy,r is much greater than Dy,r+ at an
equivalent total component concentration because E is much greater than kT, see Eqgs. 4 and
5. Since the modified Ward-Tordai equation (Eq. 5) accounts for the interfacial diffusion
coefficient of particles rather than small molecules, the interfacial diffusion coefficients from

Eq. 4 are likely to be inaccurate, and is consistent with observations previously reported.**

Table 2. Comparison of diffusion coefficients: Dy, Dyr+ and Dy k-

Total Interfacial diffusion Interfacial diffusion Bulk diffusion
coefficient coefficient coefficient
component . . . . .
concentration (Ward-Tordai) : (Modified Ward-Tor.dal) (Stokes-Elnsteln).
(Wt%) D2WT4 Normalzzed D;NT*“ Normallazed DBu;k_SE Normallzgd
(mol*/m*:s) Dyt (mol“/m*:s) Dyr. (m°/s) Dguik se
pNIPAM in Milli-Q water
0.0001 64 0.0732 4.14 x 10” 0.0732 1.85x 10" 1.00
0.0005 428 0.4906 2.77 x 10 0.4906 1.85x 10" 1.00
0.0010 804 0.9222 5.21 x 108 0.9222 1.85x 10" 1.00
0.0025 872 1.0000 5.65x 10 1.0000 1.85x 10" 1.00
0.0050 Undetermined due to infinite slope k 1.85x 10" 1.00
pNIPAM + SDS in Milli-Q water
0.0005 0.456 0.0005 2.96 x 10 0.0005 1.85x 10! 1.00
0.0010 0.188 0.0002 1.22 x 10 0.0002 2.18 x 10 1.18
0.0050 0.067 0.0001 432 % 10" 0.0001 2.29 x 10 1.24

D is normalized by highest D at a total component concentration of 0.0025 wt% in Milli-Q water.

Since the unit of C, is wt% and not mol/m?, a direct comparison between the particle interfacial
diffusion coefficient and particle bulk diffusion coefficient can only be made when normalizing
the diffusion coefficients to that at a selected total component concentration.'3! For pNIPAM-
only, the values of Dgy;, sg are independent of the component concentration, as is described
by Eq. 6. However, for the pNIPAM + SDS blend, the value of Dg,,j, g increases slightly with
increasing total component concentration, which can be attributed to the enhanced dispersion

of the pNIPAM particles with SDS, see Fig. 1a.

For pNIPAM-only, the interfacial diffusion coefficients were found to strongly depend on the
total component concentration, increasing with higher particle concentrations. However, for
the pNIPAM + SDS blend, the interfacial diffusion coefficients were significantly smaller than

pNIPAM-only. The apparent interfacial diffusion coefficient was less dependent on the total

11



component concentration and decreased with increasing concentration. Since SDS rapidly
adsorbs, the apparent interfacial diffusion coefficients reflect that of pNIPAM, and it becomes
clear that the presence of SDS hinders adsorption of pNIPAM at the oil-water interface. Such

behavior would support a two-step adsorption process.

Interfacial dominant-region map. For the blended system, it is clear that the two components
are interfacially active, but their presence at the interface depends on the total component
concentration and adsorption time. Based on the previous discussion, the short-time behavior
is influenced by adsorbing SDS which will affect adsorption of pNIPAM nanoparticles, which
for the total component concentrations considered (up to 0.0050 wt%), are found to be more

strongly interfacially active than SDS, see Fig. 3.

Referring back to Fig. 2, the competition between the two components to partition at the crude
oil-water interface is highlighted from the short-time and long-time dynamics (Fig. 2f). For
example, at a total component concentration of 0.0050 wt%, the short-time behavior better
resembles that of SDS-only, since for pNIPAM-only the interfacial tension is significantly
lower. Due to its smaller molecule size compared to pNIPAM nanoparticles, faster adsorption
by SDS is reasonable with a typical diffusion coefficient of ~1 x 107!! m%s.***! However, at
longer time intervals (¢ >100 s) the interfacial tension begins to decrease, not consistent with
SDS-only, and so would support the displacement of SDS by pNIPAM nanoparticles, since the
steady state interfacial tension for pNIPAM is lower than SDS. Given sufficient time (t > 3,000
s), the interfacial tension of the pNIPAM + SDS blend becomes almost equivalent to pNIPAM-
only, suggesting the significant adsorption of pNIPAM particles.

At lower total component concentrations (0.0005 and 0.0010 wt%), the short-time dynamic
would be consistent with SDS adsorption, but the longer time dynamic is less conclusive and
is likely to be a mixed interface of SDS and pNIPAM since the steady state interfacial tension

is between that of the two individual components at an equivalent concentration.

Figure 4 compares the reduced interfacial tensions (—Ao = g, — o) for the individual and
blended systems at steady state and time intervals of 1,000 and 2,000 s (only for the blended
system). At low total component concentrations, the behavior is more SDS-like (blue shading),
but at the highest total component concentration the steady state interfacial tension is more
pNIPAM-like (red shading), which progressively transitions from more SDS-like with

increasing adsorption time.

12
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Figure 4. Reduced interfacial tensions (—Ao = g, — ) for SDS (blue square), pNIPAM (red
circle) and pNIPAM + SDS (purple stars) as a function of the total component concentration.
0y is taken to be 33.5 mN/m for the pristine interface. Blue color shading defines the region
more SDS-like and the red color shading the region more pNIPAM-like. Individual component
(pPNIPAM or SDS) concentration is diluted by a factor of 2. The lines are added to guide the
eye.

As a first-order approximation, the contribution of SDS and pNIPAM to lowering the
interfacial tension can be taken as a weighted-arithmetic mean of the steady state interfacial
tensions of each individual component, thus approximating the surface-active contribution of
both SDS and pNIPAM (Apnipam+sps)- For the blend (pNIPAM + SDS), the increase in —Ao
(—=A0pnipam+sps) 1s given by the summation of both components (4;) and the individual —Ag;:
i=1 —AdiA;
—A0pNipam+sps = YA (7)

i=1

A _ —AopnipamApnipam + —A0spsAsps 3
—RO0pNIPAM+SDS = 2 ()
PNIPAM+SDS

For a two-component blend, the surface-active contribution (Apypam+sps) €quals one as it is
the combined contribution of each component (Apyipam+sps = Apnipam + Asps = 1), thus Eq.

8 becomes:

_ —Aopyipam (1 — Asps) + —AospsAsps 9
—AOpNipaM+sDs = 1 ©)
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The surface-active contribution of each component (4;) partitioned at the crude oil-water
interface is determined from Eq. 9, which assumes no interactions between the two
components. From Eq. 9, the changing surface-active contributions of pNIPAM (Fig. 5a) and
SDS (Fig. 5b) dependent on time and the total component concentration of the blend are shown
in Fig. 5. At the highest total component concentration, pNIPAM is predominantly partitioned
at the crude oil-water interface, while at the lowest total component concentrations SDS does,
see Fig. 5c. It is shown with interfacial aging time that the surface-active contribution of
pNIPAM increases at all total component concentrations and does so by removing the initially
adsorbed SDS. Such behavior can be justified based on the relative differences in bulk diffusion
coefficients (SDS > pNIPAM) and the lowest interfacial tensions (pNIPAM > SDS) for the
component concentrations studied. To clarify this behavior, a series of tests were run where
SDS and pNIPAM were sequentially added to the aqueous phase once one component had
reached steady state (Fig. S4 in the Supporting Information). At the lowest total component
concentration (0.0005 wt%), when adding the second component the interfacial tension
remained almost unchanged. When the total component concentration was increased by an
order of magnitude, the decrease in interfacial tension by adding SDS following pNIPAM was
negligible compared to the significant reduction of ~5.5 mN/m when pNIPAM was added
following SDS, thus confirming its ability to displace SDS at partition at the crude oil-water

interface.

— —~ 100 ~
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Figure 5. Surface-active contributions of (a) pNIPAM (Appn;pan) and (b) SDS (Agps) in the
pNIPAM + SDS blend as a function of interfacial aging time and the total component
concentration. Steady state values are compared in (c). Individual component (pNIPAM or
SDS) concentration is diluted by a factor of 2. Lines are added to guide the eye.
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Conclusion

A two-component (pNIPAM and SDS) aqueous fluid has been studied to reduce the interfacial
tension of a crude oil-water interface. While the findings are broadly applicable to multiphase
fluids with multiple surface-active species, the interest here was to study fluids that have
potential application to enhance recovery of crude oil. The main conclusions from the study

are:

1. Both the anionic surfactant, SDS, and the negatively charged nanoparticles, pNIPAM,
adsorb at the crude oil-water interface to lower its interfacial tension.

2. Adding SDS improved the dispersion of pNIPAM nanoparticles by increased
electrostatic repulsion, and at the concentrations studied, did not modify the pNIPAM
LCST.

3. With a lower molecular weight, SDS could rapidly adsorb at the crude oil-water
interface. However, the pNIPAM nanoparticles were more strongly interfacially active
when the component concentration was less than 0.0050 wt%.

4. When mixed together, a two-step adsorption process was observed. At high total
component concentration (0.0050 wt%), SDS initially adsorbs but is then displaced by
the slower diffusing but more interfacially active pNIPAM. At steady state, the
interfacial tension approximates to a more pNIPAM-like saturated interface. For lower
total component concentrations, the same dynamics occur, but the interface remains

more SDS-like.

Overall, the study highlights the potential use of pNIPAM as an additive to enhance oil
recovery. Furthermore, its characteristic ‘switchable’ property makes it ideal for destabilizing
emulsions, something that is more challenging to do with surfactant-stabilized emulsions.
Future fluids for EOR should consider the use of responsive particles to overcome several

significant limitations of current practices.

Supporting Information

S1. Solution conductivity; S2. Slope (k) determination during initial adsorption; S3. Two
component consecutive addition.
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