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ABSTRACT

Producing stable nanopatrticle dispersions that can withstand high temperature and high salinity
(HTHS) is still presenting as a big challenge in the research community. A novel st@tegy
synthesize stable nanoparticles under harsh conditions is proposed in this work by using the
synergistic effect of a surfactant mixture. Long-term stable iron oxide nanoparticles (IONPSs)
under HTHS conditions were produced and stabiliagdwo different surfactant classes, i.e.
sulfonate surfactant for high temperature resistance and ethoxylated alcohol surfactant for high
salinity resistance. Blend of commercial surfactants of internal olefin sulfonate (I0S) and alcohol
alkoxy sulfate(AAS) with ethoxylated alcohol (EA) were evaluated for their ability to improve

the stability oflONPs in API brine plus 2 wt% of Mgg&for the first time. The results prove the
feasibility of the new strategy. A critical length was determined for hydrocarbon tail of 10S,
where NPs become destabdil beyond the critical value. A mechanism for formation of NPs in

the presence of mixed micelles of anionic I0S/nonionic EA surfactants with different EO chain
lengths was proposed. Such a strategy could be used for large-scale production oNBwble

under HTHS conditions that suitable for many applications including enhanced oil recovery.

KEYWORDS: Iron oxide nanoparticles, high temperature, high salinity, enhanced oil recovery,

phase behavior, Synergistic effect.
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1. INTRODUCTION

With the growth in energy demand and the decline of oil production from conventional
methods, new technigues such as nanotechnology have attracted intensive attention to enhance
oil recovery (EOR). Several studies have revealed the promising properties of nanoparticles
(NPs) for EOR applicatidi, and other subsurface applications including map well
connectivity reservoir imaging and characterizafidnSmall size and long-term stability KPs
in hard conditions o reservoir aréiighly beneficial for these applications, which is still a high
challenging problemSome of the outstanding works about the synthesiNRsf under high

temperature-high salinity are briefly reviewed here.

Lim et al® synthesized super paramagnéties with iron oxide cores and contiguous gold
shells under 150 mM ionic strengths of NaCl with different coating materialkiamngc, poly
ethylene glycol, dextran and phosphate buffered saline (BSA). They reported that the best steric
stabilization was obtained for BSA and Pluronic components. Bagaria’ &t fahctionalized
iron oxide NPs by a series of sulfonated components and block copolymers under API brine
conditions at 90 °C. The results showed that iron oxide NPs coated with(Zamigthyl-2-
acrylamido propane sulfonat®-acrylic acid) were stable in API brine at both room temperature
and 90 °C for up to one month. Ranka et'abroposed using polyampholytes, instead of
polyelectrolytes for functionalizing of NP. They stated polyelectrolyte shrank, while a
polyampholyte swelled under high ionic media and high temperature. Despite of these efforts,
there is still a big gap in producing stable NP dispersions under high salinity and high
temperature conditions, and the selection of suitable surfactants is a major hurdle.

The two surfactant families that widely used for surfactant flooding are sulfates and
sulfonates. The sulfonate surfactants are more stable than sulfates at higher temperature. The
internal olefin sulfonate (I0OS) has some advantage properties (e.g. twin-tailed, high
solubilization activity, high temperature resistance and low cost) which make them as potential
candidates for surfactant flooding. Screening of commercial 10S and alcohol alkoxy sulfate
(AAS) surfactant for EOR application at high salinity and high temperature has been
experimentally investigated by Barnes efaWu et al*®, Jang et al?, and Puerto et &F.

Barnes e@al.'® evaluated the results 10S with different carbon numbers using improved phase

behavior experimental methods and showed that 10S family of surfactants had good chemical



stability at higher temperatures (up to 150°C) and high solubilization of oil at their optimal
salinities. However high critical micelle concentration (CMC) and échdalinity tolerance are

the main drawbacks of anionic surfactant, whaatke them inappropriate for applying at high
concentrations of divalent ioHs

Nonionic ethoxylated surfactanare generally soluble in water, having low CMC and good
stability in high salinity conditiort8 while they are not effective for high temperature
conditiont®. Surfactants that havan ethoxylated group have tendency to pick up water
molecules and hydrate, which could improve the solubility of ¢fass of surfactants. While at
higher temperature the ability of holding water molecules is declined due to the motion of the
ethoxylated chain, resulting in the dehydration of surfatta®@n the other side anionic
surfactant (especially with sulfonate hydrophilic group) has a good solubility in water and mostly

stable in a high temperature condititns

Previous researches have demonstrated the positive effect of addition of ethoxylated group
(EO) to improve the salt tolerance of surfactéfit Puerto et ai! tested optimal salinity of both
ethoxylated and propoxylated surfactants with various EO chain lengths at high temperature and
high salinity by observing the phase behavior. They concluded ethoxylated surfactants exhibited
optimal salinities with octane up to 21% NaCl at 120°C. Bansal and?Sflalso showed that
the salt concentration limit of every surfactant formulation was eeldanth the addition of
ethoxylated surfactant. They observed that the thickness of ionic media around mixed micelles is
decreased by increasing ethoxylated surfactant molecules. A synergistic effect of different mixe

surfactant systems for EOR applicationsubsequently proposed®

In this work, we propose a novel strategy to synthesize stable NPs at harsh conditions by
using the synergistic effect of surfactants. As an example study, iron nanoparticles (IO NPs) are
produced and stabilized by a surfactant mixture, including anionic 10S to address the high
temperature tolerance, and nonionic EA surfactant to provide resistance to high salinity at API
brine level. The effect of hydrocarbon tail length of I0S and ethoxylated group (EO) length on
both mixed micelles characterization and 10 NP functionalization are investigated to optimize
the stabilization effect. Careful characterization of formed NPs is conducted including

morphology, stability and interfacial properties. The results prove the feasibility of the new



strategy, which can be used for large-scale production of stable NPs under high salihighand

temperature conditions that suitable for many applications including EOR.

2. EXPERIMENTAL PROCEDURE
2.1. MATERIALS AND CHARACTERIZATION

Ethoxylated alcohol of Neodol 94{C9-11/8 EO), Neodol 25-12 (C12-15/12 EO), IOS with
nominal ranges of 0332 (C15-18), 0342 (&3, 0242 (C20-24), 0352 (C24-28) and AAS
(JO71, C12-13/7 EO) were provided by Shell Company. Ethoxylated alcohol N23-7 (C12-13/7
EO) was purchased from Mistral chemical Company (UK). Analytical grade materials including

calcium chloride, magnesium chloride, sodium chloride, sodium hydroxide, ferric chloride

(FeCB), ferrous chloride (Fe@) were purchased fror‘n Sigma-Aldrich. Mineral pil (Keratech 24

MLP] viscosity on file is 24 mPa at40 °C) waspurchased from Kerax Ltd (UK).

Phase Behavior of Surfactant Solution and 10 NPs dispersion. One ml of solution
containing surfactant blend or functionalized 10 NiP®rine containing 8vt.% NaCl, 2wt.%
CaCh and 2wt.% MgCl, which is called API brine, &s put in a long glass pipette (3 mm
internal diameter). One ml of n-Octane as oil phase was added to the glass pipette, then was
sealed and finally was put in an oven at 70 °C for 3 weeks.

Stability of 1O NPs dispersion. The stability of IO NPs over flocculation and sedimentation
was characterized by recording the transmission of near-infrared light during the cenbrifugati
of NPs by a dispersion analyzer centrifuge (LUMiSizer, Lum GmbH, Berlin, Germany). The
solution (0.5 ml) was filled in a polycarbonate capillary cell and centrifuged for about 10 min at
2600 rpm (light factor 1, 25 °C, 870 nm NIR LED), which is equivalent to one week in real
conditions.The correlation between real time and centrifuge time is presented in “Calculation of

the total measurement time for LUMiSizer 6110 part of the supplementary document.

Viscosity and Interfacial Tension (IFT). Goniometer (CAM 2008, KSV instruments Ltd.
Finland) was used for IFT measurement for surfactant solution or NPs dispersion with mineral
oil at 22 °C by an axisymmetric drop shape analysis (pendant drop method). Before each
measurement the device was calibrated and the accuracy was checked by the IFT measurement
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of pure water in air (~72 mNm). The IFT values were obtained using the Young-Laplace
equation. Viscosity was measured using a Physica Anton Paar rheometer, model MCR 301
(Cone plate CP75-1) at a shear range 10-19Ga 82 °C.

Zeta Potential and Hydrodynamic Size. Zeta potential and Hydrodynamic size of IO NPs or
mixed micelles were measured with Malvern Zetasizer ZS instrument at 22 °C. Zeta potential

was determined by the Smoluchowski model.

TEM and SEM-EDX. The morphology and size distribution of 10 NP was analyzed by
Transmission electron microscope (FEI Tecnai TF20 TEM). Elemental mapping of
functionalized 10 NPs were analyzed using a scanning electron microscope (FEa @&a
FEG), which was equipped with X-Max energy dispersive X-ray detector (Oxford Instruments).
The total time of 4 hour was considered for production of EDX map data with one minutes

duration time per each frame.

Sulfur analyses: The sulfur element in functionalized IO NP was measimedombustion

method by using Flash 2000 thermo Scientific.

2.2.SYNTHESIS OF IRON OXIDE NANOPARTICLES

Generally in ASP/SP flooding, the surfactant concentration usually is in the range of 0.2-3.0
wt. % range. In this study 0.001 g/méasselected as the surfactant concentration in API brine in

all experiments, which is higher than the CMC value of alcohol ethoxylated and 10S.

The initial 10 NPs synthesis ag performed using just 10S with different hydrocarbon tail
length. After that the blend of sulfonate surfactant and ethoxylated alcohol with equal mass ratio
was used. The synthesi$ I©® NPs was performed based on Massart co-precipitation method

according to the following reactidh

FeCh+ 2 FeCy+ 8NaOH— Fe;O,+ 8NaCl+ 4HO 1)

Concentration of reactants for the synthesis of 500 ppm IO NP was estimated by
stoichiometry. The concentration of ferrous chloride was chosen as 1.5 times of the
stoichiometry value of ferric chloride. 2 ml Sodium hydroxide in brine (8 wt. % NaCl) with
stoichiometry ratio was added drop wise to the surfactant solution as the precursoraduring

period of 10 minutes. The temperature of reaction was kept coas@MtC usinga hot water



bath. The mixture was stirred over 4 hours to reach the equilibrium at this temperature.

Ultimately the NPs dispersion was put inside an oven at constant temperature of 70 °C for one

month without any mixing.

3. RESULT AND DISCUSSION
3.1.STABILITY ANALYSIS

First stage of screening surfactants was performed by observing the sedimentation behavior of
NPsby naked eyeslt revealed that by increasing the tail length of sulphonate surfactant more
than C20, the stability of IO NP was decreased (Figure S1). This may be attributed to the self-
coiling or attractive tail-tail interaction of long alkyl tails of 10S, which takes plage fo
hydrocarbon tail length longer than G2 Therefore the 0332, 0342 were selected after the
initial screening stage for further NPs synthesis. Moreover some trials of IO NP synthesis were
performed using AAS (JO071), which was suggested by the manufacture for high salinity
condition applicatior’. The stability analysis of NPs containing blend of sulfonate surfactant

(0332, 0342, J071) arBA (N23-7, N91-8, N25-1pis shown in Figurd.
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Figure 1. Trend of centrifuge dispersion analyzer for IO NP de-stability in API brine containing

surfactants blend.

Figure 1 shows that IO NPs synthesibgdOS-N23-7 blend have the highest stability while
IOS-N9-8 has second level of stability, which will be discussed in deptisention 3-8. The
samples test tubes at the end of centrifuge operation and patterns of light transmission through

them as a function of times illustrated in Figure 2, which show that 10S-N23-7 ethoxylated



alcohol increase slower than other samples under the influence of the centrifugal force. Moreover
NIR pattern shows higher agglomeration or flocculatioiNB$ for surfactant blend containing
JO72. Figure S2 shows five stable 10 NPs dispersions after 30 days immobility at 70 °C which
implies the excellent long-term stability of IO NPs.
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Figure 2. Patterns of light transmission through the test tube for (a) 0332-N23-7, (b) O332-N91-
8, (c) O332-N25-12, (d) O342-N23-7, (€)O342-N91fB(0342-N25-12, (g)J071-N23-7, (h)
JO71-N91-8, (i) J071-N25-12 and (j) samples test tubes at the end of centrifuge operation.

3.2.EFFECT OF SALINITY ON MIXED MICELLES

The properties of mixed micelles of ethoxylated surfactant and sulfonate surfactant are much
different from those of individual one, which affect the formation and stabilization of 10 NPs.
The surface charge density amicelle is controlled by the mole fraction of the ionic surfactant
in the mixed micelles. Ethylene oxide chains have effect on surface charge densityy raodilit
size of mixed micelles by sterically separating and screening ionic head of anidiictant’

In addition the shape, size and fractional charge of the mixed micelle giepénd on the type

and distribution of counterions inside the fluid. It has been suggested by Aswal antf Gayal

the size of cationic micelles increased in the presence of KBr salt in an agueous $nlution
small-angle neutron scattering (SANS). Dynamic light scattering instrument as well-known
powerful tool for surfactant size characterization was used for the measurement of hydrodynamic
size of micelles at different salinit#s°. Table 1 represents hydrodynamic size of micelles in
pure water and API brine.



Table 1. Hydrodynamic size of surfactant Micelles.

Surfactant 0332- 0332- 0332- 0342- 0342- 0342-
micelle 0332 0342 N23-7 NII-8 N25-12 557 N91-8 N25-12 N23-7 NO1-8 N25-12
Deionized 59, 56 g4 531 787 312 275 292 393 296 337
water (nm)

(An':rl])b””e 1256 1284 901 7.95 869 3422 1549 11.25 2410 14.47 10.09

According to Table 1, the size of micelles for pure 10S is increased dramaticaiy rine;
however for ethoxylated alcohol the difference in size is not major. This observation is attributed
to the increase of the aggregation numb£iOS’s micelles. In fact counterions in API brine
decrease the effective polar sulfonate head area of 10S in micelles, which lead to the rise of
aggregation number. On the other hand there is not any intensive effect of counterions on EO

group, which justifies the constant micelles siz&Afsurfactant in API brine.

For mixed micelles of IOS-EA in pure water, the sizeD8#2-N25-12 is smaller than O342-
N23-7 despite of longdeO chain (12 versus 7 iIN23-7). Previous studieshowed that hydrophobic
core diameter decreased with increasing EO chain [EitiThe steric repulsion between the
EO head groups led to an increase of hydrocarbon chain disorder and ddiénigcrease of
micelle size arising from longeeO chainlayer thickness would be compensated by decreasing of

hydrophobic corendconsequently a reduction of the overaitelle size.

Another subtle but important point which outlined in the Table 1 is the mliatgheraggregation
numberand consequently larger hydrodynamic sizéQs-N23-7 blend comparing to 10S-N25-12
at API brine. Figure 3 showed a proposed schemalio$t mixed micelle in pure water and API brine.
According to Figure 3a and b the thickeO layer of N25-12 decreases the densitycotinterions
around mixed micelles comparedN@3-7. Therefore the charge neutralization in I0S-N23-7 blend is
increased due to the counterion condensation at the surface of the micelleselyltn@atl group of I0S

surfactant monomers occupy less space and hence the aggregation number is increased.
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Figure 3. Schematic of mixed micelles of @832-N25-12 and (b) I0S-N23{pictorial

representation not to the scale)



3.3. PHASE BEHAVIOR OF NANOPARTICLES DISPERSION

Figure 4 shows the phase behavior of IO NPs in API brine using and n-Octane as the oil
phase at 70 °C after a month. Two main points can be detected by attention to Fiytine 4: i
volume of Winsor type Il (bicontinuous oil/water phase) for O342-N23-7 is higher than other
blends andi) distribution of IO NPs between oil and API brine phase is different for surfactant

blends.

Most of IO NPs were transferred to the oil phase for I0S-N23-7 blend however the intensity
of transfer is lower for I0S-N91-8 blend (Figure 4). On the other hand in 10S-N25-12 blend
most NPs remain in the aqueous phase. Transfer NPs to oil phase is due to the effect of salinity
on surfactants, which cover the surface of NPs. For more clarification the phase behavior test
was performed for NPs synthesized from de-ionized water (Figure 5). It is clear that in similar

surfactant blend, the 10 NPs migrate to oil phase in samples containing salt.

0332-N23-7

0332 -N91-8

0342- N23-7 0342-N91-8  0342-N25-12

Figure 4. Phase behavior results OF nanopatrticles dispersion (IO NPs in API brine) with n-
Octane at 70 °C.



Figure 5. Effect of salinity on distribution of 10 NPs in aqueous/oil phases.

The difference between IO NPs distribution intensity is related to the surface functionalizing
of NPs with anionic and nonionic surfactants. Surfactants with ionic head group such as I0S are
more affected in the presence of salinity compared to nontohid he higher transfer of NPs to
oil phase shows higher amount of I0OS molecules on the surface of IO NPs. To prove this, the
organic elememal analysis especially for sulfur amount in NPs was performed by the flas

combustion method and EDX analysis.

Samples for elemental analysis were prepared by sedimentation of IO NPs using centrifuging
of 50 mL 10 NPs dispersions (500 ppm) for 1 hr at 10,000 rpm in an ultracentrifuge (Thermo
Scientific megafuge 16R). The sedimented particles washed with 5 ml de-ionized water and
dried in an oven for 48 hours at 80 °C to evaporate water. Table 2 represents the results of

elemental analysis of samples.



Table 2. Elemental analysis of IO NPs containing different surfactant blends.

0332- 0332- 03#2- 03#2- 0HA2-

Element N2-37 N91-8 N2-37 N91-8 N25-12
Carbon (wt%)-Flash 3.64 3.25 3.70 3.28 3.48
Sulfur (wt.%)-Flash 1.08 0.31 1.28 0.46 0.12
Sulfur (wt. %)-EDX 1.9 12 22 16 1

Higher sulfur element in samples containing O342-N2-37 blends shows the higher amount of
IOS molecules on the surface of IO NPs. EDX analyses were carried out from the surface of
sedimented particles after coating with carbon usimmped sputter coater (Q150T Turbo
Quorum Technologies Ltd, UK). The average value of sulfur percent for 5 different EDX areas
(50x50 micron) was reported in Tablea2d an image of each sample’s map was illustrated
Figure S3.

3.3. PROPOSED MECHANISMSFOR STABILITY OF IO NP

The schematic proposed formation mechanism of IO NPs near mixed misdllestrated in
Figure 6. Shorter EO group and smaller sulfonic head in I0S-N23-7 micelles provide enough
space for the attachment of sulfonic group to the surface of 10 NP. The appropriate ratio of
anionic/nonionic surfactants at the surface of NP makes them stable on high salinity-high
temperature conditions. At high salinities, EO groups at surface of NP reduce the density of
divalent ions around the sulfonic group which cause the degradation of IOS molecules. On the
other hand at high temperature, the sulfonic group at the surface of NP keeps the water
molecules near the EO groups and prevents the dehydration of EA molecules. The IOS-EA
supplements each other to produce a synergistic effect that stabilizes NRBy&rgism effect

is more powerful for I0S-N23-7 blend than to the 10S-N25-12 blend, as shown in Figure 6.
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34TEM ANALYSIS

The morphology and size distribution of the synthesized 10 NPs in API brine containing
0342-N23-7 and 0O342-N25-12 surfactant blends were exanbpdEM (Figure 7). IO NPs



consisted mainly of globular morphologies without any agglomera®X analysis 6 10 NPs

showed a strong peak in graph at 6.2 keV (Figure 7c) corresponding to the iron element. An
extra peak of carbon and cupper were observed on EDX graph, which was due to the carbon
coated copper TEM grids used.
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Figure 7. TEM photo of synthesized IO NPs in API brine containing (a) O342-N23-7, (b)
0342-N25-12 surfactant blends andE€)X analysis of IO NPs in API brine containing O342-
N25-12 surfactant blends.

3.5.0THER CHARACTERIZATION ANALYSISOF IO NP DISPERSIONS

Table 3 and 4 show the IFGf mineral oil in the presence of surfactant solutions (API brine
containing 0.001 g/ml surfactant blend) and IO NPs dispersions (API brine containing 0.001
g/ml surfactant blend and 500 ppm IO NPs), respectively. It shows that IO NBsdeagasing
the IFT. Moreover 10 NPs containir@B42-N23-7has the minimum IFT, which is in agreement

with phase behavior results in Figure 4.

Table 3. IFT of surfactant solution containing different surfactant blends.

Surfactant mixture | ©332- | ©332- [ 0342- | 0342- [ 0342- [ 0342-
N23-7 N91-8 | N25-12 | N23-7 N91-8 | N25-12

IFT 4.37+0.21| 2.61+0.17| 2.69+0.27| 4.56+0.37| 3.67+0.11| 4.62+0.17

Surfactant mixture | 0332 0342 N23-7 N91-8 | N25-12

IFT 6.31+0.40| 5.52+0.38| 2.98+0.41| 2.53+0.14| 3.75+0.19




Table 4. Characterization of IO NPs dispersion containing 500 ppm IO NPs.

Surfactant mixture 0332- 0332- 0342- 0342- 0342-
N23-7 N91-8 N23-7 N91-8 N25-12

IFT 3.81+0.34| 2.04+0.23| 1.940.10| 3.35+0.19| 4.44+0.41

Average

hydrodynamic size 38 95 34 49 199

(hm)

Zeta 2.21 -2.11 -3.45 -2.73 3.94

luexp

— 1.21 1.64 1.27 1.54 1.29

zuwater

The hydrodynamic particle size distributions and average hydrodynansasizeeta potential

of IO NPs were shown in Figure 8 and Table 4 respectively. The average hydrodynamic diameter
of 10 NPs dispersion containing 10S-N23-7 are 34 and 38 nm respectively, which less than
majority of pore throats of reservoir roéksThe zeta potential value of IO NPs is a measure of
electrical double layer repulsion force between NPs. According to Table 4, the zeta potential of
IO NPsis between -4 and sV, which suggest the presence of thin and compressed double
layers around NPs. If based on pure electrostatic stabilization, nanofluid with zeta potential
between 40-60 mV is typically required have an acceptable stability by electrostatic répulsion
Consequently, it can be concluded that the stable functionalizing around IO NPs at high salinity-

high temperature conditions is due mainly to the strong steric repulsion between particles.
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The dependence of shear stress on shear rate for different IO NPs dispersions and pure water

at 22 °C is shown oError! Reference source not found.. Despite a small intercept on the shear

surfactant blends.

stress axis due to the measurement uncertainty, IO NPs dispersions clearly [Sbosonian

behavior, similar to other observati6h¥. Clearly the introduction of NPs increases the
viscosity, as shown in Table 4, which shows the ratios of 10 NPs dispersion viscosity (at
constant shear rate of 200)son pure wates viscosity (85x10 Pas) were presented. The

higher viscosity of 10 NPs dispersion compare to water is an advantage for oil recovery process

by improving the mobility ratio.
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Figure 9. Rheological curve of IO NPs dispersion.
Conclusion

This work confirms the novel strategy to synthesize stable nanoparticles under harsh
conditions by using the synergistic effect of a surfactant mixture. Long-term EbatiRs were
produced in API brine containing 2 wt% of MgGit 70 °C. Mixed micelles of internal olefin
sulfonate (I0S) and ethoxylated alcohol (EA) produaeynergistic effect for the stabilization
of NPs at high salinity-high temperature conditions. IOS have chemical stability at higher
temperatures (up to 150°C) because of sulfonate hydrophilic head group, which keep holding
water molecules at high temperature. On the other l@kdas not been influenced at high
salinity and keep away counterions form hydrophilic head of IOS. The phase behavior
experiments showed thEDNPs were transfegd to the oil phase because of the effect of salinity
on surfactants, which covers the surface of NPs. Surfactants with ionic head group such as I0S
are more affected in the presence of salinity compared to nonionic EA. DistributioNIes in
oil phase is dependent on the ratio of anionic/nonionic surfactants on the surface of
functionalized NPs. The results show that IONPs, which has been synthesized in the O334-N23-

7 blend have higher stability because of the optimized sytiergéfect. Moreover, the



combined stability and desirable interfacial and rheology properties show the promise for EOR

applications.
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