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ARTICLE INFO ABSTRACT

Keywords: Formation of water/oil emulsions is a frequent and challenging problem to deal with during crude oil extraction
Nanocellulose and processing. Crude oil must have water contents (BS&W) below 0,5% to meet transport and export re-
W/0 emulsion quirements. Lowering BS&W values in crude oils involve physical and chemical processes or their combinations.
I(Jr:};l;eltz;? Chemical demulsifiers, particularly, are structurally diverse and predominantly petrochemically-derived; how-

ever, alternative surface-active compounds such as biosurfactants are nowadays the topic of active research. In
this contribution, we report the use of aqueous suspensions of cellulose nanoparticles, both nanocrystals (CNC)
and nanofibrils (CNF), to inhibit the formation of w/o emulsions. HLB values of 13.0 for CNF and 10.7 for CNC
indicate that these materials are hydrophilic o/w emulsifying agents, and as such can also act as destabilizers for
w/o emulsions. We observe, by recovered water and Near-Infrared (NIR) scattering measurements, that CNC and
CNF can effectively function as inhibitors of synthetic w/o and natural w/crude oil emulsions. Aqueous sus-
pensions of CNC and CNF decrease the amount of emulsified water, inhibiting the formation of w/o emulsions up

to 75% in some cases.

1. Introduction

Stable water-in-oil emulsions form between hydrocarbons and for-
mation water due to high-energy mixing conditions during crude oil
extraction and pumping. Also, the presence of naphthenic acids and
other surface-active compounds found in asphaltenes and resins in-
crease the stability of these emulsions [1]. Similarly, in the case of non-
conventional fossil fuel sources, the use of enhanced recovery (EOR)
techniques where mixtures of surfactants and polymers are used to
extract the oil, aggravate the issue of emulsion formation.

Before transport and processing, water is removed from the crude
oil by demulsification to avoid issues such as increased viscosity, cor-
rosion, and salt deposits formation in pipelines and catalyst poisoning
in refining schemes. Demulsification of crude oils is typically carried
out through physical, biological, and chemical methods or their com-
binations [2-4]. The use of chemical methods is widespread due to the
low cost and convenience of application of surfactants and demulsifiers.
These substances (petrochemically-derived in most cases) are known as
emulsion inhibitors or emulsion breakers if applied before or after
emulsion formation, respectively. In general, commercially available
additives for inhibiting or breaking emulsions are mixtures of synthetic
surfactants with known negative environmental impact.

Back in 1995, Dalmazzone et al developed a methodology to study
the action of emulsion inhibitors and breakers. In this study an inhibitor
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is defined as a surfactant added before the oil water mixture is per-
formed, and the percentage of recovered water is reported as a per-
centage of inhibition; whereas, when the agent is added after the
emulsion is formed it is considered a demulsifier [5]. The inhibition or
separation of the aqueous and oily phases of an emulsion is achieved by
changing the hydro-lipophilic balance (HLB) of the surfactant added to
the system. The effect of inhibitors and demulsifiers is achieved because
they compete for the interface against surfactants naturally present in
samples. In the case of water-in-crude oil emulsions, natural surfactants
are mainly asphaltenes, naphthenic acids, and resins [6,7]. More re-
cently, Hjartnes et al. discuss how in oil processing chemical treatment
of emulsions involves the use of non-emulsifiers and demulsifiers. Non-
emulsifiers (or inhibitors) are added almost exclusively to the oil to
avoid emulsion formation during production, transport and process;
hence, these materials have hydrophobic properties represented by low
HLB values. Demulsifiers, on the other hand, are used to break already
formed w/o0 or o/w emulsions [6]. Regardless of the type of agent, most
inhibitors or demulsifiers currently in use are synthetic, petroleum-
derived materials.

Nowadays, trends in sustainable development promote the use of
renewable sources of materials, in place of synthetic raw sources for
new products, to change the current Linear Economy model. Within this
framework, lignocellulosic biomass, derived from intensive agro-in-
dustrial activity, emerges as an attractive raw material because of its
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availability and low cost. Production and usage of advanced nano-
cellulose materials (nanocrystals or nanofibrils — CNC, CNF) from bio-
mass is currently an active research and innovation topic [9-12]. Sul-
furic acid hydrolysis and TEMPO-oxidation are the main processes for
CNC and CNF production, respectively, and many researchers reported
optimized conditions for these methods such as Bodenson et al. [13] and
Saito et al. [14].

CNC has many applications in medicine (biomedical implants,
pharmaceuticals) and material sciences (Pickering emulsions, anti-
microbial films, reinforcing fillers for polymers, flexible displays, oil
absorbents, fabric, and textiles) [15-18]. Several studies concerning the
use of cellulose as a surface-active agent exist in the scientific literature.
For instance, Andersen et al. [19] examining the ability of micro-
fibrillated cellulose for stabilizing oil in water emulsions found that
increasing the hydrophobicity of the biopolymer resulted in an in-
creased surfactant activity. Lif et al [20] also reported the use of mi-
crofibrillated cellulose with different degrees of hydrophobicity to
stabilize water-diesel emulsions and determined that using a mixture of
hydrophobic and hydrophilic microfibrillated cellulose provided effi-
cient stabilization of the emulsion.

Furthermore, Hou et al. [21] showed that ethyl-cellulose could be
used to destabilize water/bitumen emulsions. Also, some reports in-
dicate the use of hydrophobic nanocellulose for stabilizing Pickering
emulsions in food, cosmetic formulations, and pharmaceutics, [22-26].
Usually, for Pickering emulsions concentrations of nanocellulose range
from 0.1 to 1.5%. TEMPO nanofibrils (TOCN) produce more stable
emulsions than CNC, probably due to network formation as a result of
longer fibril length and increased ionic charge, in comparison with
nanocrystals. [27]. On the other hand, studies of emulsion stabilization
using hydrolyzed cellulose showed that increasing hydrolysis times
results in smaller cellulosic particles, which in turn produce stable o/w
emulsions by decreasing drop size [28,29]

The use of nanocellulose in fluids for EOR processes has also been
reported. For instance, surface modified cellulose nanofibrils containing
hydrophobic alkyl units were used as emulsifiers to increase the amount
of extractable crude [30] in experimental micromodels. On another
application, Wei et al. used CNF solutions (0.2 and 0.5%) to change
source rocks wettability, to water-wet, and allow crude oil extraction by
inducing the formation of w/o emulsions [31,32]. Also, Lia et al. found
that hydrophobization of CNC increases thermal stability, hinders ag-
gregation in the presence of electrolytes, and reduces viscoelasticity of
the materials. All of these properties are of fundamental importance in
EOR processes [33]. Nanocellulose-based additives can also be used as
foam stabilizers in foam-flooding EOR strategies, by reducing oil/water
interfacial tension and promoting oil displacement in the source rock
[28-36]. Also, CNC can cross sandstone nuclei and alter mineral sur-
faces properties to allow crude migration and efficient extraction
[36,37]. Besides, the stability of CNC suspensions is not affected by pH
changes or high temperatures (90° C), which is of fundamental im-
portance for crude oil recovery applications [38].

In this contribution our rationale involves a simple assumption: If a
hydrophilic (water-soluble) surfactant with high HLB is able to stabilize
o/w emulsions, then the same type of material could hinder the for-
mation of w/o emulsions. In fact, Roodbari et al. demonstrated how a
group of non-ionic polymers (Tweens analogues), typically used to
stabilize o/w emulsions, exhibit destabilizing properties in w/crude oil
mixtures. The authors reported that the demulsification effect increases
as the HLB of the surfactant increases, and also as the number of
electronegative atoms (oxygen) increase in the molecules. These sur-
factants were able to recover up to 80% water from the w/crude oil
emulsion. However, the authors used the Tweens as demulsifiers by
adding them once the w/ o emulsion was formed [8]. Currently, high-
molecular-weight (HMW) surfactants are attracting a lot of attention as
demulsifiers in w/o emulsions. For instance, Wang et al using poly-
ethoxylated dendrimers as demulsifiers and found that the amount of
recovered water increases as the numbers of propylene oxide and
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ethylene oxide units increase. These HMW are believed to alter inter-
facial water/oil film rheology promoting coalescence and sedimenta-
tion [68]. We hypothesize that highly hydrophilic nanocelluloses, with
abundant oxygen atoms, high-molecular-weight, and high HLB values,
can efficiently inhibit w/o emulsion formation.

Thus, here we investigate the role of cellulose nanoparticles -na-
nocrystals (CNC) and nanofibrils (CNF) obtained by acid hydrolysis and
TEMPO, respectively- as surface active agents for inhibiting water in oil
emulsion formation. An aqueous carrier phase containing CNC and CNF
with different amounts of active surface groups (SO3— and COOH-,
respectively) was mixed with the non-polar phase employing a high
shear mixer. We observed a dramatic decrease in the amount of
emulsified water when the aqueous carrier contained above 1000 ppm
of nanocellulose. In this way, the use of activated CNC suspensions can
decrease the amount of emulsified water in w/o systems. Besides, the
use of biodegradable polymers can reduce the environmental impacts
associated with synthetic additives commonly used to break w/o
emulsions in the petroleum industry.

2. Experimental and methods
2.1. Materials

Sulfuric acid (H,SO,4), sodium hydroxide (NaOH), sodium bromide
(NaBr), hydrochloric acid (HCl, 37% weight), sodium hypochlorite
(NaClO, 5-9% chlorine) and ethanol (95%) were purchased from Merck
(Darmstadt, Germany). TEMPO (2,2,6,6-tetramethyl-piperidine-1-oxyl,
98%) and Grade 1 Whatman cellulose filters were acquired from Sigma
Aldrich (St. Louis, MO, USA). Microcrystalline cellulose was purchased
from Alfa Aesar (Ward Hill, Massachusetts, United States). All chemical
reagents were used as supplied. Commercial-grade diesel and gasoline
were also used as received. Aqueous solutions and suspensions were
prepared with ultrapure water (12 MQ-cm @ 25 °C).

2.2. CNC isolation by hydrolysis

Typically, cellulose nanocrystals (CNC) extraction involves the re-
moval of amorphous cellulose from bleached fibers via acid hydrolysis.
CNCs were prepared via acid hydrolysis, according to Bodenson et al.
[13], using Whatman filters as cellulose source (5 g) and H,SO4 (60 mL,
62.5%). The cellulose-acid mixture was allowed to react at 45 °C for
130 min. After the reaction was stopped, by adding cold water, the
mixture was centrifuged and washed until pH 1. Dialysis using a Spectra
Dialysis membrane (12-14 kDa) was conducted for six days to remove
cellulosic reaction residues. The dialysate was subjected to ultrasonic
radiation using a Sonics Vibra Cell VC (20 kHz, 750 W) for 20 min in an
ice water bath. Finally, the CNC suspension was lyophilized and stored
for further characterization and use in emulsion inhibition tests.

2.3. CNF isolation by TEMPO

Carboxylated cellulose nanofibrils (CNF) were prepared according
to the procedure described by Isogai et al. [12]. In short, micro-
crystalline cellulose (1 g) was dispersed in deionized water (100 mL),
and catalytic amounts of TEMPO (16 mg) and NaBr (100 mg) were
added to the suspension under stirring at room temperature. The re-
action mixture was placed on an ultrasonic bath (Bransonic, 40 kHz,
130 Watt) and a solution of NaClO, used as primary oxidant (2 mmol),
was added dropwise while the pH of the mixture was kept between 10
and 11, by adding NaOH (0,1 M) when required. When there was no pH
change, the reaction was quenched by ethanol addition. The reaction
mixture was then centrifuged and washed with water repeatedly, until
pH 7. Aqueous suspensions (1% w) of CNF were sonicated by ten-
minute cycles (Sonics Vibra-cell VC750, 20 kHz, 750 Watt) to achieve
uniform dispersion of the material. The suspensions were centrifuged at
4700 rpm (4643*g) for 20 min to remove unreacted cellulose. Finally,
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the dispersed CNF (1%), in the form of sodium carboxylate, was
transformed into the free acid form by adding HCI (0,1 M) until pH 2.
The mixture was left to react 30 min, under constant stirring, according
to Fujisawa et al. [39]. Free carboxylate CNF appeared as a translucent
gel.

2.4. CNC and CNF characterization

TEM images were collected on a FEI Tecnai T12 Spirit TEM (FEI,
Hillsboro, OR) with an acceleration voltage of 120 keV. Samples for
TEM imaging were drop casted onto carbon coated copper grids and left
to dry at ambient conditions. X-Ray diffraction patterns were measured
on a Bruker D8 DISCOVER X-ray diffractometer (Billerica, MA) with a
DaVinci geometry, equipped with a CuKal radiation source (40 kV and
30 mA), an area detector VANTEC-500, and a poly(methyl methacry-
late) sample holder. Attenuated total reflectance (ATR-IR) measure-
ments were performed on a Bruker Tensor 27 (Billerica, MA) FTIR in-
strument equipped with a Platinum Diamond ATR unit A225/Q
(Billerica, MA) with a resolution of 2 cm ™! and scan accumulation of 32
per spectrum. CNC and CNF thermal stability were tested on a TA
Discovery TGA (Newcastle, England) instrument equipped with an in-
frared heating oven, and a temperature controlled thermobalance, a gas
supply module, and an autosampler system. TGA analysis was carried
out with Nitrogen as an inert gas (50 mL/min) and a heating rate of 10°
C/min from 30 to 600 °C. Finally, the colloidal stability of CNC and CNF
aqueous suspensions (1% wt) was assessed according to their zeta po-
tential value ({) determined with a Malvern Zetasizer Nano ZS90 in-
strument (Worcestershire, UK), equipped with a capillary cell 1070.
Conductometric titrations were performed using a HANNA H1 8733
conductometer, to assess the number of sulfate groups on the CNC
surface and the carboxylic groups on nanofibrils surface The titrations
were performed using a CNC suspension (100 mL, 2 g/L), initially
subjected to sonication for 15 min, to which a solution of NaCl (2 mL,
0,05 M) was added. Titration was carried out by adding 10 pl aliquots
of NaOH 0,0197 N under continuous stirring, according to the proce-
dure previously reported by Abitbol [40]. Nanocellulose degree of
oxidation was determined by the method described by Habibi et al.
[41]. The size of the nanocrystals was determined by Dynamic Light
Scattering using a Zetasizer Nano Series S90 Malvern.

Also, for theoretical HLB values, we used the Daviés [42] method, as
shown in Eq. (1):

HIB=7+2% HLBHydrophilicgroups -z HLBHydrophobicgroups (1)

2.5. Preparation of model emulsions

Synthetic stable w/o emulsions were prepared by mixing a solution
of commercial gasoline plus asphaltenes (non-polar phase + surfactant)
and brine (pH 6) with a composition similar to that of the average
formation water (0,3088 mg/L KCI, 9,93 mg/L NaCl, and 2,52 mg/L
CaCly2H50) [43]. The brine was spiked with CNC or CNF to achieve
concentrations from 500 up to1500 ppm. A 10000 ppm asphaltene
stock solution in toluene was used as surface-active material for w/o
emulsions formation; the asphaltenes were mixed with the gasoline to
reach concentrations of 1000 ppm with respect to the total volume of
the mixture. The asphaltenes were isolated from a South American
crude oil API 31,7° according to the ASTM D6560-12 procedure.

For emulsions preparation, 20 mL of the aqueous phase (with and
without CNC and CNF) was added dropwise to 20 mL of the organic
phase (Ultraturrax T-25 at 13000 rpm) to reach 50% of water content.
The type of emulsion was confirmed by wettability tests in pure water
and toluene. Since all the emulsions prepared easily dissolved in to-
luene, they were cataloged as w/o0. Micrographs were taken to confirm
the formation of w/o emulsions. All w/o emulsions prepared were
stable for up to 12 months.

The previous procedure also applied to the preparation of w/o
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emulsions with two crude oils. In these emulsions, the gasoline/as-
phaltene mixture was replaced by crude oils (API: 31.7° and 13.7°).
Brines were prepared with concentrations of 1000, 6000 and
12000 ppm of NaCl. The pH values were adjusted by the addition of
0.01 M HCI and 0.01 M NaOH to the brine as required, to obtain values
of 6 and 10. All tests were carried out at room temperature.

2.6. Emulsion characterization

The stability of the emulsions was determined by visual inspection
(measuring recovered water volume using graduated cylinders) and
Near-Infrared (NIR) scattering via the Turbiscan Lab instrument
(Formulaction, L'Union, and France). The Turbiscan Lab instrument
follows variations in backscattered or transmitted radiation (NIR, A
850 nm) vs. sample height as a function of time to yield dispersion
stability data. The backscattering mode is commonly used to study
opaque dispersions such as crude oil emulsions. Eq. (2) shows the In-
stability Index, a statistical parameter calculated from variations in
backscattering intensity of the sample, relative to the original, over
time. This index is a convenient way to observe the dynamics of ag-
gregation processes and emulsion stability [44].

Y4 |BS; — BS;_4|

InstabilityIndex = " 2

where BS(;) and BS;.) are the dimensionless backscattering value for
each scan and n is the number of scans. High values of Instability Index
indicate a high probability of phase separation, which translates into
low emulsion stability in the case of w/o emulsions [45].

3. Results and discussion
3.1. Nanocellulose surface chemistry and structure

CNC and CNF behavior at interfaces (self-assembly, adsorption,
solvent interactions, among others) depends on two key parameters:
surface chemistry and particle structure. In CNC and CNF, the isolation
methods (e.g., polar/charged surfaces if isolated via H,SO4 acid hy-
drolysis or TEMPO) or specific surface modifications (e.g., hydro-
phobization reactions) determine their surface properties. Regarding
particle structure, nanocelluloses are considered as one-dimensional
particles due to the biopolymer's unidirectional biosynthetic pathway
[46-48].

We obtained CNC, via acid hydrolysis from Whatman filter paper,
with lengths between 100 and 300 nm and widths up to 30 nm, ex-
hibiting a crystallinity of 88.3% and thermal stability up to 170 °C
(Table 1). On the other hand, CNF obtained by TEMPO oxidation from
microcrystalline cellulose showed micrometric lengths and widths be-
tween 30 and 50 nm, with lower degrees of crystallinity than the CNC
(66%) and higher thermal stability up to 225 °C. Table 1 shows the
characteristics of the isolated materials, and Fig. S1 of the Supporting
information shows TEM, DLS, TGA, DRX, and FTIR-ATR data.

The size, charge, crystallinity, and thermal stability of CNC and CNF
(as listed in Table 1) lie within the ranges reported in the literature for
similar materials [29,49-51]. As expected, CNCs have smaller sizes than
CNFs while exhibiting higher crystallinity and a reduced amount of
surface charges. The high amount of carboxylate units on NFC is re-
flected in a {-potential value of —59 mV for this material, in contrast
with —39 mV for the CNC. The presence of surface charges (-SO3~ or
-COO™) prevents agglomeration — by Coulombic repulsions-allowing
the formation of stable aqueous dispersions of CNC and CNF.

The surface chemistry of nanocelluloses and their use as inter-
facially-active compounds depends on the type and number of polar
groups at the surface. In our case, CNC has 117 mmol/kg of highly
ionizable sulfate groups (pKa ~ 3.0) that can be utterly ionized at
pH > 3. These groups are highly polar; however, due to their low
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Table 1
CNC and CNF characterization.
Parameter (Method) CNC CNF
Length (DLS) 100-250 nm A%, i AT

Width (TEM)

Surface charge ({-potential) -39 mV

Surface groups (Conductimetry) 117 mmol SO5/kg
Thermal stability (TGA) 170 °C
Crystallinity Index (XRD) 88.3%

Wettability (visual) Water

Theoretical HLB 10.7

BRTTSNER 1-30 pm
SR 30-50 nm

20-30 nm

—59 mV

1200 mmol COOH/kg
225 °C

62.0%

Water

13.0

concentration on the surface of the CNC, they do not affect the theo-
retical HLB value to a great extent (10.7) [42,52]. On the other hand,
CNF contains more ionizable groups (1200 mmol of COOH/kg) than
CNC. In CNF, COOH units (pKa ~ 4.0) are completely ionized (to the
—COO~ form) at the pH used in the tests (pH 6). Using hydrophilicity
values for polar groups in CNC and CNF, we calculated the theoretical
HLB using Eq. (1). The results were HLB values of 13.0 for CNF and 10.7
for CNC; these values correspond to hydrophilic (water soluble) o/w
emulsifying agents. Interestingly, surface active agents used for stabi-
lizing o/w emulsions can also act as destabilizers for w/o emulsions;
thus we hypothesize that CNC and NFC can effectively be used as in-
hibitors of water-crude oil emulsions as demonstrated below [53,54].

3.2. Inhibition of emulsion formation with CNC and CNF in w/o model
systems

Several authors agree that the process of formation of water-in-oil
emulsions, in petroleum processing, involves the formation of a rela-
tively rigid interfacial layer due to the presence of surface-active agents
in the crude (polar species in asphaltenes, naphthenic acids). Therefore,
avoiding w/o emulsion formation requires inhibiting agents that effi-
ciently compete against naturally-present emulsifiers, preventing for-
mation of the interfacial layer and allowing water separation [55,56]
The properties of nanocellulose particles (both nanocrystals and na-
nofibers) as surface active materials to stabilize emulsions, particularly
of the oil-in-water kind, are abundantly illustrated in literature [57-62].
However, to the best of our knowledge, there are no reports regarding
the use of nanocelluloses to destabilize water-in-crude oil emulsions,
with current applications of these materials focused mostly on EOR
processes as described in the introductory remarks.

We performed preliminary inhibition tests using a synthetic w/o
emulsion made of commercial gasoline plus asphaltenes and a brine
(pH 6) with a composition similar to that of the average formation
water, as described in the Experimental section. When CNC was added
to the brine before emulsion preparation, for final concentrations of
1000 to 5000 ppm, we were able to inhibit emulsion formation in all
tests. Without CNC we obtained stable (up to six months) w/o emul-
sions. We lowered the amount of CNC for the inhibition test and found
that no inhibition was observed for concentrations below 1000 ppm.
Fig. 1 clearly illustrates the emulsion formation inhibition effect of
adding CNC (1000 ppm) to the brine. In visual tests, we obtain a nor-
malized water recovery of 80% assuming a total volume of the sample
in the tube of 37.5 mL as seen in Fig. 1. Likewise, optical micrographs
(bottom left) show a decrease in the amount of dispersed water in the
organic phase of the sample with added CNC (1000 ppm) in contrast

with the control sample. Interestingly, we observe no significant change
in water drop sizes upon CNC addition to the w/o emulsion; there is
only change in their amount in the emulsion as seen in Fig. 1 (bottom
left). Also, the remaining water in the organic phase is in the form of a
water-in-oil dispersion ruling out a possible phase inversion when using
CNC.

Emulsion formation and stability are complex processes at the mo-
lecular level; however, from a macroscopic perspective, these processes
can be studied by following variations in optical characteristics of
opaque dispersions. To assess emulsion stability, we followed changes
over time in the Instability Index (TSI), a statistical parameter calcu-
lated from variations in the backscattering intensity of NIR radiation
interacting with the sample, relative to the original. High values of TSI
indicate phase separation, which translates into low emulsion stability
in the case of w/o emulsions. Fig. 1 (top right) shows the global TSI vs.
time plot for the control emulsion and the emulsions prepared with
CNC. The TSI plateaus at five after 20 min for the control sample, in-
dicating a highly stable emulsion.

In contrast, the sample with CNC (1000 ppm) exhibits a maximum
TSI value of 30 after 100 min, indicating complete phase separation in
agreement with the visual tests. Interestingly, when following only
backscattering changes in the lower part of the sample vial (where the
aqueous phase collects in case of phase separation), we observe dra-
matic changes in the TSI values for the sample with CNC (1000 ppm). A
maximum TSI value of 120, plateauing after 70 min for the aqueous
phase, indicates fast destabilization kinetics and rapid phase separation,
in other words, low emulsion stability.

As reported by Djuve et al. [63], an emulsion inhibitor must com-
pete with natural surfactants, draining them from the interfacial layer
and decreasing the surface tension gradient so that breaking or in-
hibiting emulsion formation occurs. In the model emulsions we pre-
pared, the asphaltenes act as surface-active compounds forming an in-
terfacial film and stabilizing the emulsion for several months. Such was
the case of the control emulsion, which remained stable for more than
six months. When the CNC was added to the aqueous medium, in
concentrations above 1000 ppm, emulsion formation was hindered as a
consequence of dynamic interactions between the CNC and the surface-
active compounds in asphaltenes.

Using the same w/0 model emulsion system described above, we
performed inhibition tests using CNF. As with CNC, when CNF was
added to the brine before emulsion preparation, for final concentrations
of 1500 to 5000 ppm, we were able to inhibit emulsion formation in all
tests. Without CNF we obtained stable (up to six months) w/o emul-
sions. We lowered the amount of CNF and found that the inhibition
concentration threshold was 1500 ppm, below which w/o emulsions
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Fig. 1. Emulsion inhibition effects for CNC: visual tests (top left), optical micrographs of the control emulsion and the aqueous layer for the sample with 1000 ppm of
CNC (bottom left); backscattering NIR measurements featuring the dynamics of the instability indexes for the overall mixture (top right) and the aqueous layer

(bottom right).

were readily formed. In Fig. 2 the visual tests (top left) we obtain a
normalized water recovery of 77.8%.

Optical micrographs (bottom left) indicate decrease amount of
water in the final dispersion after CNF addition; however, there is a
significant increase in water droplet size with CNF when compared to
the same experiment with CNC. Fig. 2 (top right) shows the global TSI
vs. time plot for the control emulsion and the emulsion prepared with
1500 ppm of CNF. The TSI slowly rises to 4.2 after 100 min for the
control sample, indicating a stable emulsion. In contrast, the sample
with CNF (1500 ppm) becomes steadily unstable after 100 min, in-
dicating phase separation. The backscattering dynamics in the lower
part of the sample vial (where the aqueous phase collects in case of
phase separation) show a more accurate picture than the TSI global. A
maximum TSI value for the aqueous phase of 25, plateauing after
70 min, indicates a fast destabilization and rapid phase separation with
CNF, in other words, low emulsion stability.

To establish the distribution of CNF we studied the phases formed
during the inhibition test using optical microscopy. The CNF tested in
our work have negatively charged surfaces, due to the presence of
carboxylate groups, thus we selected Methylene Blue (a cationic dye) as
label to observe the distribution of the cellulosic material in the mix-
ture. Fig. 3 shows optical images of the aqueous, organic, and inter-
facial layers five minutes after mixing the phases with the high shear
mixer, note that the amount of asphaltenes in this particular experiment
was reduced to facilitate light transmission. The characteristic blue
color of MB was observed in the aqueous and interfacial layers. When
zooming at the interfacial layer, we noticed that the boundary of the
water/oil interface was tinted blue. This observation indicates that CNF
is preferably located at the interfacial water/oil film. Interestingly,
several investigations dealing with the use of high molecular weight
surfactants with abundant oxygen-containing moieties agree in that
these materials can alter the interfacial water/oil film rheology

promoting coalescence and sedimentation [68]. We believe that, along
the same lines, highly hydrophilic nanocelluloses, with abundant
oxygen atoms, high-molecular-weight, and high HLB values, can also
efficiently inhibit w/o emulsion formation by migrating to the w/o
interface as seen in Fig. 3.

On the other hand, as mentioned above, the type of emulsion and its
stability are related to the surfactants hydrophilic/hydrophobic nature
[64], with mildly polar surfactants such as asphaltenes tending to sta-
bilize w/o emulsions, while CNC or CNF of a strongly hydrophilic
nature tend to either stabilize o/w emulsions or even act as solubilizing
agents. Therefore, adding CNC or CNF to the water before emulsion
formation can efficiently hinder stabilization of water droplets in the oil
phase by competing with natural surfactants. According to reports by
Rondoén et al. [65,66], an efficient w/o0 demulsifier must have different
properties to those of the surfactants that stabilize the w/o emulsion.
An efficient w/o0 emulsifier must be then highly hydrophilic (such as
CNC and CNF with HLB of 10.7 and 13, respectively) since the sur-
factants stabilizing the emulsion (asphaltenes) have low hydrophilicity
when compared with CNC.

3.3. Inhibition of emulsion formation with CNC in w/Crude oil dispersions

3.3.1. Light crude oil

We hypothesize that CNC, smaller and less hydrophilic than CNF,
can migrate easily to the w-o interface hindering emulsion formation.
According to their HLB values, CNC (10.7) and CNF (13.0) qualify as o/
w emulsion stabilizers and also as w/o emulsions destabilizers.
However, CNC is slightly less hydrophilic than CNF, due to a lower
amount of sulfate groups. Also, CNC has higher mobility than CNF due
to its size. Thus, we selected CNC for further testing as emulsion in-
hibitors in w/o dispersions prepared using a light crude oil (API: 31,7°).

In real-world situations, the success of a formulation to inhibit
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emulsion formation does not only depend on the nature of the surfac-
tant but also on factors such as pH, temperature, and water salinity
[65]. Therefore, we varied experimental conditions to test the effect of
pH and salinity on emulsion inhibition by CNC. To determine pH in-
fluence on emulsion inhibition we carried out tests mixing a light crude
oil with CNC suspensions (1000 ppm) in various brines (1000, 6000,
and 12000 ppm NaCl) at pH 6 and 10. Starting with 1000 ppm NaCl
brines, the optical images in Fig. 4 clearly show more water recovery at
pH 10 (70%) than at pH 6 (25%). No water was recovered from the
control experiments (where CNC was not added to the brine). Both
global and bottom TSI graphs show the same backscattering behavior
for the control mixtures, supporting the visual assessment of no phase
separation occurring in these samples.

On the other hand, the global TSI profiles for the samples with CNC
show increased destabilization with time. However, the effect is more
evident if we examine the TSI bottom corresponding to the lower part
of the vial where the free water is observed. Increasing the CNC carrier
fluid pH has a significant effect on emulsion destabilization (higher TSI
values), while a low pH does not promote significant water recovery
(lower TSI values). pH plays an essential role in the emulsion inhibition
process by modulating surface charge density on CNC. The higher the
pH, the more superficial charges available for interaction with water
and to promote coalescence and separation of the aqueous phase.
Interestingly, the water recovery in these closer-to-real systems is
slightly lower than the observed recoveries in model systems (see
above) implying that CNC can not only compete with the asphaltenes
but also with other natural surfactants present in the crude, promoting
coalescence of water droplets and inducing phase separation.

For brines with 6000 ppm of NaCl, optical images in Fig. 5 show
minimal water recovery at pH 10 (10%) and pH 6 (25%). No water was
recovered from the control experiments (where CNC was not added to
the brine). Both global and bottom TSI graphs show the same back-
scattering behavior for the control mixtures, supporting the visual as-
sessment of no phase separation occurring in these samples. Increasing
dissolved ions in the water dramatically affects the performance of CNC

as emulsion inhibitor. Also, increasing salt concentration up to
12000 ppm results in similar behavior than with 6000 ppm (See Fig. S3
in the Supporting Information section).

Up to this point, when using CNC as emulsion inhibitor, we ob-
served the highest efficiency at pH 10 and 1000 ppm of NaCl in the
aqueous phase. CNC has a high surface charge as a result of sulfate
groups; at pH 10 these groups are entirely ionized making CNC highly
active towards the aqueous interface where it can displace or coun-
teract natural emulsifiers naturally present in the crude oil.

3.3.2. Heavy crude oil

Selecting an appropriate emulsion breaker/inhibitor is not an easy
task, and there is currently no “one size fits all” solution. Literature
reports indicate the choice depends on many variables such as crude oil
composition, properties, and formation water composition, among
others. Thus, we wanted to determine whether or not CNC could be
used as an inhibitor for both water-in-oil emulsions of light and heavy
oils.

Fig. 6 shows the instability index for a water-in-heavy crude oil (API
14.7) emulsion prepared with a NaCl brine (1000 ppm); the dispersion
is stable for several months. Addition of CNC (1000 ppm) to the water
before emulsion formation results in dramatic instability. Up to 60% of
water release is observed during the first 20 min of the stability test, as
seen in Fig. 6.

In the graphs for global destabilization we observed an increase of
the TSI, up to 10 for the emulsion prepared with the CNC, this behavior
indicates a destabilization process induced by the nanocrystals, while in
the control emulsion of this crude there is no significant change in the
TSI, indicating high stability. TSI values in the lower part of the test vial
are much higher, 40 for the emulsion prepared with CNC; this is con-
sistent with the amount of water recovered in this experiment (60%).
This tests, using real crude oil, show that the CNC can compete effi-
ciently with the different surfactants present in the sample, as expected
the degree of inhibition depends on the type of crude oil and the
characteristics of the brine.
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4. Conclusions

CNC and CNF behavior at interfaces depends on two key para-
meters: surface chemistry and particle structure. The ionic groups
present in the surface of nanocelluloses (SOs- in CNC and COOH- in
CNF) give these materials affinity for polar phases, while their shape
allows them to diffuse efficiently in solution. We observe significant
emulsion inhibition behavior with both CNC and CNF; however, CNC
can be used at lower concentrations. An efficient emulsion inhibitor
must compete with natural surfactants, draining them from the inter-
facial layer and decreasing the surface tension gradient so that breaking
or inhibiting emulsion formation occurs [67]. CNC can efficiently dis-
rupt or inhibit the formation of a stable interfacial layer upon water
interaction with surface-active compounds present in light and heavy
crude oils.

From an economic perspective, the nanocelluloses (NCCs) market is

TSI Global

o_w
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fast growing due to their many applications. NCCs are biodegradable,
biocompatible, non-toxic, and carbon neutral materials with out-
standing mechanical, thermal, and physicochemical properties.
Currently, NCCs are used by the paints and coatings, oil and gas, cos-
metics and pharma, and food and beverage industries. The fastest
growing market for NCCs is Asia, and many well stablished companies
such as CelluForce, American Process Inc., Melodea Ltd, Chuetsu Pulp
and Paper, Nippon Paper Industries Co. Ltd, and Borregaard, among
others, are able to produce NCCs in industrial quantities.

However, the market for NCCs does not have enough traction and
the production prices are still very high, when compared with materials
with similar characteristics from petrochemical sources. Lowering NCCs
prices depend on finding widespread applications for the materials. The
oil industry, with the highest CO, footprint in the planet, is a suitable
candidate for NCCs applications. With current fossil fuel reserves
switching to heavy oils, demulsifiers and non-emulsifiers consumption
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Fig.6. Inhibition tests for a water-in-heavy crude oil emulsion with suspensions of 1000 ppm CNC in brines of 1000 ppm NaCl at pH 10.
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will increase at an accelerated pace. According to a recent study, the
demulsifier market will be worth 2.53 Billion USD by 2022. With this
forecast in mind, there is space, from our point of view, for alternative
carbon-neutral materials (such as NCCs) in this particular market.
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