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HIGHLIGHTS

« Surface and Interfacial properties of environmental-friendly surfactants were compared with a commercial surfactant for sodium and potassium formate
and sodium chloride.

« Emulsification ability of environmental-friendly and commercial surfactant was evaluated for heptane, light and medium crude oil.

« Surface tension reduction in brine presence depends on the type of surfactant used.

« lonic surfactants reduce its repulsion between head groups in salt presence.

« Polyglucosides have a similar effect as with ionic, the molecules are slightly more negatively charged linked to the OH groups in the molecule.

« Coco glucoside has similar thermodynamical properties as AOS which would indicate that it could be used to replace sulfonates, when environmental
restrictions are in place.

« Emulsification for Sodium Formate and Sodium Chloride behave similarly, however, for those made with Potassium Formate pH needs to be considered
since it can affect the behaviour of asphaltenes, or resins present in the crude oil.

« For most emulsions, the result of the rheology behaviour was shear thinning.

« Coco Glucoside presented a Newtonian behaviour for crude oil which could indicate that these emulsions would remain stable even at high shear rates
that can be achieved in the production stage.
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Environmental concerns on contamination of subsurface porous media by toxic chemicals have moti-
vated the petroleum industry to replace them with environmentally sustainable (green) and biodegrad-
able alternatives. Green surfactants have emerged such as sugar, enzymatic, and microbial based
surfactants. However, their emulsification with different oils and salinity conditions is unknown. In this
study, different oil and brine systems are tested to measure interfacial properties, rheology and emulsi-
fication of Coco Glucoside (CG), a sugar-derived surfactant; and Greenzyme (GZ), an enzymatic-
environmentally friendly surfactant. Emulsification with light and medium crude oil in the presence of
sodium chloride and sodium formate brines gave similar results with 10-20 pum average droplet size.
However, medium-heavy crude oil with potassium formate produced 98 vol% emulsion with 3-6 pm
average droplet size. Most of the emulsions demonstrated a shear thinning behaviour apart from emul-
sions resulting from Coco Glucoside and medium-heavy crude oil in which a clear Newtonian behaviour

was observed.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Surfactants have vast applications in the petroleum industry in
all production stages of an oil field (Schramm, 2000). They are
commonly utilised during flooding to aid additional oil recovery
by reducing surface tension (Felix et al., 2015; Bashir et al,,
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2022). Surfactants are also a usual component of stimulation and
completion fluids to prevent formation damage or corrosion in
the pipelines (Renpu, 2011; Santanna et al., 2012). Petroleum sul-
fonates have been used and studied for several applications in this
industry (Barakat et al., 1983) due to their availability, low cost and
ease of manufacture. For this reason, alpha olefin sulfonates are the
only commercial surfactants tested in this study.

Since the concern of the impact on the environment has risen
there has been an upsurge in popularity of environmentally
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friendly surfactants made from sugar, enzymes, fatty acids, bio-
mass or microbially produced (I(jellin and Johansson, 2010). In this
paper, sugar and enzyme-based surfactants are used to compare
their performances with a commercial surfactant such as Alpha
Olefin Sulfonate (AOS). For the sugar-based surfactant, Coco Glu-
coside (CG) is used except in the case of the enzymatic when
Greenzyme was chosen. Coco Glucoside is a non-ionic fatty alcohol
glucoside with carbon chains that comprise from C8 to C16
(Pantelic and Cuckovic, 2014) and is classified as an Alkyl Polyglu-
coside (APG). The molecular composition is shown in Fig. 1. It is
derived from the coconut fatty alcohols which react with glucose
from either wheat, corn or potato (Pantelic and Cuckovic, 2014).
These can be obtained from natural renewable sources and is
entirely biodegradable.

Greenzyme is an enzyme protein which is produced by oil-
seeking microbes in batch fermentation and can be considered as
a zwitterionic surfactant (Rahayyem et al., 2019). It has been used
mostly in enhanced oil recovery processes to change the wettabil-
ity of the rock to increase recovery (Khusainova et al., 2015).

Sodium Alpha Olefin Sulfonate (AOS) is an anionic surfactant
comprised of a carbon chain of C;4-Cy6.It has high surface activity
and low sensitivity to water hardness in addition to being fairly
simple to produce at a moderate cost (Baviere et al., 1988). AOS
is a popular commercial surfactant used throughout the oil indus-
try along with other anionic surfactants such as sulphates (Wang
et al., 2017).

All of these surfactants produce two-phase dispersions in which
two immiscible fluids are mixed (Schramm, 2000). To create these
dispersions requires the presence of oil and water phases in addi-
tion to a surface agent. In the petroleum industry these compo-
nents are; oil which is contained in drilling mud or crude oil,
brines which can be either formation or operational brines, and
the surfactant that is an element in numerous well operations as
mentioned previously.

There are several types of brines that can be found in an oil well,
which can be classified as organic or inorganic (Caenn et al., 2016).
One of the most commonly used salts is sodium chloride. However,
the disposal for these brines is quite costly. The use of formate bri-
nes is preferable since they can degrade into water and therefore
decrease disposal costs. Formate brines are divided in sodium,
potassium and caesium formate and were initially developed to
overcome off-shore drilling and completion challenges (Downs,
1993). These types of salts present a very high water solubility
which increases as the alkali metal moiety in the Periodic
Table rises. It is possible to combine formate salts to target a wide
range of densities. These brines are also comparable with halides
regarding their true crystallization point and are considered to be

Fig. 1. Coco glucoside molecular structure. Grey: Carbon Red: Oxygen White:
Hydrogen. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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having the best characteristics for deep and low-solids drilling as
well as slim hole drilling (Byrne, et al., 2002).

These brines are commonly used as a base fluid in drilling and
completion operations and generally applied in high pressure
and high temperature environments. Sodium formate has been
proved to be the most stable when compared to potassium and
sodium chloride, even when aged at 315°F (Bybee, Nov. 2006). This
formate salt provided enough thermal stabilization for a water
base fluid in combination with xanthan gum to drill long open-
hole sections of horizontal wells without the use of synthetic poly-
mers. It has also been recorded that they can be rheologically
stable at bottom hole temperatures of 400°F (Messler et al., 2007).

Formate salts can be applied in environmental sensitive regions
since they produce non-hazardous brines and are readily
biodegradable (Saasen, 2002). They are considered to be easy to
maintain and recycle, therefore reducing the cost of discharge
(Downs et al., 1994).

Formation damage is also improved when formate brines are
used improving the performance of the production of the well
(Byrne, et al., 2002). This is specifically important for high temper-
ature wells as new-fluid technologies can increase the damage by
the production of H,S by microbial activity. Experimental tests
have proved that the formate brines presented better return than
oil-based mud of the same density despite the higher losses of fluid
into the formation in high permeability rocks of an oil reservoir.

Polymers have shown to increase the stability of formate brines
at higher temperatures (Howard, 1995). Some ions can be water
structure breakers which tend to lower the transition temperature
and affects the conformational change of the polymer. In the case
of the formate ion, this tends to be a water structure maker and
will raise the transition temperature of polymers. This results in
them withstanding the increase in temperature without decreasing
the viscosity by polymer degradation. Potassium formate has been
proved to increase the transition temperature of Xanthan Gum sig-
nificantly at high salt concentrations when compared with sodium
and calcium chloride. Even other biopolymers can be influenced
positively by the presence of formate brines.

Since the use of these brines is relatively new in comparison
with halide brines, the amount of work that is related to formate
salts is scarce when the emulsification ability of surfactants is
the focus. Brine concentration and composition can directly affect
the ability of the surfactant to create emulsions. Increasing salt
concentration would incite a salting out effect in the surfactant,
meaning the surfactant loses solubility. The aim of this study is
to understand the emulsification ability of CG and GZ with Formate
salts and compare them with the commercial standard (AOS) by
measuring the water separation, evaluating their droplet size and
rheology behaviour.

2. Theory

Surface tension or interfacial tension at the water-air interface/
water-oil interface can be decreased by the addition of a surface
agent which is adsorbed at the interface (Mukherjee et al., Mar.
2013). The surface tension is the direct result of the net attraction
that the molecules in the liquid interface bear (Wang et al., 2018).
These molecules at the interface contain a higher potential energy
since they are not surrounded by additional molecules of identical
nature (water-air, water-oil). Therefore, the energy of these mole-
cules becomes greater than that present at the bulk phase. One
square centimetre of surface formed requires surface energy to
be spent for transporting the molecules to the surface (Chattoraj
and Birdi, 2859). Surface tension can be used to determine the crit-
ical micelle concentration (CMC) of a surfactant (Savic et al., 2014).
Below the CMC in the solution there would be only monomeric
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surfactant molecules. These molecules assemble into aggregates
that are defined as micelles when the surfactant concentration is
equal to or greater than the CMC. At the CMC the surface tension
is minimised and as surfactant concentration increases after this
point the surface tension remains constant.

The extent of adsorbance of a solute, in this case being surfac-
tants, at the liquid-vapor interface is determined by the use of
the Gibbs adsorption equation through the surface tension
(Bermudez-Salguero and Gracia-Fadrique, 2015). The equation that
relates the surface tension and the concentration of the surfactant
can be defined as:

l,1:_c2dy:_ 1 dy )
2 RTdC 2.303nRT \dlogC

where T} is the surfactant surface excess, C is the concentration
of the surfactant in M/L, v is the surface tension in N/m, and there-

fore dfj;éc is the slope between the surface tension and the concen-

tration, n refers to the number of species that are formed due to the
dissociation of the surfactant. For non-ionic surfactants is n = 1 and
for dissociated ionic surfactant n = 2. R is the gas constant (8.314
Jmol'K~") and T is the temperature in °K.

With the surface excess it is possible to calculate the minimum
area per molecule A, (Ananda et al., 1991); the maximum surface
pressure at the CMC (Ttcm) (Jiang et al., 2011), the Gibbs Energy of
Micellization (AG..), and the Gibbs Energy of Adsorption (AGy,,):

mic ads
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Where N, is Avogadro’s number (6.023x10%3 per mol), is the
surface tension of water and vy, is the surface tension of the
respective surfactant at the CMC.

Rheological characterization of the emulsion flow is performed
to determine its behaviour. The relationship between shear stress
against shear rate can be used to fit the response to various rheo-
logical models (Tadros, 2005). The mixture of a dispersed phase
into a continuous phase that is considered a Newtonian liquid
could generate all sorts of non-Newtonian behaviour (Mueller
et al,, 2010). Emulsions can present both, Newtonian and non-
Newtonian behaviours. For Newtonian behaviour the relationship
between shear stress and shear rate is as follows:

=y (6)

Where 7 is the shear stress in Pa, 1t is the viscosity in Pa.s and y
is strain rate in 1/s. For non-Newtonian emulsions two models
were used in this investigation. These are the Herschel-Bulkley
(Herschel and Bulkley, 1926) and Power Law models which are
defined in Equation (7) and (8) respectively.

T=0+Ky" (7)

T=Kj" (8)

Where c represents the yield stress below where there is no
flow, K is the consistency index (Pa.s) and n is the power law index
(Herschel and Bulkley, 1926).
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3. Experimental methodology
3.1. Materials

The oil phases investigated in this study are heptane 99 % extra
pure and two types of crude oil. The crude oil mixtures are a con-
densate oil and a crude oil with a 20 % petroleum ether dilution to
create an oil phase of 21-22 API. Three types of salts compounded
the brines: extra pure sodium formate (NaCOOH, SF), potassium
formate (KCOOH, PF) 99 % with less than 2 % water and extra pure
sodium chloride (NaCl, SC). The salts were all purchased from Fis-
cher Scientific. The anionic surfactant, Hansanyl OS with Alpha
Olefin Sulfonate (AOS, C14-Ci6 324 g/mol) as the active ingredient
and Coco glucoside (CG, 320.42 g/mol) were purchased from Enas-
pol and Naturallythinking, respectively. The enzymatic surfactant
Greenzyme™ (GZ, 85,000 g/mol) was kindly provided by Biotech
Processing Supply Solutions. BARAZAN-D was used as the Xanthan
Gum (XG) which was supplied by Halliburton. Deionized water
(DIW) was obtained from the Barnstead Smart2Pure water system
by Thermo Scientific. All the chemicals were used without further
purification.

3.2. Brine preparation

Brine samples were prepared with a concentration ranging
between 1 g/dL (10,000 ppm) to 7 g/dL (70,000 ppm) at a room
temperature of 25 °C (+/-2 °C). The mMol/L equivalence is
described in Table 1. The required amount of salt was placed in a
beaker and measured on a precision balance. The beaker was then
filled with deionized water up to the volume to prepare. Water was
measured with a volumetric flask and beakers were used to have
easier brine access to prepare the emulsions. The brines were
mixed on a magnetic stirrer/ultrasonic bath until the salts were
completely dissolved.

3.3. Polymer brine preparation

In order to create a polymeric brine, the same procedure of
brine preparation was followed. However, when the salt was dis-
solved, a vortex was created to add the Xanthan Gum in small
quantities until the desired weight was added. The polymer mix-
ture was continuously stirred overnight to fully hydrate the
polymer.

3.4. Emulsion preparation

The emulsion was prepared in 25 mL test tubes with a 1:1 ratio
of water phase to oil phase with a total of 15 mL. Surfactant con-
centration was considered as vol% relating only to the water phase.
The test tubes containing the emulsion base were mixed in a vor-
tex mixer for 2 min at 3000 rpm until a homogeneous blend could
be observed and left for equilibration until no changes in the emul-
sion phase were seen.

Table 1

Brine mMol/L equivalence to g/dL.
Concentration NaCl (mM/L) NaCOOH KCOOH
1 g/dL 182.21 147.03 118.87
3 g/dL 546.64 441.11 356.63
5 g/dL 911.07 735.18 594.38
7 g/dL 1275.51 1029.26 832.14
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3.5. Characterisation

The surface tension and interfacial tension of different brine
solutions with a range of 50 to 20,000 ppm surfactant concentra-
tions with air/heptane were tested in an Attention Du Noily Ring
Tensiometer model Sigma 703D for AOS, CG and Greenzyme. Each
measurement was repeated at least 3 times to ensure reliability.

Rheological properties of the emulsion samples were obtained
in the Discovery HR-3 from TA Instruments with a conical Peltier
plate. A sample of around 1 mL was placed on top of the experi-
mental base, then it was brought up to temperature to initiate
the viscosity and shear stress measurements at a controlled shear
rate.

The emulsion drop size distribution and type of emulsion was
analysed by microscopy with an Olympus BX60M microscope with
two lenses 50x and 100x depending on the emulsion specimen.
Samples of the emulsions were taken with a pipette, after removal
of the oil phase when applicable, and placed on a glass microscope
slide in order to take the images with Clemex software. The analy-
sis of the droplet size was performed on FIJI to convert the image to
black and white and adjust the contrast. The process can be
adapted to specific characteristics of the image (Schindelin et al.,
2012) and MATLAB can be used to detect, determine and obtain
an excel file of the diameter of the droplets. This was done for sev-
eral images until a determined number of droplets were recorded
for each emulsion.

4. Results and discussion
4.1. Surface tension and the Gibbs energy

Surfactants aid in the emulsion creation also known as emulsi-
fication. These occupy-two important roles in the process; lower-
ing the interfacial tension and to some extent preventing
recoalescence (Walstra, 1993). During emulsification, droplets are
deformed by the shear force and the surfactant is adsorbed into
the interphase while these droplets continuously coalesce and
may reduce their droplet size. The concentration of the surfactant
in solution decreases due to its presence in the increased surface
area of the droplets. A low interfacial tension represents less
energy needed to decrease the droplet size. The lowering of the
IFT depends on the type of surfactant used.

Surface tension of the emulsifiers with deionized water and the
different types of brines was measured to identify the effect of the
type of salt on this surfactant ability. All the surfactants were anal-
ysed in deionized water in addition to sodium formate, potassium
formate and sodium chloride brines. The brine concentration was
7 g/dL for all cases. Values for the solutions and DIW were used
to calculate the Gibbs Energy of Micellization and Adsorption.
Measurements for the values of surface tension without the pres-
ence of surfactants were also recorded and can be observed in
Fig. 2.

For AOS it was found that the critical micelle concentration for
deionized water was 1.67 mMol/L with a surface tension of 32.45
mN/m as seen in Fig. 3. Similar values ranging from ~ 38 mN/m
(Majeed et al., 2019) to 32 mN/m (Farajzadeh et al., 2008) were
reported in other studies. However, when the surface tension
was tested in the presence of brines it was considerably reduced
with a surfactant concentration lower than that of deionized water.
In this experiment the presence of NaCl showed that without sur-
factants, the surface tension decreased slightly, a value of 1.8 mN/
m. Considering that the surface tension of water is 72 mN/m this is
not a substantial change. It has been reported in the literature that
the sole presence of salt can increase the surface tension (Jones and
Ray, 1941). However, this statement is not accurate in all cases

Chemical Engineering Science 263 (2022) 118016

No Surfactant/DIW

~
(%]

E 72.29

= = 70.16

€70

c

o

‘% 65 63,16

C

(]

|_

o 60

(8]

o

T 53.65

5 .

(Vp] 55 -

o B
DIW NaCl PF SF
Brines

Fig. 2. Surface tension of Deionized Water, 7 g/dL Sodium Formate, 7 g/dL
Potassium Formate and 7 g/dL Sodium Chloride and Air.

since a decrease of the interfacial tension has also been docu-
mented and therefore the type of salt is also important (Minofar
et al, 2007; Weissenborn and Pugh, 1996). This increase in surface
tension is related to the negative adsorption of these specific ions
on the interface between the solution and the air phase.

A more noticeable alteration can be observed for potassium for-
mate, in which the interfacial tension was reduced by almost 10
mN/m. Sodium formate has the highest variation with a value of
53 mN/m. Meaning that one of the ions is positively adsorbed onto
the surface, therefore decreasing the interfacial tension. Since the
presence of Na* is in sodium formate and sodium chloride and
the decrease was not observed for chloride, this effect could be
linked to the presence of the carboxylate ion (HCOO~) which tends
to collocate itself in the interface and act like a hydrotropic com-
pound (Minofar et al., 2007). This effect could also be stronger in
NaCOOH than in KCOOH due to the ionic strength is higher for
Sodium Formate than for Potassium Formate. Even though the
grammage concentration is the same they are molecularly differ-
ent since it has more carboxylate ion available in solution.

As observed for NaCl brine the surface tension was reduced to
28 mN/m with an AOS concentration of 0.308 mMol/L
(100 ppm), 5 times less than the CMC for deionized water. Compa-
rable figures were measured for this type of brine at a concentra-
tion of 1 M/L and which is slightly lower than the one used in
this study of 1.27 Mol/L (Majeed et al., 2019; Farajzadeh et al.,
2008). Sodium and potassium formate behaved comparably,
decreasing the surface tension to 27.1 mN/m and 26.6 mN/m
respectively both at 300 ppm. However, the lowest values were
achieved with Potassium Formate. From this concentration
onwards the values are similar regardless of the salt type. Hence,
it can be observed that ionic surfactants in the presence of elec-
trolytes are still able to reduce the surface tension for all three
types of salts (Para et al., 2003). The decrease of the surface tension
can be attributed to the presence of electrolytes which diminish
the repulsion that is present in ionic head groups that hold the
same charge within micelles. This enables the surfactant mono-
mers to pack more tightly throughout the surface and therefore
reducing the surface tension as their presence increased on the
surface (Staszak et al., 2015). From Fig. 3 (b, ¢, d) it can be observed
that the effect that the salt ions create is more prevalent for the
ionic surfactant which reached the lowest values of surface tension
when compared to CG and Greenzyme.

The CMC value of CG was found to be at 0.936 mMol/L for
deionized water (Fig. 3 a) with a surface tension of 28.81 mN/m.
This is a considerably low concentration compared with the
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Fig. 3. Surface tension response of AOS, CG and GZ solutions with a) Deionized water, b) Sodium formate, c) Potassium formate and d) Sodium chloride brines. Comparison
with data from Wang et al (Wang et al., 2017); Shinoda (Shinoda et al., 1961) and Tinuola-Vinogradov (Udoh and Vinogradov, 2019).

obtained for AOS (Fig. 3 a). Non-ionic surfactants have a tendency
of lower CMC values when compared with ionic and zwitterionic
surfactants in the case of deionized water (Tadros, 2013; Balzer,
1993). Values of CMC for alkyl polyglucosides can vary. As the
chain length increases the CMC value decreases and therefore it
can fluctuate from 0.078 mMol/L (25 ppm) for Cq4 to 1.56 mMol/
L (500 ppm) for Cg. The CMC obtained for CG agrees to its mid-
length chain of Cg-C;5.

Close to the CMC values, the surface tension is similar for deion-
ized water and all the brines tested for concentrations above the
CMC. However, lower values of surface tension were reached at
lower concentrations in the presence of salts. The lowering of the
surface tension in the presence of electrolytes has been reported
before for nonionic surfactants (Miyagishi et al., 2001). The repul-
sive interactions that domain the reduction of the surface tension
in the ionic surfactants are not applicable to nonionic surfactants.
Initial research for this topic indicated that the reduction was
due to the salting out effect on ethylene oxide groups that was
induced by the increase of electrolyte concentration. However, this
conclusion cannot be applied to APGs (Schick et al., 1962). The out-
come of the polyglucosides is more related to the micelle, for

which is assumed that its surface is more inclined to be negatively
charged. Therefore, the similarities to ionic surfactants regarding
the decrease in the CMC (Balzer, 1993). This negative charge could
be linked to the OH groups interacting with the water phase.

It must be noted that at higher concentrations of CG, the overall
surface tension is slightly increased to 30-31 mN/m for the solu-
tions with salt presence from 28 mN/m with deionized water. This
could indicate that the salt presence has a small negative effect on
the surfactant performance producing a salting-out effect (Balzer,
1993). Increasing surfactant concentration can compensate this
effect as it can be observed from 1000 ppm and further when all
the points converge. There is no significant difference between
the surface tension values obtained for any of the brines as surfac-
tant concentration is increased further.

The gap between the data of deionized water and brines is lar-
ger for AOS, demonstrating that the presence of electrolytes has a
stronger, positive adsorption effect on the ionic surfactants than
non-ionic (Miyagishi et al., 2001). AOS reached the lowest surface
tension values (26.11-28.47 mN/m) compared to CG (27.26-30.18
mN/m) which supports this behaviour although these figures are
extremely close.
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Greenzyme presented the highest surface tension values in
comparison with the other two surfactants. The CMC was found
to be at 0.176 mMol/L for deionized water (Fig. 3 a) with 47.2
mN/m. Surface tension values at CMC are 20 mN/m higher than
those of AOS and CG at CMC values. Similar values of 47.1 mN/m
for the surface tension and 0.174 mMol/L at CMC were reported
in the literature just recently (Udoh and Vinogradov, 2019). They
concluded it is considerably difficult to find this specific informa-
tion for Greenzyme since it is a new surface agent. The lowest sur-
face tension obtained corresponds to potassium formate brine,
with 43.7 mN/m. There is only a difference of 2.3, 0.8 and 1.6
mN/m for sodium chloride, sodium formate and deionized water,
respectively. Even when the surface tension values where higher
when compared to the other two surfactants tested, at increased
salt concentration there was a slight improvement of the surfac-
tant performance. This effect was also reported in a previous study
(Udoh and Vinogradov, 2019) in which Na* caused a decrease in
the surface tension although it was the lowest surface activity reg-
istered in comparison with Ca*?, Mg*?, Na* & Ca*?, Na* & Mg*?, Na*
&Ca*? & Mg*2 These brines showed a decrease in surface tension at
low (0.0083 M) and medium (0.75 M) salt concentrations, yet at
higher ionic strength (3 M) all these combinations had an increase.

This surfactant can be considered a good hydrotrope. As stated
in the literature, enzymes have very little effect on the decrease of
the interfacial tension and considering this influence almost irrel-
evant (Khusainova et al., 2015). Enzymes mostly modify solid to
liquid interactions, therefore having more impact on the rock sur-
face than in the oil-water interface. The de-adhesion of the crude
oil from the rock is totally related to the catalytic effect of the
enzymes that is dependant of the oil composition.

Thermodynamic processes of micellization were evaluated by
surface tension measurements (Jiang et al., 2011) and the results
of this assessment can be found on Table 2. The decrease of the
Gibbs free energies in the system depends on the surfactants
adsorption at the interface or their aggregation in the solution.
The largest A was obtained for Greenzyme, indicating that the
molecule of this surfactant is particularly large in comparison with
the other two surfactants (Udoh and Vinogradov, 2019). Therefore,
its packing in the surface is not as taut indicating a higher surface
tension. The smallest area is that of CG (0.65 nm?) followed closely
by AOS (0.86 nm?) which indicates that these molecules are closely
packed at the interface (Jiang et al.,, 2011), hence lowering the
interfacial tension. The smallest area of CG corresponds to the
highest surface excess. This may be due to the lack of the ion-to-
ion repulsion producing a better adsorption at the interface for this
particular surfactant. This surfactant also presents the highest 7y,
confirming a better adsorption at the interface for CG which would
cause an additional diminishment in the surface tension. This max-
imum surface pressure of 43.5 mN/m for CG was followed by AOS
with 39.8 mN/m indicating that either the repulsion forces are
slightly stronger for AOS or the molecule size prevents it to aggre-
gate in a denser form. The minimum 7., was that of Greenzyme
which overall does perform subpar when compared with the anio-
nic and nonionic surfactants in the sample. This may be due to
looser binding of the molecules as they are considerably bigger.
The negative value of AG,, and AG? . indicates the instant micel-

ads mic

lization of the surfactants as they are in solution. The values for
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AGj,, are more negative than those found for AG,,. which denotes
that the Greenzyme molecules would perform better at adsorption
than at the micellization process (Jiang et al., 2011). Therefore, the
surfactant molecules would first adsorb at the surface before com-
mencing the micellization process. The most negative values corre-
spond to Greenzyme, for both, adsorption and micellization
energies. This indicates that Greenzyme tends to adsorb to the
interface better and the larger size of its molecules require less
monomers to incite aggregation (Udoh and Vinogradov, 2019).
CG has similar values for both energies, indicating that almost
the same amount of work is needed to create a micelle or to adsorb
at the surface. For AOS the adsorption energy is higher than micel-
lization, suggesting that it adsorbs better at the interface achieving
this before starting to create micelles.

4.2. Interfacial tension

The interfacial tension between the brines and a synthetic oil
phase (heptane) was measured to investigate the effect of the
increased salinity in the water-oil interface when these surfactants
were used. It could be inferred that the response might be compa-
rable to the air-aqueous solution interface since the oleic phase
and the air phase have both nonpolar molecules (Rosen and
Kunjappu, 2012). The IFT between deionized water and heptane
has been reported with a value of 50.71 mN/m at 25 °C (Zeppieri
et al,, 2001). Interfacial tension registered for the used brines with-
out the presence of surfactant was 27.95 mN/m for sodium for-
mate, 27.44 with sodium chloride and the lowest values
registered with potassium formate with and 24.64 mN/m as
observed on Fig. 4.

A considerable decrease in the interfacial tension is observed
when salt is added to the solution (Fig. 5). For AOS the lowest val-
ues reaching between 2.35 and 2.68 mN/m were attained with
potassium formate and sodium chloride. A close cipher of 3.563
mN/m for IFT was allocated to Sodium Dodecyl Sulfate (SDS), a
comparable anionic surfactant in the presence of NaCl brine at very
low concentrations (Jha et al., 2018). Lower IFT's were reported for
AOS and pentadecane, however, the measurements were taken at
45 °C which lowers the IFT (Wang et al., 2017).

CG performed better in the presence of oil than AOS, reaching
values of less than 2 mN/m as observed in Fig. 5 a. The IFT for
KCOOH brine was the lowest recorded when compared with the
other brines, reaching values of 0.4 mN/m at concentrations of
50 ppm (0.15 mMol/L). For NaCOOH and Nacl values of 0.7 mN/
m were attained at concentrations higher than 300 ppm (0.93
mMol/L). Decreasing of the interfacial tension with the presence
of salt was reported as well for a commercial non-ionic surfactant
known as Triton X-100 having similar CMC values of 125-140 ppm
with CaCl,, MgCl, and NaCl at different concentrations (Akhlaghi
et al., 2020). Similar IFT’s were observed for several APG’s that ran-
ged between 8 and 16 in carbon chain (Iglauer et al., 2004). The
alkyl chain length influences the IFT as longer chain length
increases the reduction. The sugar rings also have a big influence.
The higher count of rings increases the water solubilization of
the molecule making it more hydro thereby increasing the IFT.
The electrolytes present in the solution hydrates the sugar ring
particularly depending on the type of ions coming from the salts

Table 2
Thermodynamic Characteristics of the Surfactants with Deionized Water.
Surfactant CMC r Amin Yeme Teme AG_mic AG_ags
mmol/L mol/m? nm? mN/m mN/m kJ/mol kJ/mol
Coco Glucoside 0.93 2.56x10° 0.65 28.82 43.47 -17.29 -17.0
AOS 1.67 1.93x10°° 0.86 32.50 39.79 -15.84 —20.67
Greenzyme 0.1176 7.34x1077 2.20 47.35 24.94 -22.43 -33.00
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Fig. 4. Interfacial tension of Deionized Water, Sodium Formate, Potassium Formate
and Sodium Chloride with Heptane (C7).

rendering the surfactant more hydrophilic, even though the IFT is
reduced.

Greenzyme presents an interfacial tension with deionized water
with a flat tendency of 6.8 mN/m at low and medium concentra-
tions as seen in Fig. 5a. The CMC for DIW and heptane for Green-
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zyme decreased considerably compared with the air interphase
to a value of 100 ppm. They also showed a different activity than
the other surfactants as the salt presence increases the interfacial
tension from values of 7 mN/m to 12-13 mN/m regardless of the
type. Greenzyme appears to have an inconsistent trend regarding
electrolyte presence as presented in 2019 (Rahayyem et al,
2019). There was a sinusoidal response on the IFT as the NaCl con-
centration was increased. However, the IFT values that were
obtained for those experiments were considerably lower ranging
between 0.7 and 3 mN/m compared to those obtained in this inves-
tigation. Even lower IFTs of a range between 0.01 and 3.95 mN/m
have been described for Greenzyme (Wang et al., 2008). Yet, in
these cases, the oils tested were n-decane and crude oil, respec-
tively. Since the oil phase used in this study was n-heptane, it
can be inferred that the performance of Greenzyme can improve
as the complexity of the oil is increased. The composition of the
oil plays an important role as the catalytic effect derived of the
enzyme requires a particular bond type present in the oil phase
(Khusainova et al., 2015).

It was noted that there is a clear effect of the brines on the inter-
facial tension for the three surfactants which could affect the emul-
sification ability of these surfactants as seen on Fig. 5 b, c and d. In
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Fig. 5. Interfacial Tension of an AOS, CG and GZ solutions against heptane (C7) with a) Deionized Water, b) Sodium Formate, c) Potassium Formate and d) Sodium Chloride.

7



L. Tatiana Lezama, R. Rafati and A. Sharifi Haddad

contrast with the surface tension in which AOS reached the lowest
figures in the presence of heptane as the oleic phase, the best per-
formance can be allocated to CG, followed closely by AOS as seen in
Fig. 3. Lowest IFT values were observed in KCOOH brine, this was
present in both surface and interfacial tension, and it was noted
for both, AOS and CG. As mentioned, there was a considerable
increase of 108 % in the IFT for Greenzyme when the solutions
tested contained dissolved salts.

Thermodynamic characteristics of the interfacial tension of the
surfactant solutions with deionized water and heptane are
depicted in Table 3. Ay, displayed no change as the same surfac-
tants were used. Greenzyme still attained the highest molecule
size (0.37 nm?) (Udoh and Vinogradov, 2019) with the uppermost
IFT at CMC (7.08 mN/m) and the smallest remained with CG
(0.11 nm?) followed by AOS (0.19 nm?). The highest surface excess
for these cases befalls on AOS with 1.45x107°®. Coco Glucoside still
presents the highest surface pressure with 36.42 mN/m followed
closely by AOS and Greenzyme. A better performance of Green-
zyme can be observed indicating that the repulsive forces are
slightly lower aiding to tighter molecule packing. As it is made
from an oil-seeking enzyme, the presence of an oil phase might
have caused the change in the behaviour of the surfactant. AG n;c
and AG .45 still have more negative values for Greenzyme, per-
forming better at adsorption than at micellization processes. AOS
presents similar micellization and adsorption energies indicating
that the amount of energy needed for either process is almost
the same for this surfactant. For the presence of heptane, CG has
a better adsorption than micellization indicating that it tends to
go through adsorption before micellization.

4.3. Emulsification with alkane phase

Emulsions can be affected by the type of oil, salinity, surfactant
characteristic, temperature, alcohol content, water to oil ratio and
presence of solids (Kanicky et al., 2001). With correct composition
at a specific salinity range an optimal formulation is achieved in
which the interfacial tension can reach ultralow values (Bansal,
1978). Surfactant emulsion ability can be decreased by the pres-
ence of salts in the water depending on the surfactant which can
change the volume of emulsion created.

The surfactant emulsification ability was tested by evaluating
the amount of water segregated and the amount of water solubi-
lized into the emulsion. This was reported after the equilibrium
time was reached which in this case was between 2 and 5 days.
At this point no emulsion change was registered. The more water
that was dissolved into the emulsion phase, the better the emul-
sion ability for the surfactant (Ahmed et al., 1999). The salinity
scan that was developed to test this involved sodium chloride,
sodium and potassium formate at concentrations of 1, 3, 5, 7 g/dL.

In all cases, the water segregation increased as the salinity also
increased. The salinity concentration decreased the ability of the
surfactant to create and stabilize the emulsion phase due to the
mobilization of the single surfactant molecules to the oil phase,
also called salting out effect (Beunen and Ruckenstein, 1982). The
IFT would tend to decrease due to the adsorption excess being pos-
itive. For emulsions with AOS and heptane, increasing the surfac-
tant concentration from 2 to 4 % does not create a substantial
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change in water segregation between these concentrations with
deionized water (Fig. 6). The surfactant behaves similarly between
all the brines. For NaCl lower salinities emulsify more water for
both concentrations. However, higher concentrations of this salt
destabilize the emulsion considerably. Potassium formate at higher
salinities has less water segregation than the other two brines at
4 % AOS. This could be attributed to the lower interfacial tension
presented with this type of salt, as discussed in the previous sec-
tion. KCOOH was shadowed closely by NaCOOH.

AOS has low solubility and tends to aggregate when the salt
concentration surpasses 5 g/dL at 24-25 °C (Baviere et al., 1988).
Instead of diluting it is observed that the surfactant forms a precip-
itate just after adding it to the brine making it more difficult to mix,
therefore decreasing its surface activity (Wang et al, 2017).
Increasing the temperature above 30-35 °C will solve this issue
as tested in the laboratory. In order to obtain the best performance
of AOS a low salinity and low carbon chain is needed, as well as a
high alcohol concentration which is very unrealistic for its applica-
tion in the oil industry (Baviere et al., 1988).

Water solubility was low for all the emulsion samples at the
highest salinity, which was not more than 5.4 %. This may be due
to the fact that neither of these emulsions had the presence of a
co-solvent in them. A co-surfactant aids with the solubilization
of the phases into the emulsion and, alcohols are used for this pur-
pose (Puerto and Gale, 1976). Propanol, butanol and pentanol have
been proven effective to increase solubilization depending on the
chain length of the surfactant. Alcohol was not considered for these
emulsions because this research is more focused on the reaction of
stimulation and completion fluids. Surfactant concentration with
synthetic and crude oils and for these fluids the use of alcohol is
for very specific circumstances like for water sensitive reservoirs
when either surfactant or alcohol can be used (Zana, 1995). Addi-
tion of alcohol to the operation leans towards Enhanced Oil Recov-
ery classification (Winsor, 1948).

For NaCl, heptane and intermediate-branched C;g AOS at 25 °C
it was previously reported (Barakat et al., 1983) that the solubility
is around 18 cm®/cm® with an optimal salinity of 0.5 g/dL, being
the optimal salinity substantially higher from 5 to 20 g/dL for
straight-chain surfactants. Nevertheless, this study used sec-
butanol and isopentanol alcohols in the system to create the emul-
sion phases. Theory suggests that the oil solubilization should
decrease with the increase of salinity. However, this phenomenon
cannot be observed either due to the lack of co-solvent or for the
low temperature tested.

These emulsions can be classified as Type II, from the Winsor
classification (Strassner, 1968). This is a reversed behaviour since
they did not change phase normally; a standard behaviour com-
passes from Type I to type III to type II as the salt concentration
is increased. However, this behaviour is also affected by the type
of oil phase which for these cases have a low alkane carbon num-
ber (ACN) (Baviere et al., 1988). The presence of a low ACN can
reverse the normal behaviour of the emulsion phase making the
transition Type II > Type III > Type 1. Type I and Type IIl was not
able to be found for these samples’ composition.

CG exhibits a better performance since it presents a lower water
segregation than AOS even at high salinities having 89 % at 7 g/dL
for Sodium Chloride, and 93 % for 7 g/dL Sodium and Potassium

Table 3
Interfacial Thermodynamic characteristics of CG, AOS and Greenzyme with deionized water.
Surfactant CMC r Amin Yeme Teme AG,mic AG,ads
mmol/L mol/m? nm? mN/m mN/m kJ/mol kJ/mol
Coco Glucoside 0.31 1.009x10°6 0.11 2.37 36.42 —-20.01 —43.72
AOS 0.30 1.45x10°° 0.19 6.87 31.92 —20.04 -21.98
Greenzyme 1.2x10°° 4.42x107 0.37 7.08 31.71 -33.84 -71.80
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Water Segregation AOS/C7

Fig. 6. Water segregation for AOS/C7 emulsions with different brine composition.

Formate considering that it also has less surfactant concentration
(Fig. 7). Water separation is more evident at a lower CG concentra-
tion ranging between 90 % and 97 % for the range of salinities. And
89 % to 93 % for the highest concentration of the surfactant. For
NaCl, the effect of the surfactant concentration is more evident,
even when the concentration used was substantially low, it chan-
ged from a solubility of 3.3 % for 0.4 % to 10.3 % for 0.8 % which is
greatly higher despite the elevated salt concentration. According to
the surfactant concentration an increase would present a decrease
of the water segregation. At higher surfactant concentrations the
performance with NaCl brine appears to be considerably better
despite the increase in salinity, followed by NaCOOH and KCOOH.

Greenzyme presents an emulsification comparable with the
other two surfactants, with no salt addition and very low salinities.
The high interfacial tensions achieved between brines solutions
and heptane in contrast with the other two surfactants, could be
considered as a strong reason why Greenzyme had a low emulsifi-
cation ability with concentrated electrolyte. The behaviour of
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Greenzyme is similar for sodium chloride and potassium formate
at high concentration of the surfactant and low salinities of 0-
1 g/dL, having water segregations of 82-86 %. Greenzyme at 8 %
with KCOOH for both concentrations and in NaCOOH presents
higher water segregations ranging between 88 and 96 %, changes
with increasing salinity can be observed in Fig. 8. Best emulsifica-
tion was found with low salinity water, going above 10 g/dL of any
type of salt tested will result in a complete phase separation
between minutes of mixing.

Greenzyme presented very unstable emulsions even at low
salinities (Fig. 9). With time the oil phase starts to separate from
the emulsion and in some cases complete phase separation is
achieved.

The Table 4 shows a summary of the percentage of water dis-
solved into the emulsion phase of each surfactant with the corre-
sponding brine and heptane as the oil phase. In every case the
whole oil phase was solubilized into the emulsion just changing
the water concentration.

CG/C7

3 5 7
Salinity (g/dL)

Fig. 7. Water segregation for Coco Glucoside/C7 emulsion with different brine compositions.
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Fig. 8. Emulsion behaviour for Greenzyme and heptane with 0, 1, 3, 5 and 7 g/dL of Sodium Formate brine.
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Fig. 9. Water segregation for GZ/C7 emulsions with different brine compositions.

Table 4
Water in emulsion phase according to surfactant and brine type in the presence of heptane.

Sodium Formate g/dL

% Surfactant 0 1 3 5 7

0.4 %-0.8 % CG 10-11 % 6-13 % 4-9% 4-9% 4-5%

2-4% AOS 11-12 % 6-13 % 4-5% 2-3% 2-5%

8 %-10% Gz 8-13 % 6-8 % 0 0 0
Potassium Formate Salt g/dL

% Surfactant 0 1 3 5 7

0.4 %-0.8 % CG 10-11 % 6-11% 4-8 % 4-8 % 4-7 %

2-4 % AOS 11-12 % 7-10 % 4-7 % 2-3% 2-6 %

8 %-10 % Gz 8-13 % 4-14 % 0 0 0
Sodium Chloride g/dL

% Surfactant 0 1 3 5 7

0.4 %-0.8 % CG 10-11% 6-10 % 3-8% 5-10% 4-11%

2-4% AOS 11-12 % 8-9% 5-6 % 2-3% 2-3%

8 %-10% Gz 8-13 % 13-14 % 0 0 0]

Water % in emulsion

Loose emulsion separating in a few minutes

Emulsion formed but will retain a very small amount of water (1-3%)
Emulsion formed but will retain a small amount of water (4-12%)
Emulsion formed and will retain a considerable amount of water (13-20%)
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4.4. Emulsification with Medium-Heavy crude oil

For emulsions with crude oil and AOS, when the salinity is
increased the emulsion ability of the surfactant is decreased con-
siderably. In the case of NaCl the emulsion ability is almost non-
existent as can be seen in Fig. 10. Sodium formate and sodium
chloride can emulsify a considerable amount of water up to 3 g/
dL. Yet, in the presence of KCOOH, 60 % of water was solubilized
into the emulsion for 2 % AOS and 80 % for 4 % of AOS. As seen in
the surface and interfacial tension measurements, KCOOH by itself
can decrease the tension that exists between interfaces. The addi-
tion of the surfactant to the solution and the presence of asphalte-
nes in the crude oil appears to be aiding in the stabilization of the
emulsion phase (Technologies, 2018).

Emulsions made with crude oil and CG produced less emulsion
phase compared with heptane when sodium formate and chloride
were used. These salts created a weak emulsion when the salinity
is increased that along with long equilibration times can release
most of the water added to the solution. Only for DIW and 1 g/dL
the emulsion contained 14 % and 8 % of water solubilized. From
3 g/dL onwards it only solubilized 2 %. As seen in the emulsions
made with heptane, there is also less water separation in the pres-
ence of NaCl brines at high surfactant-high salinity concentrations.
Nevertheless, the same effect of KCOOH that was present for AOS
emulsions is noticeable for CG as can be observed in Fig. 11.

There is a high emulsification ability at high salt concentrations.
Results show 75 % of the water present in the solution was mixed
into the emulsion phase for 0.4 % CG and almost 100 % was emul-
sified for 0.8 % CG. These emulsions were extremely stable and
were not separated by segregation for more than 6 months. CG
emulsion behaviour is shown in Fig. 12.

The response of AOS and CG with KCOOH salt was quite partic-
ular. In order to identify whether the cation or the anion of the
salts were the reason of this outcome extra tests were completed
with potassium chloride (KCI) at the same molar concentration
as 7 g/dL KCOOH. These tests presented a complete phase separa-
tion at 9.5 g/dL for KCI as can be observed in Fig. 13.

These results indicated that the cation alone might not be the
reason of the higher emulsification ability of this mixture. There-
fore, anions were also compared in tests with sodium formate, in
which formate is the alike anion. The concentration of KCOOH at
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7 g/dL is 832.14 mMol/L and the concentration of NaCOOH at
7 g/dL is 1029.26 mMol/L. This reason was discarded as the con-
centration of NaCOOH is higher and is not behaving in the same
manner as KCOOH. As discussed, the results obtained were very
different as sodium formate did not create thick and stable emul-
sions at high salinities whereas potassium formate did for both
surfactants, AOS and CG. Where CG displayed a stronger effect cre-
ating a more dense and viscous emulsion.

Since petroleum ether was added to the crude oil to increase its
API grade, a scan with the same surfactant concentration, brine and
oil content but increasing petroleum ether dilution for the crude oil
was completed. This was done in order to discard whether the
presence of petroleum ether was the motive of the variation on
the results (Fig. 14).

As it can be observed in Fig. 14 increasing the amount of petro-
leum ether from 20 % to 50 % still produces a very strong emulsion
phase, however, when 80 % is reached, the emulsion only has
0.5 mL of water solubilized. Therefore, the presence of petroleum
ether in the crude oil was not the reason of the increased emulsion
phase presented at high salinities. Two other tests were run with
condensate crude oil and full phase separation was obtained, indi-
cating that a very light crude oil does not present the characteris-
tics required to produce a stable emulsion at high salt
concentrations of KCOOH.

Hence, cation, anion and petroleum ether content were dis-
carded as reasons for high emulsification for potassium formate.
Another property that can have an impact on emulsification by
adjusting it is pH (Technologies, 2018). Crude oil contains polar
fractions, acidic and basic groups (asphaltenes and resins) which
pH can influence. Basic medium creates the strongest interfacial
films for resins, also making the weakest films for asphaltenes.
The opposite is true in the case of acidic media. The emulsion type
can also be determined by pH. Acid pH can produce stable water in
oil emulsions. The response for a basic pH is a stable oil in water
emulsions. Nonetheless, high salinity concentrations can produce
instead water in oil emulsions and in these cases, W/O emulsions
were obtained for both AOS and CG.

pH measurements for several points of salinity were tested for
potassium and sodium formate and sodium chloride which can
be observed in Fig. 15. Sodium chloride brine for salinities between
3 and 7 g/dL gave a pH range of 6.3 to 7.94 which rests on the neu-

AOS/Crude Oil

Salinity (g/dL)

Fig. 10. Water segregation for AOS/Crude oil emulsions with different brine compositions.
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Fig. 11. Emulsion behaviour with CG and medium oil with KCOOH from 0, 1, 3,5 and 7 g/dL taken under UV light to see the interfaces.
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Fig. 12. Water segregation for Coco Glucoside/Crude Oil emulsions with different brine compositions.

Fig. 13. Emulsion behaviour of 0.8 % Coco Glucoside/Crude Oil with 9.5 g/dL KCI brine.
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Fig. 14. Emulsions with increasing petroleum ether content, from left to right: 20%,
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Fig. 15. pH obtained for several concentrations of solutions containing a) a) b)
Sodium Formate (NaCOOH), b) Potassium Formate and c) ¢) Sodium Chloride (NaCl).

tral side, slightly acidic. Sodium formate gave a more stable result
for salinities of 5 and 10 g/dL, between 7.34 and 7.47 also laying on
the neutral side. However, potassium formate brines with salinities
from 1 to 7 g/dL gave high pH values, basic mediums of 10.7 to
11.08. This high pH allows the creation of a very stable water in
oil emulsion for this specific type of crude oil. In these conditions
the natural surfactants present in the crude oil substitute or could
also aid commercial surfactants and environmental-friendly sur-
factants at the interphase stabilizing the emulsion.

Since there was a considerable change in the pH response for
these brines, it would be of significance to study the zeta potential
of these emulsions. However, these emulsions are considerably
stable and therefore it can be presumed that a high zeta potential
(either negative or positive) can be attributed to them (Moradi
etal, 2011). As a result, zeta potential may not be a critical param-
eter and therefore not examined further in this study.

This characteristic of potassium formate can be beneficial and
detrimental at the same time, depending on the objective that it
is desired in the petroleum industry. If this salt is used to create
good emulsification with the heavy to medium crude oil present
in the reservoir when applying EOR techniques this would be very
beneficial, since the high salinity concentration would not affect
the emulsion stability. However, if this salt is used for well clean-
ing and completion, the results would not be the desired since this
could create emulsions at the surface which would lead to separa-
tion problems in order to retrieve the oil phase for commercial
purposes.

The emulsification of Greenzyme appears to be better when
crude oil is the oil phase to emulsify. The oil eating bacteria part
that is the base of Greenzyme could be behind this better affinity
for crude oil. In Fig. 16 it can be observed that there is not an enor-
mous difference in water separation for all the types of brines.
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However, in the case of sodium formate the performance of the
surfactant is marginally better with a water segregation of 88 %,
than for the other two brines for which the segregation is 92 %
for 1 g/dL. At 1.5 g/dL the segregation increases to 94 %. This sur-
factant did not present the same reaction with KCOOH as observed
with AOS and CG. Since this surfactant is noticeably acidic in con-
centrated form with a pH range of 3.5-5 (Deen et al., 2016), and
potassium formate brine is basic (as seen on Fig. 15), the overall
pH of the brine might had come down towards neutral values of
pH. Therefore, affecting the ability of asphaltenes and resins to
function as a surfactant/stabilizer and portraying a different
outcome.

Table 5 presents a compendium of the solubilization ability for
the surfactants tested with medium-heavy crude oil at different
salt concentrations. As seen by the colour dominance there was
an increase in emulsification from NaCOOH to NaCl to KCOOH.

4.5. Emulsion with condensate oil

The emulsification ability with condensate was also tested,
however, with only high surfactant concentrations. As observed
in Table 6, the emulsification with condensate oil was not as good
as that observed with heptane or medium-heavy crude oil. Most of
the emulsions separated with a slight increase in the salinity
concentration.

4.6. Emulsion polymerization

A polymer (xanthan gum) was added to emulsions and the sam-
ples were tested to determine if the emulsions could demonstrate
better stability. The highest surfactant concentration was tested
with heptane, condensate and medium-heavy crude oil with
DIW, and 5 and 10 g/dL of salt content for all the brines. It was
found that adding 0.5 g/dL of xanthan gum to the brine solutions
increased the emulsification considerably. Emulsions with heptane
and CG or AOS all presented a full emulsion phase with just 0.5 mL
of excess oil phase at the top of the emulsion on the highest salt
concentrations. Greenzyme attained full emulsification only for
DIW, any salt concentration even with the polymer added had full
separation when the phases were mixed. Emulsions with conden-
sate had the same trend but the excess oil was present at both
salinities 5 and 10 g/dL for CG and AOS. Greenzyme could only
be emulsified with DIW. In the case of heavy-medium crude oil
there was no excess oil present neither for CG nor AOS. Greenzyme
emulsions with this type of oil and xanthan gum could only hold
with DIW and 5 g/dL Sodium Formate but other types of salt or
concentrations resulted in full separation.

4.7. Droplet size analysis

The classifications referring to droplet size and stability con-
sider the physical and thermodynamic properties of the emulsion
system. Therefore, the emulsions can be divided into macroemul-
sions, nanoemulsions and microemulsions (Moradi et al., 2011).
Macroemulsions comprise droplet sizes of a range between
100 nm and 100 pm, this large size contributes to its thermody-
namic instability. These are the most commonly found forms of
emulsions. Nanoemulsions have droplets between 20 and
100 nm. The size of the droplets makes them stable, yet they are
still thermodynamically unstable. Microemulsions with a droplet
size in the range of 5 to 100 nm are the only emulsions considered
thermodynamically stable. This range is almost identical to
nanoemulsions. However, microemulsions can be formed through
spontaneous emulsification and normally have an alcohol phase
as a co-surfactant. They also tend to withhold their stability
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Fig. 16. Water segregation for GZ/Crude oil emulsions with different brine compositions.

Table 5

Water in emulsion phase for medium-heavy crude oil according to surfactant and salinity.

Sodium Formate g/dL

Surfactant% in water 0 1 3 7

0.4 %-0.8 % CG 14-25% 6-7 % 2-6% 2% 2%

2-4% AOS 32-37 % 22-23 % 7-12 % 2-5% 2-5%

8 %-10 % GZ 27-29% 12-13 % 0 0 0
Sodium Chloride g/dL

Surfactant% in water 0 1 3 5 7

0.4 %-0.8 % CG 14-25% 10-16 % 2-11% 2-10% 1-7%

2-4% AOS 32-37% 15-20 % 4% 2% 2%

8 %-10 % GZ 27-29 % 8-10% 0 0 0
Potassium Formate Salt g/dL

Surfactant% in water 0 1 3 5 7

0.4 %-0.8 % CG 14-25% 8-14 % 19-47 % 48-97 % 74-98 %

2-4% AOS 32-37 % 24-25% 13-22 % 26-52 % 40-74 %

8 %-10 % GZ 27-29 % 7% 0 0 0

Water % in emulsion

Loose emulsion separating in a few minutes
Emulsion formed but will retain a very small amount of water (1-3 %)
Emulsion formed but will retain a small amount of water (4-12 %)
Emulsion formed and will retain a considerable amount of water (13-98 %)

Table 6

Water in emulsion phase for condensate crude oil with AOS, CG and GZ at different salinity conditions.

Water in Emulsion (Light Crude Oil/Condensate)

Salinity g/dL NaCl, Sodium and Potassium Formate

Surfactant% in water 0 1 3 5 7
0.8 % CG 16 % 0 0 0 0
4% AOS 12 % 16-20 % 2% 0 0
10% Gz 5% 0 0 0 0

Water % in emulsion

Loose emulsion separating in a few minutes

Emulsion formed but will retain a very small amount of water (1-3%)
Emulsion formed but will retain a small amount of water (4-12%)
Emulsion formed and will retain a considerable amount of water (13-20%)

increasing the temperature which creates the difference between
all of them.

The size distribution in the emulsion phase tends to have an
impact on the emulsion ability to resist flocculation, creaming
and coalescence which would lead to phase separation
(Abdulredha et al., 2018).
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For the light phase heptane was selected to produce the droplet
size study as emulsions with condensate were quite unstable and
tended to separate faster under the microscope than those contain-
ing heptane. The droplet size analysis for 4 % of AOS concentration
with NaCl was selected to display by frequency percentage in
Fig. 17. Most of the emulsions present a peak at 20 um for 0-



L. Tatiana Lezama, R. Rafati and A. Sharifi Haddad

60
—e—0g/dL
50 |—o—1g/dL
—E— 3g/dL
ceedJeee Sg/dl_
40 |—= m= 7g/dL

Frequency %
w
o

N
o

10

1 10
Size pm

Chemical Engineering Science 263 (2022) 118016

Fig. 17. Droplet size count of emulsions with 4 % AOS/C7 and Sodium Chloride at different salt concentrations. On the right from top to bottom representative images of the

emulsions from 0 to 7 g/dL, scale 500 pm.

5 g/dL with an occurrence on this range of 42-48 %. This indicates
that about 50 % of the droplets are falling in this size classification.
The highest salinity presents the lowest droplet size with a peak at
10 pm, correlating with the rheology data, as seen in next section,
which presents the highest viscosity at 7 g/dL with sodium chlo-
ride for AOS. Smaller droplets would result in higher viscosity (Li
et al.,, 2019). Yet, these high salinity emulsions seem to be more
difficult to study for their droplet size, since at a prolonged contact
with the air tends to evaporate it faster than with the other
concentrations.

For the emulsions created with crude oil the analysis of the dro-
plet size with KCOOH brine at different concentrations is displayed
in Fig. 18 as it presented a different emulsification compared with
the other two types of salt. Emulsions with 4 % AOS with crude oil
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have a shorter size range than the observed for heptane. This could
be attributed to the effect of air on the vaporization of heptane
which tended to show larger droplets. The highest salinity portrays
the highest droplet count at the smallest size, between 1 and 3 pm,
also correlating with the rheology (as seen in section 4.8) and the
water content (as in section 4.4). Emulsions with 1 g/dL present the
same range, but overall have slightly less droplets in that array
when compared indicating a similar emulsion tightness. Following
closely 5 g/dL has almost the same response, yet considerably less
incidence in droplet sizes between 1 and 2 pm. Increasing salt con-
centrations portray smaller droplet size as it is affected by the pH
as previously discussed. This smaller droplet size produces a tigh-
ter emulsion phase giving them stabilities of more than 6 months
at room temperature.The droplet size range for CG and NaCl brine

Fig. 18. Droplet size count of emulsions with 4 % AOS/Crude oil and KCOOH brine at different salt concentrations. On the right from top to bottom representative images of

the emulsions from 0 to 7 g/dL, scale 500 pm.
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(Fig. 19) presents an analogous array for heptane when compared 7 g/dL have between 54 and 57 % of the droplets in a range of
to AOS. However, CG has peaks at a lower diameter of 10 pum. Yet, 15-20 pm.

AOS presented more incidence at higher droplet sizes of 50 pm Emulsions with CG and crude oil presented more droplets per
which did not occur as prominently with CG. The frequency of image than both AOS and Greenzyme as shown in Fig. 20. As with
smaller droplets is also slightly higher for CG. 1 and 5 g/dL present AOS it is also presented the results with KCOOH; in this case with a
more than 62 % of the droplets with a size of 10 pm. DIW, 3 and concentration of 0.8 % CG. All the emulsions presented a shorter
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Fig. 19. Droplet size count of emulsions with 0.8 % CG/NaCl brine and heptane at different salt concentrations. On the right from top to bottom, left to right, representative
images of the emulsions from 0 to 7 g/dL, scale 250 and 500 pm.
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Fig. 20. Droplet size arrangement of 0.8 % Coco Glucoside and Crude oil emulsions with KCOOH brine at different concentrations. Scale of 250 pum.
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and more uniform range of droplet size, between 1 and 5 pm. From
the micrographs an increase in droplet occurrence as the salinity is
augmented is observed, indicative of more water solubilized into
the emulsion phase. The topmost peak at 3 pm with an incidence
of 63 % corresponds to 7 g/dL, representative of high tightness
and stability. Deionized water and the increasing salt concentra-
tion samples behaved similarly, with an incidence of 50 % for dro-
plets between 1 and 3 pum, with no droplets larger than 10 pm. The
micrographs obtained for KCOOH brine are similar to those
reported in 2019 with alkyl polyglycoside of 2-6 um which were
obtained at 90 °C (Kundu et al., 2015). The effect obtained with
KCOOH is comparable to that seen with high temperature emulsi-
fication ability, which in the case of surfactants classified as APG
rises with the surge of temperature.

For Greenzyme the displayed example in Fig. 21 shows the
arrangement in droplet size for the emulsion with heptane as the
oil phase and 10 % Greenzyme in a NaCl brine. The droplet size
range is very similar when compared with the other two surfac-
tants in the case of heptane. This could indicate that the stability
of these emulsions is analogous to those obtained with AOS and
CG. Greenzyme presents peaks at 15 and 20 um, with a frequency
between 40 and 65 %. The highest salinity tested has the highest
incidence at the lowest droplet size diameter, denoting a more
stable emulsion. Nevertheless, the droplet size incidence could
not be recorded for higher salinities since the emulsions were
too unstable.As mentioned, Greenzyme (Fig. 22), seems to present
a better performance with crude oil. The highest droplet frequency
for emulsions with 8 % Greenzyme in KCOOH brine and medium-
heavy crude oil corresponds to DIW with 60 % incidence at 3 pum,
frequency % decreases to only 40 % for the peaks in the cases of 1
and 1.5 g/dL. Higher incidence with small droplet size could indi-
cate that the emulsion is more stable for zero salinity. It needs to
be noted that that the droplet count diminishes as the salinity is
augmented, as seen on the micrographs, suggesting that there is
less water solubilized into the emulsion phase confirming that
the surfactant performance decreases with salinity.

Rheology of Emulsions

Emulsion rheology reflects the internal structure of the emul-
sion itself and their particle-particle interactions (Pal, 2000).
Fig. 23 shows the response of viscosity against shear rate of emul-
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sions with AOS and CG with heptane as the oleic phase. Both emul-
sions presented shear thinning responses. However, those formed
with CG have slightly higher viscosity even though they had less
surfactant present in the mixture and presented the same oil
phase. The considerably large chain length present in polygluco-
sides yielded an entanglement of rod-like micelles into a densely
pack system (Jiang et al., 2011). These systems are formed due to
enhanced hydrophobic interactions producing high viscosity and
shear thinning with increasing shear rate.

The increase in salinity presents an increase in viscosity, even
when the amount of water solubilized into the emulsion phase is
less than that contained in emulsions with DIW. Literature men-
tions that as the amount of solubilized phase decreases in the
emulsion, the viscosity should also decrease accordingly (Ariffin
et al., 2016). Nevertheless, the presence of salt ions creates more
friction between the molecules producing the increase in the vis-
cosity for the emulsions with increased salt content.

The Herschel-Bulkley equation was fitted to AOS rheology data.
However, there was a better fit on the response of the data from CG
with the power law model. The specific values for the fitting are
found in Appendix.

In the case of AOS, the rheology response was similar in classi-
fication as most of the cases were shear thinning for the medium-
heavy crude oil as shown on Fig. 24. However, there was a clear
change in response for Sodium Formate and Sodium Chloride at
7 g/dL. Both cases presented an independent response for viscosity
as the shear rate was increased, indicating Newtonian behaviour.
This variation might be due to the decrease in water content to
about 1-3 % as the droplet-droplet interactions are reduced these
yields to a decrease in friction, reducing the viscosity. This could be
considered almost as the reading of just bare crude oil. The
increase in the dispersed phase directly affects the emulsion beha-
viour. As it rises, the shear thinning response is more evident. For
Sodium Chloride brine with a low salinity of 1 g/dL at low shear
rates the response was shear thinning, and from 0.9 1/s onwards
the response became Newtonian. This tends to occur due to the
unpacking of the molecules from one another and they start to
align in the same direction of the flow (Kolotova et al., 2018).

For CG there was a complete change for the rheological beha-
viour compared with either the response with heptane or the

70
—e—0g/dL
60
—0—0.5g/dL
0| _m1g/dL
x
o 40
C
[J]
=
o 30
—
[N
20
10
08— U
1 10
Size um

100

Fig. 21. Emulsion droplet size for 10 % Greenzyme and Heptane. On the right side, from left to right representative images of the droplets for emulsions with 0-1 g/dL with a

scale of 250 pum for 0.5 g/dL and 500 pum for O and 1 g/dL.
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Fig. 22. Droplet size analysis for 8 % Greenzyme in KCOOH brine with medium heavy crude oil. On the right representative micrographs for 0, 1 and 1.5 g/dL can be observed.
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Fig. 24. Rheology response for AOS emulsions with medium-heavy crude oil at different brine conditions.
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AOS response with crude oil. All the emulsions presented a Newto-
nian behaviour instead of shear thinning as previously observed in
the other compositions (Fig. 25). The lowest viscosity registered
was obtained with DIW which contained about 15-25 % water con-
tent into the emulsion phase. But since it did not contain any type
of salt the viscosity was still lower compared to the salted emul-
sions. There is a slight increase in viscosity for 1 g/dL NaCl and
7 g/dL NaCl and sodium formate which overall presented less sol-
ubilized water but since they have an increased salt content the
viscosity tended to augment. Highest viscosities were obtained
for potassium formate brines, higher for the uppermost salt con-
centration, correlating with the enhanced emulsification at this
salt concentration that presented a water content of almost
100 % in the emulsion phase. As a result, incrementing the viscosity
considerably as the drop-drop interactions precede an augment in
friction producing an increase in viscosity [70]. The change of the
type of behaviour could be attributed to being more influenced
by the presence of asphaltenes in the crude oil.

As seen on Fig. 26 emulsions formed with condensate presented
shear thinning response similar to the emulsions obtained with

Chemical Engineering Science 263 (2022) 118016

heptane. For condensate oil, AOS showed a higher viscosity than
that obtained with CG. This prove out to be appropriate since
emulsions for CG were not stable when the salinity was increased,
hence the only recorded data for CG was for DIW.

4.8. Polymerized emulsion rheology

A clear shear thinning response that was fitted with the
Herschel-Bulkley equation was found for both AOS and CG emul-
sions made with 0.5 g/dL of Xanthan Gum and heptane at different
salt conditions. In Fig. 27 the responses for the highest salinity con-
centration with NaCl are shown. The measurements were almost
identical for these emulsions indifferent of the surfactant type or
the salt concentration, indicating that the polymer was the main
factor accountable for the increase in viscosity. DIW was the lowest
response recorded for AOS and CG. Although the difference is not
that large. When compared to emulsions without the presence of
polymer the viscosity increased approximately 9.65 times at a
low shear rate of 0.3 1/s, at shear rates higher than 100 1/s the
increment decreased to just about 1.9 times.
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Fig. 25. Rheology response for CG emulsions with medium-heavy crude oil with different brine conditions.
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Fig. 26. Rheology response for emulsions with condensate for CG and AOS with Herschel-Bulkley (HB) fit.
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Fig. 27. Viscosity and shear stress responses as a function of shear rate for AOS and CG polymerized emulsions with 7 g/dL NaCl brine and heptane as the oleic phase.
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Fig. 28. Viscosity and shear stress responses as a function of shear stress for emulsions with medium heavy crude oil for AOS, CG and GZ.

In the case of medium heavy crude oil rheology recordings can
be observed in Fig. 28. For AOS all of the behaviours presented
were shear thinning. For CG only the emulsion made with DIW
had a strong shear thinning behaviour. The emulsions with
increased salinity content had a Newtonian behaviour at high
shear rates. Greenzyme had similar responses when compared
with CG and AOS for emulsions made with DIW, even followed
the same trend. However, when salinity was increased the only
brine that created a considerably more stable emulsion was
sodium formate as the other two had complete phase separation.
It also had a shear thinning behaviour. For AOS, when emulsions
with and without polymer are compared there is an increase in vis-
cosity at a low shear rate of 0.3 1/s from 2.2 without polymer to
17.3 with polymer, which would be an increase of 690 % in viscos-
ity. In the case of CG, the increase at 0.3 1/s is 1750 %.

For emulsions with XG, all surfactants and condensate had
shear thinning behaviour alike those responses found for heptane,
as both types of emulsions are made with light crude oils (Fig. 29).
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However, the slope is steeper for the condensate, as at the highest
shear rates, the viscosity is even lower than that of heptane.

5. Conclusions

The surface tension, emulsification ability and rheology of
emulsions created with commercial, sugar based and enzymatic
surfactant with sodium and potassium formate and sodium chlo-
ride as a base case brine were evaluated. It was observed that
the reduction of the surface tension in the presence of electrolytes
rests on mechanisms related to the type of surfactant used. For
ionic surfactants it is attributed to the reduction of the repulsion
between head groups in the presence of salts. For polyglucosides
it is a similar effect, the micelle is believed to be more negatively
charged, which could be linked to the OH groups present in the
molecule and these interact with the water phase hence the simi-
larities with the anionic surfactant. The added electrolytes had a
strong effect lowering both surface and interfacial tension regard-
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Fig. 29. Viscosity and shear stress responses as a function of shear rate for AOS, CG and Greenzyme polymerized emulsions at various salinities and condensate oil as the oleic

phase.

less of the type of surfactant used. Thermodynamical properties of
the surfactants indicate that the smallest surface area corresponds
to that of CG which allows it to be packed more tightly into the sur-
face. This correlates to the highest surface energy from the three
surfactants tested. AOS followed closely the thermodynamical
properties of CG. Hence CG could be used instead of Sulfonates
when environmental restrictions are in place. Since the Greenzyme
molecule is significantly bigger it generates a looser binding of the
molecules in the surface obtaining a weak effect on decreasing the
interfacial tension.

Emulsification properties of AOS and CG for heptane are equiv-
alent as well as for medium-heavy crude oil. Emulsification with
Greenzyme is not possible if the salinity is just slightly high with
the salts tested (Sodium and Potassium Formate and Sodium Chlo-
ride). In the case of condensate, the emulsion is more stable with
AOS than with CG. This stability could be linked to their higher
water solubility. Emulsions with Sodium Formate and Chloride
behave similarly as there is no considerable change in the pH to
create an effect on the crude oil to foment more emulsification.
Nevertheless, the readings for surface and interfacial tension are
lower for Sodium Formate than for Sodium Chloride which could
be attributed to the -COOH chain as behaves also as a surfactant
chain. For emulsions created with Potassium Formate brines and
medium-heavy crude oil, the increase of pH activates the heavy
hydrocarbon particles creating a very stable emulsion phase. This
could be detrimental from the oil production point of view since
emulsions are not desirable. However, this needs to be considered
if the emulsion is the anticipated or required phase. It was
observed that Potassium Formate tended to lower the interfacial
tension more than the other two types of salts. The addition of xan-
than gum effectively stabilizes emulsions with CG or AOS even at
high salt concentrations for all types of salts and oils. All the emul-
sions obtained in this study can be classified as a macroemulsions
due to their droplet size. CG emulsion phase presented a Newto-
nian behaviour, indicating that even at high shear rates this beha-
viour could be achieved in the production stage of a well and the
emulsion will remain stable. AOS and Greenzyme presented a
shear thinning behaviour which could be beneficial since the emul-
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sion would not be as stable and it might be able to be separated
during the production phase itself.
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Appendix
Rheology fitting parameters for AOS, CG and GZ with different

brines and oil compositions.
See Table 7.Table 8.Table 9.
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Table 7
Fitting parameters and for AOS. HB-Herschel-Bulkley, PL-Power Law, DIW-Deionized water, KCOOH-Potassium Formate, NaCOOH-Sodium Formate, NaCl-Sodium Chloride, C7-
Heptane, MCO-Medium Crude Oil, LCO-Condensate, XG-Xanthan Gum. 1, 5 7 g/dL.

AOS/C7 HB HB HB HB HB HB HB
Parameter DIW 1 KCOOH 1 NaCOOH 1 NadCl 7 KCOOH 7 NaCOOH 7 NaCl
Yield Stress 0.37 0 0 0 0.05 1.47 0.37
Consistency Index 0.48 1.62 14 1.56 0.58 0.89 1.75
Flow Index 0.69 0.52 0.6 0.48 0.58 0.55 0.57
AOS/C7[XG HB HB HB HB HB HB HB
Parameter DIW 5 KCOOH 5 NaCOOH 5 NaCl 7 KCOOH 7 NaCOOH 7 NaCl
Yield Stress 6.38 7.09 4.97 4.97 8.67 5.97 5.90
Consistency Index 0.83 1.51 2.24 2.24 1.13 1.12 1.74
Flow Index 0.64 0.55 0.45 0.45 0.60 0.62 0.57
AOS/MCO PL HB PL PL PL Newtonian Newtonian
Parameter DIW 1 KCOOH 1 NaCOOH 1 NadCl 7 KCOOH 7 NaCOOH 7 NaCl
Yield Stress 2.86
Consistency Index 1.14 0.25 1.63 1.14 8.54 0.67 0.70
Flow Index 0.60 0.94 0.59 0.89 0.60
AOS/MCO/XG HB HB HB HB PL HB PL
Parameter DIW 5 KCOOH 5 NaCOOH 5 Nacl 7 KCOOH 7 NaCOOH 7 NaCl
Yield Stress 5.14 4.68 5.21 4.72 7.41
Consistency Index 2.38 1.61 0.79 1.04 7.10 0.78 6.80
Flow Index 0.45 0.47 0.60 0.54 0.30 0.58 0.31
AOS/LCO HB HB HB HB
Parameter DIW 1 KCOOH 1 NaCOOH 1 NacCl
Yield Stress 0.50 0.02 0.02 0.02
Consistency Index 0.89 1.40 1.45 1.51
Flow Index 0.62 0.50 0.50 0.58
AOS/LCO/XG HB HB HB HB HB HB HB
Parameter DIW 5 KCOOH 5 NaCOOH 5 Nacl 7 KCOOH 7 NaCOOH 7 NaCl
Yield Stress 3.46 3.10 2.37 3.94 3.86 345 5.08
Consistency Index 2.01 0.66 0.04 0.46 0.33 1.62 1.64
Flow Index 0.48 0.51 0.89 0.58 0.63 0.49 0.51
Table 8

Fitting parameters and for CG. HB-Herschel-Bulkley, PL-Power Law, DIW-Deionized water, KCOOH-Potassium Formate, NaCOOH-Sodium Formate, NaCl-Sodium Chloride, C7-
Heptane, MCO-Medium Crude QOil, LCO-Condensate, XG-Xanthan Gum. 1, 5 7 g/dL.

CG/C7 Power Law PL PL PL PL PL Newtonian
Parameter DIW 1 KCOOH 1 NaCOOH 1 NacCl 7 KCOOH 7 NaCOOH 7 NaCl
Yield Stress

Consistency Index 1.7 25 19 1.8 1.8 1.8 1.0

Flow Index 0.5 0.5 0.5 0.7 0.6 0.6

CG/C7/XG HB HB HB HB HB HB HB
Parameter DIW 5 KCOOH 5 NaCOOH 5 NacCl 7 KCOOH 7 NaCOOH 7 NacCl
Yield Stress 3.12 3.73 4.73 431 5.17 5.00 5.31
Consistency Index 1.82 1.40 0.65 1.97 1.69 1.81 2.18

Flow Index 0.45 0.56 0.67 0.52 0.56 0.54 0.53
CG/MCO Newtonian Newtonian Newtonian Newtonian Newtonian Newtonian Newtonian
Parameter DIW 1 KCOOH 1 NaCOOH 1 NacCl 7 KCOOH 7 NaCOOH 7 NaCl
Yield Stress

Consistency Index 0.650 2.77 1.86 1.15 4.30 1.10 1.05

Flow Index

CG/MCO/XG HB HB Newtonian Newtonian Newtonian Newtonian Newtonian
Parameter DIW 5 KCOOH 5 NaCOOH 5 NaCl 7 KCOOH 7 NaCOOH 7 NaCl
Yield Stress 3.35 0.05

Consistency Index 1.69 1.37 0.58 0.43 0.88 0.55 0.58

Flow Index 0.50 0.93

CG/LCO HB

Parameter DIW

Yield Stress 0.42

Consistency Index 0.44

Flow Index 0.69

CG/LCO/XG HB HB HB HB HB HB HB
Parameter DIW 5 KCOOH 5 NaCOOH 5 NaCl 7 KCOOH 7 NaCOOH 7 NacCl
Yield Stress 3.35 2.70 1.70 3.40 5.04 3.35 4.80
Consistency Index 2.20 0.02 0.08 0.02 3.23 1.29 1.48

Flow Index 0.46 0.92 0.75 0.96 1.46 0.54 0.54
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Fitting parameters and for GZ. HB-Herschel-Bulkley, PL-Power Law, DIW-Deionized water, KCOOH-Potassium Formate, NaCOOH-Sodium Formate, NaCl-Sodium Chloride, C7-

Heptane, MCO-Medium Crude Oil, LCO-Condensate, XG-Xanthan Gum. 1, 5 7 g/dL.

Gz/c7

DIW
N/A Unstable

Parameter
Yield Stress
Consistency Index

Flow Index
GZ|C7[XG HB HB HB
Parameter DIW 5 KCOOH 5 NaCOOH 5 NaCl
Yield Stress 0.05 -0.18 0.05 -0.22
Consistency Index 0.30 0.27 0.30 0.29
Flow Index 1.00 0.99 1.00 0.98
GZ/MCO Newtonian
Parameter DIW
Yield Stress
Consistency Index 0.612
Flow Index
GZ/MCO/XG HB Newtonian HB Newtonian
Parameter DIW 5 KCOOH 5 NaCOOH 5 NaCl
Yield Stress 3.35 0.20
Consistency Index 1.69 0.25 0.30 0.27
Flow Index 0.50 1.00
GZ/LCO HB
Parameter DIW
Yield Stress 0.01
Consistency Index 1.1
Flow Index 0.63
GZ/LCO[XG HB
Parameter DIW
Yield Stress 1.566
Consistency Index 2.118
Flow Index 0.427
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