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Abstract - The aim of this study was to investigate the interfacial energy involved in the production
of water-in-oil (W/O) emulsions composed of water and a Brazilian heavy crude oil. For such purpose an
experimental set-up was developed to measure the different energy terms involved in the emulsification
process. W/O emulsions containing different water volume fractions (0.1, 0.25 and 0.4) were prepared in a
batch calorimeter by using a high-shear rotating homogenizer at two distinct rotation speeds (14000 and
22000 rpm). The results showed that the energy dissipated as heat represented around 80% of the energy
transferred to the emulsion, while around 20% contributed to the internal energy. Only a very small fraction of
the energy (0.02 — 0.06%) was stored in the water-oil interface. The results demonstrated that the high energy
dissipation contributes to the kinetic stability of the W/O emulsions.

Keywords: Emulsion; Interfacial energy; Energy balance; Droplet size.

INTRODUCTION

During the production and processing of crude
oil, the presence of water is very common because
water is naturally present in the oil reservoir, caused
by the oil recovery method (e.g., water injection in
the reservoir) (Fan et al., 2009) and/or from water
injection in the production pipeline for friction re-
duction purposes (Bannwart, 2001). The turbulent
shear associated with fluid flow within a pump, gas
lift system and pipeline flow may cause the forma-
tion of water-in-oil (W/O) emulsions (Bhardwaj and
Hartland, 1994; Peia et al., 2005). These emulsions
remain stable for a long period of time, due the pres-

*To whom correspondence should be addressed

ence of natural emulsifying agents in the oil phase.
Crude oils, especially heavy oils, contain significant
amounts of asphaltenes (high molecular weight com-
ponents), naphthenic acids and resins that act as
natural emulsifiers because of their surface activity
and capacity to produce viscoelastic layers around
the droplets (Djuve et al., 2001; Sjoblom et al., 2003;
Wang et al., 2011).

The presence of water in crude oils is undesir-
able because it determines the commercial value of
the oil (Pefia et al., 2005) and can cause several
problems, such as the corrosion and fouling of some
equipment (Al-Sabagh ef al., 2011). In addition, the
viscosity of W/O emulsions is much higher than the
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viscosity of the heavy oil alone, with a typically
non-Newtonian behavior, mainly for higher water
volume fractions and lower temperatures (Farah et
al., 2005). Thus, the water must be removed to a
level of less than 1% using processes called demul-
sification or dehydration (Rondén et al., 2006),
which contribute to increase the production costs.
Moreover, this step of demulsification is not always
easily accomplished due to the high stability of
these W/O emulsions.

Considering that emulsion formation is an inevi-
table process during the production and processing
of heavy oils, the understanding of the energy bal-
ance involved in the production of water-in-oil emul-
sions can be important to define strategies to desta-
bilize these emulsions. During emulsion formation,
the water-oil interface is first deformed and broken
up into many droplets under the action of external
forces (McClements, 2005). The force necessary to
deform and disrupt a droplet should be larger than
the interfacial force, which is characterized by the
Young-Laplace equation (206/R) (where ¢ is the in-
terfacial tension and R the radius of the droplet).
This condition can be achieved by increasing the
amount of energy supplied during emulsification
through shear stresses in laminar flow, or pres-
sure/velocity fluctuations in turbulent flow (Walstra,
1993). However, it has been reported that only a
small fraction of the energy input is spent in the in-
crease of free energy of the interface (Walstra, 1993;
Lemenand et al., 2003; Zhang et al., 2012). In the
literature such findings were only qualitatively ob-
tained and, to our knowledge, there are no studies
that have measured the fraction of energy input that
is accumulated at the interface.

The objective of this study was to investigate the
interfacial energy and the energy balance involved in
the production of water-in-heavy crude oil emulsions
through a quantitative study. An experimental set-up
was developed in order to measure the terms of the
energy balance during the emulsion generation. De-
termination of the interfacial energy was based on

the droplet size distribution obtained by optical
microscopy and the interfacial properties.

EXPERIMENTAL SECTION
Material

The materials used to prepare the water-in-oil
(W/0O) emulsions were a 17°API crude heavy oil and
distilled water. Before emulsion preparation, the oil
was dehydrated during 8 hours using a rotary evapo-
rator (Buchi rotavapor model R-215, Buchi, Swit-
zerland) in order to remove 13.9% water naturally
present in the crude oil. After dehydration, the light
compounds (organic phase) were separated from the
water and re-mixed with the oil. Table 1 shows the
properties of the dehydrated oil and the methods
used to obtain these values.

Experimental Apparatus

An especially designed calorimeter was built to
determine the relative terms of the energy balance of
the emulsification process. The schematic view of the
experimental apparatus, including the control sys-
tem, is shown in Figure 1A. This apparatus was com-
posed of a hermetically closed aluminum vessel of
100 cm’ capacity (thermal conductivity ~ 250 W/m.K)
with helical fins 1 mm in thickness with 5 mm pitch
machined in its external surface to allow the cooling
by a water jacket (Figure 1B). The vessel was placed
into a cylindrical 1 cm thick Teflon box (thermal con-
ductivity ~ 0.3 W/m.K) (Figure 1C), with cover of the
same material to get good insulation. In addition, the
connections of the calorimeter had rubber sealing
rings to prevent heat exchange with the environment.
The impeller of a homogenizer (Ultra Turrax T18
Basic, IKA, Germany) was inserted into the vessel to
disperse the fluids (Figure 1A). The impeller was of
the rotor stator type and the rotor and stator diame-
ters were 19 mm and 12.7 mm, respectively.

Table 1: Physico-chemical properties of crude dehydrated heavy oil.

Property Value Measurement method

Viscosity (25 °C) 2250 mPa.s Haake Rheostress rheometer (Haake, Germany)

Specific gravity (25 °C) 0.96 Densimeter

Moisture content 0.24% Karl Fisher 701 KF Titrino (Metrohm, Switzerland)

Surface tension (25 °C) 0.0315N.m™ Sigma 701 tensiometer (KSV Instruments, Finland)

Water-oil interfacial tension (25 °C) 0.0275 N.m™

Specific heat (20-100 °C) 1.65J.g" K! Differential scanning calorimetry

Asphaltene content (C5I) 9% CS5I and C71 were obtained by precipitation with n-pentane and

Asphaltene content (C71) 3% n-heptane, respectively (methodology described by Santos ef al.
(2006))

Naphthenic acid content 0.5% Methodology described by Santos ef al. (2006)
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Figure 1: A) Schematic view of the experimental set-up, B) aluminum vessel and C) calorimeter. Tiyet
and T,y are the inlet and outlet temperatures of the cooling jacket, Temusion 1S the internal temperature
of the vessel, d; is the aluminum vessel diameter and disolaing is the Teflon box diameter.

The cooling water was supplied by a centrifugal
pump installed between the thermostatic bath and the
calorimeter. The water flow rate was controlled by
valves and measured with a Coriolis mass flowmeter.
To reduce the uncertainty in the cooling heat transfer,
the water mass flow rate in the jacket was set to 0.3
L/min for all the experiments. Inlet (Ty,) and outlet
(Touner) temperatures of the cooling jacket and the
internal temperature of the vessel (Tenusion) Were
recorded by resistance temperature detectors (Pt100)
15 cm in length and 0.5 cm in diameter. A true rms
wattmeter (model ET-4080, Minipa, Brazil) was used
to measure the electrical power input to the
homogenizer. The software LabView Signal Express
(National Instruments, USA) was used for the data
acquisition.

Experiments

Preliminary studies using single-phase fluids
(glycerine and crude oil) were done in order to vali-

date the constructed system. The viscosity of these
fluids at 25°C was 1000 mPa.s and 2250 mPa.s, re-
spectively. The single-phase fluids were stirred in
the Ultra Turrax at 14000 and 22000 rpm and dif-
ferent temperatures (15, 25, 35 and 45 °C). In a sec-
ond step, emulsions were prepared using different
water volume fractions (0.1, 0.25 and 0.4) and rota-
tion speeds (14000 — 22000 rpm). The total volume
of the emulsion was 90 cm’. Each run lasted approxi-
mately 12 min and the cooling water was fixed at
25 °C. The experiments were carried out in duplicate
to ensure repeatability.

Immediately after emulsion preparation, six frac-
tions of each emulsion were poured onto microscope
slides, covered with glass cover slips and observed
using a Coleman model NT200 optical microscope
(Coleman, Brazil). The microscopic images of the
emulsions were analyzed using the image processing
software Image Tool and the droplet diameters were
determined. For this, about 400-800 droplets were
measured individually for each sample. The size of
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the droplets was determined as the volume-surface
mean diameter (d;,) (Equation (1)).

Z:nidi3
Znidiz

where n; is the number of droplets with diameter d;.
The specific interfacial area of the emulsions
(Ai/V) was calculated using Equation (2).

(D

d32 =

A; 6o

1
vV d; @
where V is the volume and a is the water volume
fraction.

The rheological measurements on emulsions were
carried out at 25 °C in triplicate using a Haake
RheoStress 1 rheometer (Haake, Germany). A par-
allel plate 30 mm in diameter and a gap of 1 mm was
used to evaluate the emulsions. Flow curves were
obtained for shear rate values ranging from 0 to 150 s™.
The data obtained were fitted to the power law model

(t=k.y"), where 1 is the shear stress, v is the shear

rate, k is the consistency index and n is the flow
behavior index.

Instantaneous Energy Balance
Considering the scheme of Figure 2, the follow-

ing general equation for the energy balance can be
formulated (Delhaye, 1974).
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Figure 2: Schematic view of the emulsion genera-
tion experiment. H is the height of the vessel, d; is
the vessel diameter, T,, is the temperature of the wa-
ter jacket, Ty,q, is the temperature of the water in the

bath, W, is the power transferred to the emulsion by
the impeller and Q is the rate of heat transfer from
the vessel.

Wu = Q + [poVoco + pwVwcw + mvesselcvessel] (3)
dTemulsion + d(uiAi)

dt dt

where W, is the power transferred to the emulsion

by the impeller (W), Q is the rate of heat transfer from

the vessel (W), p is the density of the phase (kg/m’),
V is the phase volume (m’), ¢ is the specific heat
(J/kg.°C), m is the mass (kg), Temusion 1S the emulsion
temperature (°C), u; is the specific energy per unit of
interfacial area (J/m?), A; is the total interfacial area
of the emulsion (m®) and t is the time (s). The
subscripts 0o, w and vessel represent oil phase, water
phase and aluminum vessel, respectively.

Thermal resistance inside the vessel was ne-
glected due to the strong internal convection caused
by the impeller. In addition, as aluminum is a very
effective heat conductor, the temperature of the ves-
sel wall (Ty) can be considered to be the same as that
of the emulsions (Temusion)- In the steady state, Equa-
tion (3) becomes:

W, =Q (4)

Thus, if the electric power input (meut) is
known, then the internal losses of the homogenizer
are Wlosses = Winput

be calculated using Equation (5).

—Q and the efficiency (n) can

=W,/ Wit = |Q/ Winpu

input —

©)

steady state

The specific interfacial energy of the emulsions
can be related to the interfacial tension according to
Equation (6) (Adamson and Gast, 1997).

ui=6_TidT (6)

i
where o is the interfacial tension (N/m) and T; is the
interface temperature (°C).

The first term of this expression (o) represents the

1

mechanical effect, while the second one (T- ;—?J

i
expresses the thermal effect. Considering the water
droplets of the emulsions as spheres, the interfacial
energy can be obtained from the combination be-
tween Equations (2) and (6).

Brazilian Journal of Chemical Engineering



Interfacial Energy During the Emulsification of Water-in-Heavy Crude Oil Emulsions 131

(uiAi] _ 6o G_Tid_c (7)
v emulsion d32 dTl

RESULTS
Calorimetric Analysis

The experimental apparatus was first evaluated
using pure glycerine and crude oil as single-phase

fluids. The heat transfer (Q = mc(T, e — Tiner)) and
the electric power input (Winput) were measured
during the stirring using the data obtained through
the temperature detectors and the wattmeter, respec-
tively. Figure 3 shows the typical behavior of Q and

Wippye With time obtained using glycerine as single-
phase fluid, rotation of 14000 rpm and temperature
of 25 °C. If the power transferred to the emulsion
(Wu) is equal to the heat transfer (Q) in the steady
state (Equation (4)), the difference between the two
curves at 12 min corresponds to the losses in the
motor (W,ges)» as shown in Figure 3.

Table 2 shows the mean values of the terms of the

energy balance in the steady state for the single-
phase fluids (glycerine and crude oil). These tests
using single-phase fluids showed that the W) ..
were mainly affected by the rotation speed, and the
mean motor efficiency () was 48.3% + 5.3% and
tended to decrease with the reduction of temperature.
The experimental uncertainties (8W1osses ) were lower

than 7.6%. Both parameters (W, .., and 1) were

very influenced by the process conditions (rotation
speed and temperature), but 1 was not affected by the
type of fluid. Thus, these results indicated that this is
an effective way to measure the losses in the motor
of the homogenizer.
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Figure 3: Typical time evolutions of the electrical
power input (Wi, and heat transfer (Q) for single-
phase fluids obtained using glycerine, rotation of
14000 rpm and temperature of 25 °C.

Effect of Emulsification Time

Figure 4 shows the typical time evolutions of
temperature, power input and cooling heat transfer
for a water-in-heavy oil (W/O) emulsion with a
water fraction of 0.1 produced at 14000 rpm. In the
beginning of the test (t = 0), all temperatures were
approximately 25 °C (Figure 4A), i.e., the same tem-
perature as the water bath. During the emulsification
process, the emulsion temperature continuously in-
creased, which resulted in an increase of the outlet
temperature of the water jacket. At the same time,
the increase of emulsion temperature promoted a
reduction of the power input (Figure 4B). Figure 4C

Table 2: Electrical power input (Wiypu), heat transfer (Q) and internal losses of the homogenizer ( W, ;)

at the steady state, as well as experimental uncertainty (SWIOSSes ) and motor efficiency (n) for single-

phase fluids homogenized at different rotation speeds and temperatures.

Fluid Rotation speed 14000 rpm 22000 rpm
Tintet (°C) 15 25 35 45 15 25 35 45
W, W) 85.6 79.2 62.5 64.1 226.4 218.4 206.4 186.5
QW) 453 39.9 30.5 25.9 106.4 97 86.7 79.7
Glycerine Wiowee W) 40.2 39.3 32.0 38.2 120 121.5 119.7 106.8
w70 6.7 7 7.6 7.6 4.6 46 5.1 48
0 (%) 53 50 49 40 47 44 42 43
W, (W) 79.7 71.9 65.1 63.4 182.2 180.9 195.4 188.7
QW) 46 413 31.2 29 94.8 95.1 94.5 81.7
Crude oil W,oo W) 33.7 30.5 33.9 34.5 87.4 85.7 100.9 107
8y, (%) 6.8 7.1 7.6 8 47 48 47 438
1.(%) 58 57 48 46 52 53 48 43
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Figure 4: Typical time evolutions of A) temperatures and B) power input and heat transfer obtained using
an emulsion with water fraction of 0.1 and produced at 14000 rpm. Ty and Touer are the inlet and outlet
temperatures of the cooling jacket and Tepusion 18 the internal temperature of the vessel. C) Behavior of the
viscosity and electrical power input as a function of temperature, obtained using glycerine.

shows the typical behavior of electric power input as
a function of the viscosity obtained using a glycerine
solution, which indicated that these parameters were
directly related. Thus, the increase of emulsion tem-
perature caused a reduction in its viscosity and, con-
sequently, a decrease in the electrical power input.
The other emulsions showed the same behavior of
time evolution.

These results indicated that the steady state was
achieved at approximately 5 min of homogenization.
Thus, all experiments were performed until 12 min,
assuring that the steady state was achieved.

Characterization of W/O Emulsions

The W/O emulsions produced after 12 min of
homogenization were characterized by optical mi-
croscopy and rheological measurements. The droplet
sizes of the produced emulsions were obtained
through image analysis of the micrographs obtained
from optical microscopy. The microstructures of
W/O emulsions showed spherical water droplets
(sphericity ~1) evenly dispersed in a continuous oily
phase (Figure 5). Even for the water fraction of 0.4,
flocculation was not observed.

Figure 6 shows the droplet size distribution and
the droplet mean diameter (d;;) of the W/O emul-
sions. In general, the histograms showed a log-nor-
mal distribution with the peak between 10 and 30 pm
for experiments at 14000 rpm and around 20 um for
tests at 22000 rpm. At 14000 rpm (Figure 6A) the
polydispersity (PDI) was higher than at 22000 rpm
(Figure 6B). The evaluation of droplet diameters
showed that d;, decreased with increasing rotation
speed and with decreasing water volume fraction.

Figure 5: Typical microstructure of the water-in-
crude heavy oil emulsions obtained using an emul-
sion with water fraction of 0.25 and produced at
14000 rpm. Scale bar = 100 pm.
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Figure 6: Droplet size distribution, mean droplet diameter (ds;) and polydispersity (PDI) of the W/O
emulsions prepared at A) 14000 rpm and B) 22000 rpm. Water volume fraction: (—) 0.1, () 0.25 and

(--) 0.4.

Figure 7 shows the rheological properties of the
W/O emulsions. The emulsions containing lower
water volume fraction (0.1 and 0.25) behaved like
Newtonian fluids, while those with 0.4 water fraction
showed a shear-thinning behavior.

1400
1200
1000

800

containing higher water volume fraction (n < 1). In
addition, the increase of the water volume fraction led
to the increase of emulsion viscosity (Table 3). Emul-
sions produced at different rotation speeds were more
similar, indicating that this variable had little influence
on the rheological properties of the emulsions.

Table 3: Flow behavior index (n), viscosity at 100 st
(nloos'l) and coefficient of determination (R?) for the
different emulsions.

Shear stress (Pa)
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0 &
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Agitation Water n(-) 'Imos_l R’
speed volume (mPa.s)
(rpm) fraction
0.1 1.00 2778 0.998
14000 0.25 1.00 5685 0.999
0.4 0.92 9922 0.996
0.1 1.00 3549 0.998
22000 0.25 1.00 5655 1.000
0.4 0.82 10560 0.979
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Figure 7: Flow curves of W/O emulsions produced
at A) 14000 rpm and B) 22000 rpm. Water volume
fractions of emulsions: (¢) 0 (pure oil), (o) 0.1, (2)
0.25 and (o) 0.4.

The values of the flow behavior index (n) ob-
tained from the fit of flow curves to the rheological
model and the apparent viscosity at 100 s™ are shown
in Table 3. The results for the flow behavior index
confirmed the pseudoplasticity of the emulsions

Energy Balance

The energy balance terms of the emulsification
process at the steady state were obtained using
Equations (4) and (5) and the values are summarized
in Table 4. The results showed that the power input
(W ) and heat transfer (Q) increased as the

rotation speed was increased and were quite similar
for distinct water volume fractions of the emulsions.
The energy efficiency of the motor of the emulsify-
ing device was around 50% for all the experimental
conditions and had a tendency to decrease with in-
creasing rotation speed.

The integration of the energy balance equation
between 0 and 12 min led to the results of energy
density for the emulsification process (W,/V), heat
transferred from the vessel (Q/V) and internal energy
(U/V), as shown in Table 5. It can be observed that

input
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the energy necessary to produce the emulsion was
between 438.7 and 828.6 J/cm® and tended to in-
crease with increasing rotation speed. Moreover, the
increase in rotation speed and water content caused
an increase in internal energy. However, about 80%
of the total energy required to produce the emulsions
was dissipated into heat (Q/W,) and such energy
dissipation was higher for higher rotation speed and
lower water volume fraction (Table 5).

Table 4: Steady state energy balance terms for the
emulsion generation experiments.

Agitation| Water | W, Q Wiosses n
speed | volume W) W) W) (%)
(rpm) | fraction

0.1 86.0+5 | 4832 | 37.7+3 | 56

14000 0.25 973+6 | 51.0+2 | 464+3 | 52

0.4 955+6 | 51.8+2 | 43.7+£3 | 54

0.1 [196.0+9| 93.0+2 |103.0£5| 47

22000 025 [203.0+9]102.7+2|1003+5| 51

04 [196.7+9]97.6+2 | 99.1+5 | 50

The energy stored at the interface has a much
lower magnitude and can not be accurately deter-
mined from integration of Equation (3). Thus, this
term should be calculated using Equation (7).

Table 5: Overall energy terms between 0 and 12 min
of homogenization.

Agitation | Water | w
speed volume %

720 720 720 Q
YT R |

(rpm) | fraction | (yjemy) | Wem?) | @rem) | (%)
0.1 443.1 349.7 80.2 78.9
14000 0.25 442.7 321.1 103.2 72.5
0.4 438.7 305.6 111.1 69.7
0.1 813.2 702.7 96.6 86.4
22000 0.25 796.8 659.4 121.2 82.8
0.4 828.6 658.3 147.6 79.4

Determination of the Interfacial Energy

Table 6 shows the interfacial area per unit volume
obtained from Equation (2) and the interfacial energy
per unit volume (wA/V) obtained from Equation (7).
The interfacial area per unit volume clearly increased
with increasing agitation speed and water volume
fraction, as expected. The specific interfacial energy
ranged from 0.09 to 0.26 J/cm® and tended to in-
crease as the water volume fraction was increased for
emulsions prepared at 14000 rpm. Nevertheless, the
interfacial energy of the emulsions produced at
22000 rpm was almost equal and similar to those
containing 0.25 and 0.4 water fraction at 14000 rpm.

Compared to the total energy per unit volume pro-
vided to the emulsion (u;A/W,), the interfacial en-
ergy represents a very small fraction (Table 6). This
parameter tended to increase with the increase of
water volume fraction for emulsions prepared at
14000 rpm, while the values for emulsions prepared
at 22000 rpm were very similar.

Table 6: Specific interfacial area (A;/V), specific
interfacial energy (u;Ai/V) and fraction of energy
used to produce the interface (u;A;/W,).

Agitation| Water AV WAV wA/W,
speed | volume (m™) (J/cm?) (%)
(rpm) | fraction

0.1 13000 |0.09+0.03| 0.019+0.007

14000 0.25 31000 |0.22+0.05| 0.051+0.012

0.4 42000 [0.26+0.05| 0.061+0.012

0.1 30000 |0.22+0.09| 0.028+0.011

22000 0.25 42000 [0.20+0.05| 0.025+0.006

0.4 58000 |0.21+0.03| 0.025+0.004

DISCUSSION

Rotor-stator devices, such as the Ultra-Turrax, are
widely used to produce W/O and O/W emulsions
with medium to high viscosity (McClements, 2005).
In this type of device, the droplets are mainly pro-
duced by mechanical impingement against the wall
due to high fluid acceleration and by shear stress in
the gap between the rotor and stator (Jafari et al.,
2008). In the present work, an Ultra-Turrax was used
to produce water-in-heavy crude oil emulsions. The
emulsions produced at different rotation speeds
(14000 and 22000 rpm) and water volume fractions
(0.1, 0.25 and 0.4) were highly stable and did not
show phase separation. Emulsions produced at
14000 rpm showed a greater polydispersity than at
22000 rpm (Figure 6), which may be related to the
non-uniformity of shear distribution within the emul-
sion due to the high viscosity of the continuous
phase. On the other hand, the higher rotation velocity
promoted the decrease of ds, (Figure 6), validating a
well-known trend for emulsions (Gingras et al.,
2005; Darine et al., 2011). The rotation speed
showed little influence on the viscosity of the emul-
sions (Table 3). With regard to the water volume
fraction, the increase of this parameter led to bigger
ds, (Figure 6). This fact could be attributed to the
increase of the emulsion viscosity (Table 3) (Jafari et
al., 2008), which difficults droplet disruption, or to
an insufficient amount of emulsifier to completely
cover the interface of the droplets, resulting in their
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coalescence (Guo and Mu, 2011). The increase of
water volume fraction also led to the increase of
shear-thinning behavior and viscosity (Table 3),
which can be attributed to the greater interaction
between water droplets in the emulsion (Paso et al.,
2009). Compared to the pure oil (Table 1), the vis-
cosity of the emulsions was significantly higher
(Table 3), especially for water volume fractions
above 0.25. An increase of the viscosity with water
volume fraction was also observed by Farah et al.
(2005) for W/O emulsions.

The energy balance of the emulsifying process at
the steady state showed that the Ultra Turrax effi-
ciency was around 50% (Table 4), i.e., only ap-
proximately half of the power supplied to the device
was transferred to the fluid. Tests carried out with
single-phase fluids (glycerine and crude oil) also
provided the same average efficiency (Table 2). This
efficiency depends on the homogenizer used to pro-
duce the emulsions and the conditions of the emul-
sification process. Abismail et al. (1999) verified an
efficiency of ~40% (electrical power of 130 W and
energy transferred to the liquid of 53 W) for ultra-
sound and ~70% (electrical power of 170 W and
energy transferred to the liquid of 120 W) for me-
chanical agitation. Thus, the energy input required to
produce an emulsion containing droplets of a given
size depends on the energy efficiency of the ho-
mogenizer used (McClements, 2005; Jafari et al.,
2008).

The energy density for the emulsification process
(W,/V) was between 438.7 and 828.6 J/cm® (Table 5).
Comparisons between the energy density for differ-
ent devices have been discussed in the literature
(Walstra and Smulders, 1998; Schubert et al., 2003;
Schultz et al., 2004). In general, these authors veri-
fied that energy densities between 1 and 100 J/cm’
are needed to produce O/W emulsions using rotor
stator devices. In the present work, the energy em-
ployed for emulsion generation was much higher
than in other works, probably because of the higher
viscosity of the continuous phase of the W/O emul-
sions when compared to O/W emulsions. Figure 7A
shows the relation between energy density and mean
droplet diameter, which demonstrated that the in-
crease of the energy employed led to a reduction of
the droplet diameter. The same tendency was verified
by other authors (Walstra and Smulders, 1998;
Schubert et al., 2003; Schultz et al., 2004). Although
the energy required to disperse two immiscible fluids
is very high, most of the energy employed in the
emulsification process (~80%) was dissipated into

heat (Table 5). The reason for this inefficiency is
because, in addition to the energy necessary to in-

crease the interfacial area (=o;AA), the disruption

of droplets requires the generation of a very high
pressure difference, which should be large enough to
overcome the Young-Laplace interfacial force

(z %Sj (McClements, 2005). For the rotor-stator

device, these pressure differences are provided to the
system through high shear rates, which result in large
amount of energy dissipation due to the friction
losses (McClements, 2005).

In the energy balance (Table 5), the internal en-
ergy represented around 20% of the energy em-
ployed in the emulsification process and tended to
increase with the increase of rotation speed (Table
5), which was caused by the higher shear applied by
the impeller to the emulsion. Just a very small por-
tion of the energy used to produce the emulsions was
expended in the creation of interfacial area (Table 6).
At 14000 rpm, the specific interfacial energy was
higher for emulsions with higher water volume frac-
tion. In this case, small droplets had larger specific
interfacial energies than the large ones due to their
greater total interfacial area (Aoki, 2011). However,
with the exception of the emulsion with 0.1 water
volume fraction produced at 14000 rpm, the other
systems showed higher and very similar specific
interfacial energy. The percentage of interfacial en-
ergy in relation to the total energy employed in the
emulsification process (u;A/W,) was between 0.019
and 0.061%. In general, studies in literature estimate
that this fraction is lower than 0.1% (McClements,
2005; Walstra, 1993), which is in agreement with the
results obtained here. The relation between the frac-
tions of energy used to produce the interface and the
mean droplet diameter can be observed in Figure 8B.
In this case, wA/W, was higher for emulsions with
larger ds,. Thus, emulsions in which a lower amount
of energy is transferred to the interfacial area, i.e.,
when the energy dissipation was higher, showed
smaller water droplets and tended to be more stable.
This result can be explained by the kinetic stability
of the emulsions. Despite the fact that the emulsions
exist in a thermodynamically unstable state, they can
remain Kinetically stable for a long period of time
(McClements, 2005). The increase of energy dissi-
pation during the homogenization process can mean
that higher energy was provided to the emulsion and
was probably sufficient to promote a higher kinetic
stability and the process was more irreversible.
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Figure 8: Relation between mean droplet diameter
(d3;) and A) total energy density (W,/V) and B)
fraction of energy used to produce the interface
(wA/W,) for different water volume fractions: (e)
0.1, (o) 0.25 and (A) 0.4.

CONCLUSIONS

In this study the different terms of the energy bal-
ance during the generation of a water-in-oil emulsion
were measured in order to determine the interfacial
energy involved in this process. The measured terms
include: impeller work, heat transfer and internal
energy. The interfacial energy was very small and
could only be determined from drop size information
(ds2) and interfacial tension data. The stirring method
provided high energy dissipation in the vessel. From
the energy provided to the emulsion, about 80% was
converted into heat, and just 20% caused a change in
internal energy. This energy partition is due to the
highly dissipative nature of the method used for
emulsion generation. Less than 0.1% of the energy
transferred to the emulsion was stored in the water-
oil interface and the decrease of this fraction led to
emulsions with smaller water droplets, i.e., the in-
crease of energy dissipation produced more kineti-
cally stable emulsions.

NOMENCLATURE

A; total interfacial area of the m
emulsion

A/V specific interfacial area m’

c specific heat J/kg.°C

ds, volume-surface mean diameter m

di diameter of droplets m

k consistency index Pa.s"

m mass kg

n flow behavior index

n; number of droplets

PDI polydispersity

0 rate of transfer from the vessel W

R radius of the droplets m

R’ coefficient of determination

t time s

Temusion  1nternal temperature of the vessel °C

T; interface temperature °C

Tintet inlet temperature of the cooling °C
jacket

Toutlet outlet temperature of the cooling °C
jacket

Ty temperature of the vessel wall °C

U specific interfacial energy J/m?

A% volume m’

mem electrical power input w

Wlosses internal lgsses of the W
homogenizer

Wu power transferred to the emulsion W
by the impeller

Greek Symbols

a water volume fraction

Y shear rate 1/s

n motor efficiency %

111005'1 viscosity at 100 s! mPa.s

p density of phase kg/m®

c interfacial tension N/m

T shear stress Pa
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