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DEMULSIFICATION OF W/O EMULSIONS
BY MICROWAVE RADIATION

Chih-Chieh Chan® and Yeong-Ching Chen

Department of Chemical Engineering, Feng Chia
University, 100 Wenhwa Road, Seatwen, Taichung,
Taiwan 407, R.O.C.

ABSTRACT

Demulsification is an indispensable step in the application of
emulsion liquid membrane (ELM) separation process. In this
work, a novel microwave demulsification method is first applied
in the ELM system to study the phenomenon of breaking water-in-
oil (W/O) emulsion. The mechanism of microwave heating is
essentially that of dielectric heating. After exposing the emulsion
to the microwave electromagnetic (EM) field, molecular rotation,
and ionic conduction due to the penetration of EM into the
emulsion are responsible for the internal heating. Thus, the
application of microwave radiation results in the acceleration of
separation of emulsion. In this work, the effects of emulsion
conditions and microwave operating conditions on the demulsi-
fication rate and the separation efficiency of W/O emulsion were
systematically studied. The results exhibited that both the
demulsification rate and the separation efficiency increased with
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3408 CHAN AND CHEN

the increase in droplet size and the concentrations of the carrier
(D2EHPA) and acid. However, they decreased with the increase in
surfactant (Span 80) concentration and the oil phase-to-aqueous
phase volume ratio (O/A). As for the effect of electrolyte
concentration, it exhibited a peculiar maximum phenomenon.
Both the demulsification rate and the separation efficiency were
maximum when the concentration of electrolyte was about 0.5 M.
The optimum microwave irradiation power and exposure time
were suggested to be 420 W and 12 sec, respectively.

Key Words: Microwave demulsification; Emulsion liquid
membrane; Surfactant; Carrier

INTRODUCTION

The breaking of the loaded emulsion is one of the key steps in the emulsion
liquid membrane (ELM) separation process. After the liquid membrane
extraction, the membrane phase must be recycled repeatedly, and the enriched
internal phase usually recovered. Therefore, demulsification of the loaded
emulsion is unavoidable for the use of this separation process.

Two principal approaches for the demulsification of the loaded emulsion
are chemical and physical treatments. Chemical treatment involves the addition
of a demulsifier to the emulsion. However, the added demulsifier will change the
property of the surfactant, which is intentionally added to the membrane phase
and also, the contamination of demulsifier in the membrane phase will change its
emulsification power in the recycle ELM process and thus prohibit its reuse.
Therefore, chemical treatment is usually not suitable for breaking liquid
membrane emulsions.

Physical treatment methods include heating, centrifugation, ultrasonics,
solvent dissolution, high shear, and the use of high-voltage electrostatic fields.
Among them, demulsification with electrostatic fields appears to be the most
efficient and economic way for breaking W/O emulsion in the liquid membrane
process.l'! However, a special design of the electrostatic coalescer and a high
critical electric field strength are necessary for this method.

Recently, an innovative microwave heating technology has been
successfully tested in field operation and laboratory tests for the demulsification
of oil—water—solid emulsion.'* The microwave demulsification does not require
chemicals. This is a significant advantage for reusing the membrane phase.
Microwaves are electromagnetic (EM) energy. Microwave energy is a
nonionizing radiation that causes molecular motion by migration of ions and
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rotation of dipoles, but does not cause changes in molecular structure. Microwave
energy has a frequency range from 300 MHz to 300 GHz. Microwaves are
coherent and polarized and couple effectively with lossy materials, their primary
action being very rapid heating. One important characteristic of microwave
heating is that the entire volume of sample is heated up internally and selectively.

In conventional thermal heating, energy is transferred to the material
through convection, conduction, and radiation of heat from the surfaces of the
material. In contrast, microwave energy is delivered directly to the material
through molecular interaction with the electromagnetic field. Because
microwaves can penetrate materials and deposit energy, heat can be generated
throughout the volume of the material. The transfer of energy does not rely on
diffusion of heat from the surfaces, and it is possible to achieve rapid and uniform
heating of thick materials. In addition to volumetric heating, microwaves can be
utilized for selective heating of materials. The molecular structure affects the
ability of the microwaves to interact with materials and transfer energy. When
materials in contact have different dielectric properties, microwaves will
selectively couple with the higher loss material. In multiple phase materials, such
as W/O emulsions, some phases may couple more readily with microwaves.

In electromagnetic field, there exist a number of properties that contribute to
the dielectric response of materials. These properties include electronic polarization,
atomic polarization, ionic conduction, dipole polarization, and Maxwell—Wagner
polarization mechanisms. At microwave frequencies, dipole polarization is thought
to be the most important mechanism for energy transfer at the molecular level. In
composite materials, Maxwell-Wagner polarization, which results from the
accumulation of charge at the material interface, is also an important heating
mechanism.”®! In addition, in aqueous solutions, ionic conduction, which is the
conductive migration of dissolved ions in the applied electromagnetic field, should
also be taken into account.'! This ionic migration is a flow of current that results in
IR losses (heat production) due to the resistance to ion flow.

Due to these unique heating characteristics, microwave radiation has been
widely used in domestic, laboratory, and industrial applications since the
pioneering work in food processing.'”! Excellent reviews have been published on
various aspects of microwave-assisted treatment and chemistry.'®~'* However,
only a few reports were concerned about the application of microwave to
demulsification. Petrowski!'¥ first used microwave irradiation to determine the
stability of emulsion. Patents developed in microwave demulsification of water-
in-oil (W/O) emulsions were first awarded to Klaila'"® and Wolf.[!"} Fang et al.l”!
demonstrated the microwave demulsification of dispersed water—oil mixtures
and emulsified water—oil—solid sludge in laboratory and field tests. In their
conclusions, microwave-induced molecular rotations were believed to reduce
zeta potential, which suspends water droplets and solid particles in an emulsion,
and that was considered to play a role in addition to the primary heating effect in
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[18] [19-21]

the acceleration of microwave demulsification. Lai and Fang, in their
laboratory and field tests, showed that viscous and stable W/O emulsions can be
demulsified and separated into oil and water layers by the combined process of
microwave heating and gravity sedimentation. Barringer et al.**! compared the
heating rates of various W/O emulsions, oil-in-water emulsions, and layered
systems in microwave oven. Alternately, Takahashi et al.'**! proposed a novel
treatment of waste oils from ships by decomposition of oil-in-water emulsions
with microwave or ultrasonic wave irradiation. Fu and Wu'®¥! recently proposed
the microwave radiation method to break oil-in-water emulsions. Zeta potential
of the oil droplets in water was measured in their study.

However, most of the emulsion systems discussed in the previously
mentioned papers are limited to waste oil emulsions or dispersions of
hydrocarbons and water. The volume fraction of dispersed phase is usually
small and contains no or slight amount of emulsifiers. The viscosity and stability
of these emulsions are usually not too high. In contrast, for liquid membrane
emulsions, the volume fraction of dispersed phase is usually between 0.25 and
0.75 and significant amount of special emulsifiers and carriers are often

® Microwave time 15 sec
20 O Microwave time 12 sec
¥ Microwave time 10 sec
Vv  Microwave time 8 sec
0 T T T T T T T
0 2 4 6 8 10 12 14 16

Settling time (min)

Figure 1. Typical plot of separation efficiency. Emulsion volume = 25mL, O/A = 1,
power = 420 W. QOil phase: Span 80 = 3 wt%, D2EHPA = 5 wt%, paraffin oil = 40 wt%,
kerosene = 52 wt%. Aqueous phase: [NaCl] = 1.0 M.
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intentionally added to the continuous phase to stabilize and facilitate the
emulsion systems. Thus, both viscosity and stability of these tailor-made
emulsions are usually too high to be demulsified easily by most conventional
methods. In the present work, the novel microwave radiation method is first
adopted to study the demulsification of liquid membrane emulsions.

EXPERIMENTAL

Paraffin oil and kerosene, which comprised the membrane phase solvent, were
obtained from Union Chemical Works, Ltd. (Taiwan). The surfactant Span 80
(sorbitan monooleate) was obtained from Wako Pure Chemical Industries Ltd.
(Japan). The carriers used were D2EHPA (di(2-ethylhexyl)phosphoric acid),
M2EHPA (mono(2-ethylhexyl)phosphoric acid), TBP (tributyl phosphate), and
naphthenic acid, and all were obtained from Fluka Chemie AG (Switzerland).
Inorganic salts NaCl, KCl, NaNOj3, Na,SO,, and inorganic acids HCI, HNO;,
H,S0,, obtained from Wako Pure Chemical Industries Ltd. (Japan), were used to
prepare the necessary internal aqueous phase. All chemicals were used as supplied.

50

Microwave power 800W
Microwave power 560W
Microwave power 420W
Microwave power 240W

40

<4080

(dS/dt), (min™)

0 2 4 6 8 10 12 14 16
Microwave time (sec)

Figure 2. Effect of microwave irradiation power. Emulsion volume = 25mL, O/A = 1.
Oil phase: Span 80 = 3 wt%, D2EHPA = 5wt%, paraffin oil = 40 wt%, kerosene =
52 wt%. Aqueous phase: [NaCl] = 1.0 M.
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Water-in-oil emulsion systems were studied throughout all experiments.
Liquid membrane emulsions (300 mL), with oil phase-to-aqueous phase volume
ratio (O/A) = 0.5-2, were prepared each run by dispersing internal aqueous
phase into oil membrane phase with the help of either Waring blender Model
CB-6, Dynamics Corporation of America or rotor—stator homogenizer (IKA
Ultra-Turrax model T25, Janke & Kunkel GMBH & Co. KG). After
emulsification, the freshly made emulsions were allowed to stand for 30 min of
relaxation time and then aliquots of the prepared emulsions were sampled for
microwave heating experiments and drop size analysis. The prepared emulsions
had good stability for several days. Drop sizes were analyzed by particle size
analyzer (Model CAPA-300, Horiba Ltd. Japan). A commercial microwave oven
(Model NN-7450, 2450Mz, Matsushita Electric Co. Ltd., Taiwan) was used for
microwave heating experiments in this work. Four kinds of power output (240,
420, 560, and 800 W) with time control were easily adjustable as the experiment
required. Emulsion sample (25 mL) was placed in a 50 mL beaker, which was
located in the same position in the microwave oven each time to eliminate
heating difference due to standing waves. After microwave irradiation, emulsions
were poured into graduated cylinders for settling measurements. The volumes of

50 100
®  Separation efficiency
O Initial demulsification rate
40 4 - 80
" 30 - 60
E S
= X
o <
B %)
g 20 4 F 40
10 4 F 20
0 0

Span 80 (wt%)

Figure 3. Effect of Span 80. Emulsion volume = 25mL, O/A = 1, power = 420 W,
microwave time = 12sec. Oil phase: D2EHPA = 5wt%, paraffin oil = 5 wt%,
kerosene = 84—89 wt%. Aqueous phase: [NaCl] = 1.0 M.
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the separated water phase were recorded as settling time. The separation
efficiency (S) is defined as follows

volume of separated water phase (mL)

Separation efficiency, S = — : :
P y original volume of water phase in emulsion (mL)

X 100% 6]

A typical plot of separation efficiency is shown in Fig. 1. A small amount of
sponge emulsions were observed at the interface between the separated oil and
aqueous phases under some experimental conditions. This might be accounted for
the separation efficiencies less than 100%, as shown in Fig. 1. After least square
curve-fitting, the initial demulsification rates were calculated by the initial slope
of the curves, i.e.,

d
Initial demulsification rate = (d_f> 2)

=0

100

80 4

S (%)

D2EHPA

TBP

M2EHPA
Naphthenic acid

20 4

<d40@

0 VWOV VvV VvV VvV VvV VTV
0 2 4 6 8 10 12 14 16

Settling time (min)
Figure 4. Effect of carriers. Emulsion volume = 25mL, O/A = 1, power = 420 W,

microwave time = 12sec. Oil phase: Span 80 = 3wt%, carrier = 5wt%, paraffin
oil = 5 wt%, kerosene = 87 wt%. Aqueous phase: [NaCl] = 1.0 M.
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Both limiting separation efficiency (i.e., final separation efficiency achievable)
and initial demulsification rate were used to discuss and compare the
influences of parameters on the microwave demulsification for each
experimental run.

RESULTS AND DISCUSSION

Figure 2 shows the effects of both microwave power output and irradiation
time on demulsification. No aqueous phase can be separated with a 240 W power
output. Even with power output above 420 W, a critical irradiation time greater
than 6sec is necessary to give significant demulsification rate. Power output
greater than 420 W seems unnecessary since its improvement is insignificant.
Demulsification rate increases with the irradiation time. However, irradiation
time longer than 15 sec suffered from boiling over. Therefore, 420 W and 12 sec
were used for all subsequent experimental runs.

Figure 3 gives the concentration effect of Span 80 on demulsification. It
shows that both separation efficiency and demulsification rate decrease with the

50 ° o 100
O
/
/ - 80
/
/
/
/ - 60
/ &
é
o) w
- 40
F 20
® Separation efficiency
O Initial demulsification rate
T T T O
0 2 4 6 8 10 12 14

D2EHPA (wt%)

Figure 5. Effect of D2EHPA. Emulsion volume = 25 mL, O/A = 1, power = 420 W,
microwave time = 12sec. Oil phase: Span 80 = 3wt%, paraffin oil = 5 wt%,
kerosene = 82-92 wt%. Aqueous phase: [NaCl] = 1.0 M.
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increase in Span 80 concentration. It is also noted that no separation is observed
when the amount of Span 80 is above 6 wt%. The reason is obvious since Span 80
increases the oil viscosity, strengthens the interface, hinders the water droplet
coalescence, and thus stabilizes the emulsions.

The addition of carrier to oil membrane phase is often necessary for
improving the separation rate and selectivity. However, some types of carriers
with some kinds of functional groups, such as carboxylic acid or phosphate, were
proven to have negative interaction with Span 80, destroying the function of
surfactant and resulting in the instability of emulsions. Four types of carriers, i.e.,
D2EHPA, M2EHPA, TBP, and naphthenic acid, were used for comparison. The
results are shown in Fig. 4. It is noted that emulsion with D2EHPA is the most
easily broken system while that with naphthenic acid is the most stable system.
For further investigation, the concentration effect of D2EHPA is shown in Fig. 5.
Surprisingly, without D2EHPA, the emulsion is very stable and no separation is
observed. As the concentration of D2EHPA increases, both separation efficiency
and demulsification rate increase significantly. When D2EHPA is beyond 8 wt%,
100% of separation efficiency is attained quickly. The interaction effect and high

100
@ HNO,
O HCI - 80
v HZSOA
F 60
S
w
- 40
F 20
f 0
1.2 14

Acid (N)

Figure 6. Effect of acids. Emulsion volume =25mL, O/A =1, power =420W,
microwave time = 12sec. Oil phase: Span 80 = 3 wt%, D2EHPA = 5 wt%, paraffin
oil = 5 wt%, kerosene = 87 wt%. Aqueous phase: acid solution.
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microwave absorption power of D2EHPA are considered to be responsible for
this phenomenon.

Figure 6 compares the effects of internal aqueous solution with different
amounts of acids on the demulsification. It is shown that both separation
efficiency and demulsification rate are increasing with the acid concentration.
Ionic migration is thought to be responsible for the concentration effect. Among
the three kinds of acids, HNOj; solution caused the emulsion to be broken most
easily. For comparison, the effect of internal solution with different amounts of
electrolytes is shown in Fig. 7. According to the study of Neas and Collins,*! the
microwave dissipation factor of NaCl solution increases with the electrolyte
concentration when its range is below 0.5 M. A solution with high dissipation
factor gives good microwave absorption capability and thus shows high
microwave heating effect. That is why both separation efficiency and
demulsification rate increase with the electrolyte concentration in dilute range.
However, when the electrolyte is concentrated (> 0.5 M), the dependence is
totally different as shown in Fig. 7. The limitation of dipole rotation of water
molecules due to “salting effect,” especially in the concentrated range, is thought
to be responsible for the results.

100
Na,S0,
KCI
NaNOS L 80
NaCl
TE - 60
E 2
o S
e} w
g - 40
20
0
25

Electrolyte (M)

Figure 7. Effect of electrolytes. Emulsion volume = 25 mL, O/A = 1, power = 420 W,
microwave time = 12sec. Oil phase: Span 80 = 3 wt%, D2EHPA = 5 wt%, paraffin
oil = 5 wt%, kerosene = 87 wt%. Aqueous phase: electrolyte solution.
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Due to the effects of both dipole rotation and ionic conduction, aqueous
solution has higher dissipation factor, and thus higher microwave heating
effect, than oil membrane solution. It is expected that the relative volume ratio
of O/A will significantly influence the demulsification rate and separation
efficiency. Figure 8 depicts the results of O/A ratio effect. As expected, both
separation efficiency and demulsification rate decrease with the increase in
O/A ratio. The influence is greatly significant when the value of O/A ratio is
greater than 1.

Three mechanisms, i.e., drop—drop coalescence, sedimentation, and
interface coalescence are responsible for the separation of water droplet phase
during demulsification. Drop size is the key factor to all these mechanisms and
plays an important role in the demulsification rate. The smaller the drop size is
the harder the emulsion will be broken. It was found that drop sizes of
emulsions prepared by rotor—stator homogenizer were smaller than that
prepared by Waring blender. As can be seen in Fig. 9, both separation
efficiency and demulsification rate do increase with drop size. For systems
with drop size greater than 10 um, W/O emulsion can be demulsified easily by
microwave radiation.

20 100
® Separation efficiency
O Initial demulsification rate L g0
15 4
TE F 60
£ 9
o 101 =
£l %)
& - 40
z
5 -
F 20
0 0
0.0 25

O/A

Figure 8. Effect of O/A ratio. Emulsion volume = 25 mL, power = 420 W, microwave
time = 12sec. Oil phase: Span 80 = 3 wt%, D2EHPA = 5 wt%, paraffin oil = 5 wt%,
kerosene = 87 wt%. Aqueous phase: [NaCl] = 1.0 M.
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Figure 9. Effect of water droplet size in emulsion. Emulsion volume = 25mL, O/A = 1,
power = 420 W, microwave time = 12sec. Oil phase: Span 80 = 3 wt%, D2EHPA =
5 wt%, paraffin oil = 5 wt%, kerosene = 87 wt%. Aqueous phase: [NaCl] = 1.0 M.

CONCLUSIONS

Microwave radiation is first applied in breaking the liquid membrane
emulsions. This kind of tailor-made emulsion is usually considered as a system that
is hard to be demulsified by conventional methods. The results of this work show
that microwave radiation, a dielectric heating technique with the unique
characteristics of fast, volumetric, and selective heating is feasible and has the
potential to be used as an alternative way in the demulsification process. This new
separation technology does not require chemical addition and high electric voltage.
Furthermore, since microwaves can penetrate thick, viscous emulsions, it is more
effective in heating viscous liquid membrane emulsions than other methods and is
considered to play an important role in the acceleration of demulsification.
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