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ABSTRACT

A new process for the demulsification of oil-in-water (O/W) emulsion with high-pressure carbon
dioxide (CO,) was proposed. For the confirmation of the concept, demulsification of O/W emul-
sion formed with a nonionic surfactant, Tween 20, was conducted. The behavior of O/W emulsion
under high-pressure CO, was examined with a visual observation and an electrical conductivity
measurement of the emulsions. Efficiency of the demulsification was evaluated by the oil content
of water-rich phases and the amount of water-rich phases separated from the emulsion by the
creaming of the oil phases. Experimental results revealed that the high-pressure CO, acts as a
swelling reagent that lowers the density of the dispersed oil phase to induce the floatation of the
oil droplet that leads to an efficient demulsification.
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1. Introduction

An emulsion is a dispersion of one liquid in another
where each liquid is immiscible, or poorly miscible in
the other [1]. This emulsion is divided into two types,
oil-in-water (O/W) and water-in-oil (W/O).

In the industrial mass waste water treatment,
O/W emulsion needs to be demulsified. Generally,
the demulsification is performed by gravitational
sedimentation, pressure floatation and membrane
separation. The functional declines of surfactants by
the addition of electrolytes (e.g. CaCls, AlCl3) as well
as surfactants that have different HLB are also effec-
tive [2—4]. However, processing of a large amount of
O/W waste water with high performance is very dif-
ficult [5].

*Corresponding author

For the efficient demulsification, we propose a new
process that uses high-pressure Carbon dioxide (CO5)
as a demulsification reagent. Considering the CO, as a
demulsifying reagent, there are two advantages. One
is that the CO, has high affinity to nonpolar sub-
stances such as alkane oils, and dissolves into the oil
phase to swell the oil droplets of O/W emulsion
which results in the decrease in density. The differ-
ence in density between the oil phase and the aqueous
phase enhances the demulsification. The other is that
the CO, dissolves into the water phase to form carbo-
nic acid that acts as an electrolyte. The carbonic acid
breaks electric charge balance of O/W emulsion, and
the surfactant layer on the oil-water interface
becomes unstable.

In this study, demulsification of O/W emulsion
formed with a nonionic surfactant, Tween 20 [6], was
conducted to confirm the feasibility of the concept
described above.
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2. Experimental
2.1. Materials

n-Decane, n-dodecane and n-hexadecane were used
for the oil phase of O/W emulsions. They were all spe-
cial grade, and were purchased from Wako pure che-
micals, and used as received. Distilled and deionized
water, prepared in our laboratory, was used for the
aqueous phase of O/W emulsions. Nonionic surfactant
polyoxyethylene sorbitan monolaurate (Tween 20) was
also supplied from Wako pure chemicals, and used
without further treatment. The CO, was supplied from
the Tomoe Shokai, and was used as received. The pur-
ity was 99.99%.

2.2. Experimental condition

All experiments were mainly conducted at 50°C
and pressures up to 10 MPa.

2.3. Preparation of emulsions

O/W emulsions were prepared by stirring the mix-
ture of distilled water, Tween 20, and oil using a high-
speed homogenizer (ULTRA-TURRAX T-25 Basic,
IKA) at 20,000 rpm for 1 h. The mass ratio of water:sur-
factant:oil was 85:1:14. Surfactant was added to the
water before the emulsification. These emulsions were
stable within the experimental time range.

2.4. Visual observation of solutions

The demulsification was performed by treating the
O/W emulsions with high-pressure CO, in a stainless
steel high-pressure autoclave that has an optical win-
dow. One milliters of samples was placed in the glass
cylinder (2.5 mL in volume) that has a scale to measure
the change in volume of the sample. Through the win-
dow, the behavior of O/W emulsions under high-
pressure CO, was observed visually. The swelling
behavior of aqueous surfactant solution and pure oils
were also examined. The change in volume of solu-
tions, especially for oils, was measured, and the expan-
sion coefficient of the oil phase was calculated.

2.5. Electrical conductivity measurement

Generally, stability of emulsions is evaluated with
using dynamic light scattering (DLS), turbidity mea-
surement, dielectric constant measurement, and elec-
tric conductivity measurement [7-11]. In particular,
the electric conductivity of the emulsion is a good mea-
sure of the ion concentration as well as the volume ratio

of the dispersion phase that has different conductivity
with the continuous phase. Electrical conductivity
change of the O/W emulsion during the demulsifica-
tion was measured by an impedance analyzer (HP
4192A, Hewlett Packard) and a plate capacitor with a
high-pressure autoclave that has no window. The plate
capacitor was set at the bottom of the O/W emulsion
sample placed in a glass cup set in the autoclave. The
electrical conductivity of the aqueous Tween 20 solu-
tion was also measured for comparison.

2.6. Evaluation of demulsification efficiency

The demulsification of O/W emulsion samples
(50 g) was measured with an autoclave that has two
windows on both sides. As the demulsification pro-
ceeds, phase separation of the O/W emulsion occurs
to form an upper oil rich phase (i.e., creaming layer)
and a lower water rich phase. After the demulsifica-
tion, the lower phase was separated from the creaming
layer with using the pressure difference between inside
and outside of the apparatus.

In this study, demulsification efficiency was evalu-
ated by two means: mass fraction of the lower phase
to the total mass of the O/W emulsion (Xynger [Wt%]),
and mass fraction of the oil in the lower phase (doq
[wt%]). This oil contents in the lower phase was calcu-
lated from the heat of melting of the oil in the sampled
lower phase obtained from a differential scanning
calorimetry (55C5200, Seiko Instruments Inc.) thermo-
gram as follows:

AH,;
Goin[Wt%] = H—Oll x 100, (1)

oil

Mass of lower phase
Xy t%)| = - 100, 2
nder (W) Total mass of emulsion X )

where AH,; [J] is the heat of melting of the oil per gram
of the emulsion, and H,; [J/g] is the heat of melting per
gram of the oil. As Xnger represents the amount of the
lower phase recovered from the emulsion to the initial
emulsion, its maximum value is 86%. When the ¢ is
low and the Xnger is high, the demulsification effi-
ciency is high.

3. Results and discussion
3.1. Visual observation

Fig. 1 shows the O/W emulsions of decane (a),
dodecane (b) and hexadecane (c) before and after the
high-pressure CO, treatment for 2 h.
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Before pressurization

After 2h pressurization

Fig. 1. Photo images of the emulsions before and after the processing with high-pressure CO, at 50°C and 10 MPa, (a) decane;

(b) dodecane; (c) hexadecane. The processing time was 2 h.

As could be seen from the figure, the white-cloudy
emulsion separated into the clear lower phase (water-
rich phase) and the white-cloudy upper phase (creaming
layer) by the pressurization with CO,. By comparison, in
case that the O/W emulsion was left still for 2 h at 50°C
at ambient condition, obvious change was not observed
(Fig. 7a). Therefore, it confirmed that this rapid phase
separation is attributed to the deed of the high-
pressure COs.

These results indicate that it is possible to demulsify
the O/W emulsions with using high-pressure CO,.
From the figure, it is also clear that the smaller the car-
bon number of the oil, the larger the volume of the
upper oil phase.

It is presumably due to the increase in the solubility
of CO;, in the oil with the decrease in the carbon num-
ber of alkanes, which results in the increase in volume
of the oil phase in the emulsion. As the high expansion
of the oil phase volume may influences the experimen-
tal results, further experiments were conducted with
hexadecane as the oil phase.

Fig. 2 shows the photo images of hexadecane before
(a) and after 2 h of pressurization with CO, at 50°C and
at pressures up to 10 MPa (b—f). As could be seen from
the figure, the higher the pressure of CO,, the larger the
degree of the volume change of hexadecane.

Fig. 3 shows the photo images of the aqueous
solution of Tween 20 (i.e., the aqueous phase of the
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Fig. 2. Photo images of hexadecane before (a) and after 2 h of pressurization with CO, at 50°C and pressures up to 10 MPa (b—f).
(a) Before pressurization, (b) 2 MPa; (c) 4 MPa; (d) 6 MPa; (e) 8 MPa; (f) 10 MPa.

emulsion) before (left) and after 2 h of pressurization
with CO; at 50°C and 10 MPa (right). The volume of
the surfactant solution hardly changed after the
pressurization.

From Figs. 2 and 3, it could be concluded that the
pressurization with CO, causes the swelling of the oil
phase, and results in the increase in density difference
between the oil phase and the aqueous phase. This
increase in density difference will induces the accelera-
tion of flotation of the oil droplets in the emulsion.

Fig. 4 shows the time course of the expansion coeffi-
cient of hexadecane under high-pressure CO, at 50°C
and at pressures up to 10 MPa. The expansion coefficient
was calculated according to the following equation.

AV \
p=", x 1000%), (3)

where B [%] is the expansion coefficient, AV [em?] is
the increase in the volume of hexadecane under high-
pressure CO,, and V), [em?] is the volume of hexade-
cane before pressurization.

From the figure, it is clear that the expansion of hex-
adecane was completed within about 10 min. This
result indicates that diffusion of CO, into hexadecane
and following expansion completes within 10 min.

The density of hexadecane under high-pressure
CO, was calculated using the expansion volume and
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Before pressurization

After 2h pressurization

Fig. 3. Photo images of the aqueous solution of Tween 20 before (left) and after 2 h of pressurization with CO, at 50°C and

10 MPa (right).

the density of CO, according to the following equation
with the following assumption:

1. The volume change of hexadecane under pressure is
caused by the dissolution of CO; into hexadecane.

2. The molar volume of CO, doesn’t change in
hexadecane.

3. Hexadecane does not dissolve into CO..

P _ Mo+ peo, AV (4)
P Vo + AV
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Fig. 4. Time course of the expansion coefficient of hexadecane
under high-pressure CO, with 50°C, each pressure (2-10
MPa). (O) 2 MPa, (A) 4 MPa; ((J) 6 MPa; (@) 8 MPa and
(A) 10 MPa.

In Eq. (4), pp [g cm ] is the density of hexadecane
under high-pressure CO,, M [g] is the mass of hexade-
cane before pressurization, pcos [g cm 2] is the density
of CO,, AV [em?] is the increase in the volume of hex-
adecane under pressure, and V) [em?] is the volume of
hexadecane before pressurization. The density of CO,
at 50°C was calculated with an accurate equation of
state [12], and shown in Table 1.

Fig. 5 shows the expansion coefficient of hexade-
cane and the density of hexadecane under high-
pressure CO,. The expansion coefficient increased with
the increase in pressure.

From the expansion coefficient and the density of
hexadecane under high-pressure CO,, floatation rate
ratio, or the ratio of the flotation rate of the O/W emul-
sion droplet under high-pressure CO, to that under the
ambient condition 50°C under atmospheric pressure),
was evaluated by Eq. (6) with the following
assumptions:

1. Stokes’ equation (5) could be adapted under high-
pressure CO..

2. The density of the aqueous phase of the O/W emul-
sion does not change under high-pressure CO..

Table 1

Density of CO, at 50°C

Temperature Pressure of Density of
[°C] CO, [MPa] CO; [gem ]
50 2 0.0355988

50 4 0.0788582

50 6 0.1352086

50 8 0.2191840

50 10 0.3843289
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Fig. 5. Pressure dependence of the expansion coefficient of
hexadecane (A) and the density of hexadecane under high-
pressure CO; (O).

3. Aggregation of the oil droplet does not take place
during the flotation. The droplet diameter depends
only on the expansion ratio.

_Dylpr—py)e
181 ’

Vs

(5)

vs, under pressure

Flotation — rate ratio = -
v, abbient

o (1 + B/100)2/3 X (pf - pp)under pressure
(pf - pp)abbiem

(6)

where v, [em s '] is the flotation rate of the oil droplet
in the O/W emulsion, D, [cm] is the diameter of the oil
droplet, p¢ [g cm ] is the density of the aqueous phase,
pp [g cm ] is the density of the oil phase, g [cm s~ is
the gravity acceleration, and n [Pa s] is the viscosity of
the aqueous phase.

The floatation rate ratio was adopted because the
calculation of the exact flotation rate of the oil droplet
under high-pressure CO; is difficult because the dro-
plet size is unknown [13].

Fig. 6 shows the flotation-rate ratio of the hexade-
cane droplet. It should be noted that the flotation-rate
ratio is 1.0 [-] at 50°C and under atmospheric pressure.

From the figure, it is clear the floating rate of the
droplet swollen by the CO; is faster than that without
CO,. In the real systems, increase in the flotation rate
would be more significant due to the swelling of the oil
droplet by CO..
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Fig. 6. Flotation-rate ratio of the hexadecane droplet based on
the Stokes” equation. The flotation-rate ratio is 1.0 [-] at 50°C
under atmospheric pressure.

Fig.7 shows the photo images of the hexadecane O/W
emulsions under various pressures at 50°C after 2 h. The
clarity of the lower phase of the hexadecane emulsion
increased with the increase in pressure. As described
above, this fact could be explained by the increase of the
droplet flotation rate with the increase in pressure.

3.2. Electrical conductivity

In this study, the electrical conductivity was mea-
sured to observe the behavior of creaming of the O/
W emulsion under high-pressure CO,. As the electrical
conductivity of the oil phase is much lower than that of
the aqueous phase, the electrical conductivity of the
lower phase increases with the floatation of the oil dro-
plet. Therefore, the rate of increasing in electrical con-
ductivity corresponds to the rate of creaming.

Fig. 8 shows the time course of the electrical con-
ductivity of the O/W emulsions and Tween 20 solution
under high-pressure CO,. For the case of the Tween 20
solution, the electrical conductivity rapidly increased
to the saturation value within 100 min after the pres-
surization. On the other hand, in the case of the O/W
emulsions, the electrical conductivity increased slowly,
and not reached to the conductivity of the Tween 20
solution within the time range of this study. In addi-
tion, except for just after the pressurization, the smaller
the carbon number of the oil, the higher the electrical
conductivity of the emulsion. It is presumably due to
the fact that the decrease in the alkane carbon number
of oil causes increase in the solubility of CO,, and then
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(b)

(d)

Fig. 7. Photo images of the hexadecane emulsions under high-pressure CO, at 50°C after 2 h. (a) Before experiment, (b) atmo-
spheric pressure; (c) 4 MPa; (d) 6 MPa; (e) 8 MPa and (f) 10 MPa.

accelerates the decrease in density of the oil phase. As a
result of the decrease in the oil phase density, the con-
centration of the oil droplets in the lower phase
decreases by the flotation of the oil droplets.

3.3. Demulsification efficiency

In this study, the demulsification of the hexadecane
O/W emulsion was conducted with three different
procedures as follows:

Method 1: Static method.
The O/W emulsion was pressurized by CO, without
stirring, and left still during the demulsification period.

Method 2: Stirring method.

The O/W emulsion was pressurized by CO, with stir-
ring. After the pressurization, the emulsion was stirred
for 10 min with a stirring tip at the bottom of the glass
cell. Then, the stirring was stopped, and the emulsion
left still for the demulsification.

Method 3: Bubbling method.

The O/W emulsion was pressurized up to 8 MPa simi-
lar to the static method. Then, CO, was further fed to
the autoclave from the bottom of the emulsion by bub-
bling. After the pressure reached to 10 MPa, the bub-
bling was stopped, and the emulsion left still for the
demulsification.
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Fig. 8. Time course of the electrical conductivity of the lower

phase of the emulsions: decane (O), dodecane ([J), hexade-

cane (A\), and Tween 20 solution (@) (aqueous phase of
emulsions) at 50°C and 10 MPa.

Fig. 9 shows the demulsification efficiency for
Method 1. It could be seen from the figure that the ¢,;
decreased rapidly at first though, the change became
small for the longer time. This behavior qualitatively
corresponds to the electrical conductivity of the lower
aqueous phase of the hexadecane emulsion. These facts
could be attributed to the diffusion resistance of the
upper phase (i.e., the oil rich creaming layer which
formed after the pressurization) for CO,. The initially
formed creaming layer inhibits the diffusion of CO,
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Fig. 9. Time course of the ¢ (M) and the Xy nger (A) of the
hexadecane emulsion in the case of Method 1. (50°C, 10 MPa)
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Fig. 10. Time course of the ¢.; () and the X, nqer (A) of the
hexadecane emulsion in the case of Method 2. (50°C, 10 MPa)

to the lower phase, which results in the slow flotation
of the emulsion droplets in the lower phase.

In addition, as expected, the mass fraction of the
lower layer Xunger also decreased with the formation
of the creaming layer. However, the X;nqer does not
reach to the 86%, the theoretical limit. This fact sug-
gests that water was absorbed into the gap between the
oil droplets in the creaming layer, and could not be
recovered from the emulsion.

Fig. 10 shows the demulsification efficiency for
Method 2. This stirring method is constructed from the
stirring step and the resting step. These steps will have
following effect, respectively.

Stirring step: The diffusion of CO, into the lower
phase and the dissolution of CO; into the oil droplets are
accelerated by breaking the creaming layer with stirring.

Resting step: The formation of the creaming layer is
accelerated by leaving the emulsion at rest.

As shown in the figure, the rapid decrease of the ¢,y
lasted for 2 h. Compared with Method 1, the ¢,; was
initially higher in the short time range (up to an hour)
though, the ¢,y decreased to less than 1 wt%. The
initial stage could be explained by the breakage of the
emulsion droplet due to the stirring, which inhibits the
floatation.

Fig. 11 shows the demulsification efficiency for
Method 3. This bubbling method has the CO, bubbling
step at the pressurizing period and the resting step.
The CO, bubbling step will have the following effects.

1. The diffusion of CO; into the lower phase and the
dissolution of CO; into the oil droplets are acceler-
ated by feeding CO, in the form of bubble.
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2. As the bubbling is conducted slowly, the diffusion
of CO; is accelerated without breaking the creaming
layer and the droplet breakage.

As shown in the figure, the ¢y was rapidly
decreased compared with the other two methods, and
reached to about 1 wt% after 1 h of the pressurization.

The demulsification efficiency was dramatically
improved with the bubbling.
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Fig. 12 shows the plot of the Xy nger Versus the ¢, of
the hexadecane O/W emulsion obtained in this study.
As shown in the figure, Method 3 is the most close to
the optimum point (theoretical limit) of the three meth-
ods. The discrepancy between the theoretical limit and
the experimental results suggests the existence of water
trapped between the oil droplet in the creaming layer.
In addition, the facts that the X,nqer is roughly propor-
tional to the ¢y and their slope was similar to each
other for all three methods indicate that the coalescence
of the oil droplets hardly happened in this demusifica-
tion process.

4. Conclusions

In this study, a new process for the demulsification
of O/W emulsion with high-pressure CO, was pro-
posed. For the confirmation of the concept, the demul-
sification of the model O/W emulsion formed with a
nonionic surfactant, Tween 20, was conducted. Experi-
mental results show that the pressurization with CO, is
hopeful for the new demulsification process.

Symbols

Xunder Mass fraction of lower phase to total mass
of emulsion, wt%

Poit Mass fraction of oil in the lower phase, wt%

AHuy Heat of melting of oil per gram of the emul-
sion, |

Hgy Heat of melting per gram of oil, ] g~ '

B Expansion coefficient, vol%

AV Expansion volume, cm®

Vo Volume of hexadecane before pressuriza-
tion, cm®

Vg Flotation rate of oil droplet, cm st

D, Diameter of oil droplet, cm

Pt Density of aqueous phases, g cm >

Pp Density of oil phase, g cm >

g Gravity acceleration, cm s~

n Viscosity of aqueous phase, Pa s
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