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Abstract

This study aims to examine the effect of temperature, co-surfactant
content, mixed surfactant content and oil content on the phase behavior of
mixed nonionic surfactant system with vegetable oils.

The systems studied are: Water/ Surfactants/ Co-surfactants/ Oil or
Water/ mixed surfactants/ Oil. The surfactants used in this study are sucrose
esters; sucrose monolourate (Lisss) and sucrose monostearate (Sis70) beside
ethoxylated mono diglycerides (EMDG) which are nonionic surfactants
varying in their structure and hydrophilicity. The head group of the sucrose
esters is sucrose, and the lipophilic tail is the ester of fatty acids. In the case of
EMDG, the head group is the result of the ethoxylation of 20 moles of
ethylene oxide per one mole of a mixture of stearate and palmitate esters of
glycerin.

The co-surfactants used are food, cosmetic and pharmaceutical grade
short chain alcohol (ethanol) and its substitute 1, 2-propandiol (propylene
glycol, (PG)) which is one of the least hydrophilic simple polyols that are
soluble in water but practically insoluble in the oil phase.

The oils used are: R (+)-limonene, Isopropylmyristate (IPM) and caprylic-
capric triglyceride (MCT).

The mono terpene hydrocarbon (R (+)-limonene), the major constituent of
citrus essential oils, is often used in food, cosmetic, and coating materials. R
(+)-limonene is essentially insoluble in water, IPM is a straight chain oil used
in many pharmaceutical formulations owing its compatibility with biological
systems and is expected to be environment friendly.

Medium chain triglyceride (MCT) is fully saturated and stable to
oxidation and used in many foods, cosmetic and pharmaceutical

formulations.



In the system: Water/ Lies/ PG/ Oil, R (+)-limonene was not able to
form three-phase region over all of the range of temperatures studied or
mixed surfactant and co-surfactant contents when the Oil/(Oil + water ), weight
ratio was constant ( & ) =50 wt% only one or two-phase region were formed.
For PG/(PG + L), weight ratio ( 6 ) = 25 wt% the minimum amount of
surfactant and co-surfactant needed to form the one phase region is y min =50

wt% and the temperature at which this one phase region was formed is 55°C.
This y min increases as ¢ increases. IPM and MCT formed three-phase region,
beside the one and two-phase regions formed. The efficiency (7 ) of the mixed
surfactant and co-surfactant increases from 50 to 65 wt%, as J increases in the
case of IPM and decreases from 60 to 45 wt% as & increases in the case of
MCT. The phase inversion temperature T @m increases from 82 to 92°C as &
increases in the case of IPM and decreases from 91 to 87.5 °C as ¢ increases in
the case of MCT.

In the system: Water/ Sis7/ PG/ Oil, no three-phase formation with R(+)-
limonene and IPM only one or two-phase region were formed, while in the
case of MCT the three-phase was formed over all of the range of ¢ studied.

Using the system: Water/ EMDG/ PG/ Oil, no three-phase formation for ¢
values > 25 wt% with IPM and MCT. In the case of R (+)-limonene, the three-
phase is formed for § values > 75 wt%.

While in the case of the system: Water/ Licos/ EMDG/ Oil , three-phase is
formed for the three oils when & values > 25 wt%, 7_/ increases as 0 increases
in the presence of R (+)-limonene and decreases in the case of IPM or MCT.
The T increases as § increases in the case of R (+)-limonene and decreases in
the case of IPM and MCT.

In the system: Water/ Sis/ EMDG/ Oil, no three-phase formation in the

case of R(+)-limonene, only one-phase region beside the two-phase region. In



the case of IPM, the three-phase region is formed when ¢ values > 75 wt%
and in MCT, the three-phase is formed in the whole range of ¢ studied.

In the pseudo-ternary phase behavior at constant T, the systems: Water/
Lisss/ EMDG/ Oil + EtOH, were studied. The oils were R (+)-limonene and
IPM, and the weight ratio of L,s,./EMDG was varied from 1 to 1/3, and the
weight ratio of Oil/EtOH was 1 in the case where EtOH was present in the
system.

The solubilization parameters calculated were the maximum amount of
solubilized water (Wm) and total area of the one-phase region (Ar). The
system: Water/ Lies + EMDG (1/1)/ EtOH + R (+)-limonene (1/1), gave the
maximum amount of Wm =100 wt% in the presence and absence of EtOH, the
Ar in the presence of EtOH was 74.2 % and in its absence was 61.6%.

Another objective of this study is to elucidate the microstructure of the
one-phase region which was formed. This was done by using electrical
conductivity and self-diffusion NMR techniques. The systems studied by
electrical conductivity were: Water/ Lisss/ EMDG/ Oil where 6 and y (wt %),
were constant equal 50 and 31 wt%, respectively. a (wt %) and T were
varied.

The oils were R (+)-limonene and IPM. The electrical conductivity (x) of
the system containing R (+)-limonene varies from 1.8 x 10% S/cm at o =10
wt% to 4.7 x 10°S/cm at « =90 wt%, While in the case of IPM « varies from
426 x 10° S/cm at a =10 wt% to 1.26 x10* S/cm at o = 90 wt% and varies
linearly with temperature.

The system containing IPM was investigated using self-diffusion NMR,
and was found that the relative self-diffusion coefficient of water and oil
varies as «a varies. It decreases from 0.83 to 0.1 in the case of water, and from

0.001 to 0.36 in the case of oil when ¢ values 10 and 85 wt%.



The hydrodynamic radius (R,,) was calculated at 90 wt% water and
was equal to 7.3 nm and the area (a) per polar head group was estimated at
75A".

A third objective explored in this study was the solubilization of
pharmaceutical active ingredients, sodium diclofenac in model
microemulsion systems studied in this work which were: Water/ Lisss) EMDG/
EtOH + Oil.

The solubilization capacity in the microemulsion systems passes,
through a maximum at a = 61.5 wt% in the systems: water/ Lisss/ EMDG/ Oil
for the two oils studied (R (+)-limonene, and IPM).

In the case where ethanol is present in the system: Water/ Licss/ EMDG/
Oil+ EtOH (1/1), the maximum solubilization capacity passes through a
maximum at o =23 wt%. If we suppose that ethanol is present only in the oil
phase, then the a where is the maximum solubilization occurs, equals 37.5

wt%.
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Cpa (cepa ) Upper critical end point

cps (cepp) Lower critical end point

Tep Tricritical point

AT The three-phase temperature interval

a or The mass fraction of oil in the mixture of water

and oil



) The mass ratio of surfactants in the mixture

/4 Mass fraction of surfactant in the whole mixture

Wm Surfactant in water

Om Surfactant in oil

T Mean temperature

y Mean concentration

¥ min Minimum concentration

W Maximum solubilization of water

Sm Amount of surfactant needed to obtain
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K Electrical conductivity

Do Diffusion coefficient of the neat component

D/Do Relative diffusion coefficient

SC Solubilization capacity
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25°C).
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Table 4.31: Solubilization capacity (SC) of diclofenac sodium in the 182
system: Water/ Liess + EMDG (1/1)/ IPM + EtOH (1/1),
along the dilution line D 60:40, at constant temperature
(T=25°C).
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Figure

Fig. 1.1:

Description

A droplet microemulsion phase (A) can be of the O/ W (B) or
the W/ O type (C). Typically, but not exclusively, the drops
are nearly spherical and have a small size polydispersity.

Fig.1.2: A bicontinuous structure.

Fig.1.3:

(A) A series of phase diagrams of a ternary system
transformed from Winsor I {(a) and (b)} via Winsor II {(c), (d)
and (e)} to Winsor II {(f) and (g)}. The dark triangles are
three-phase regions. Tie lines indicate the composition of the
two-phase regions. S, W and O stand for surfactant, water,
and oil, respectively. (B) Phase changes of a system
containing equal amounts of oil and water and a given (low)
amount of surfactant.

Fig. 1.4: The schematic change in phase behavior in a mixed-

Fig.1.5:

surfactant system. Wm and Om are aqueous micellar and
reverse micellar solution phases. W and O are excess water
and oil phases. D indicates a microemulsion (surfactant)
phase. Wi is the weight fraction of lipophilic surfactant in the
mixed surfactant.

A schematic view of the "unfolded" phase prism
highlighting the three relevant binary phase diagrams. The
most important features are the upper critical point on the
oil-surfactant binary diagram, cpa (which occurs at the
temperature T«), and the lower critical point on the water-
surfactant binary diagram, cps (which occurs at the
temperature Tp).

Fig. 1.6: Formation of a three-phase body with nonionic amphiphiles by

Fig.3.1:

breaking the connected critical line at a tricritical point (tcp) by
increasing the carbon number of the oil.

Schematic phase prism in temperature-composition space.
Showing the two vertical sections at either constant value of
the oil fraction «, or at constant surfactant concentration y.
The lamellar phase La also is shown at high surfactant
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concentrations.

Fig.3.2: The pseudo-binary phase diagram at o= 50 wt% as a
function of temperature and surfactant concentration, y is
the minimum surfactant concentration needed to make a
single phase containing equal amounts of oil and water,
and is a measure of the efficiency of the surfactant. yo
marks the lowest possible surfactant concentration where
three liquid phases form. The temperatures T1 and Tu are
the temperature boundaries of the three-phase region. The
phase boundaries trace the shape of a "fish".

Fig.3.3: Solubilization parameters for a schematic phase diagram. The
weight ratio alcohol/ oil is varied from 1/ 2 in some cases to 1/
1 or 3/ 1 in others, 1¢ (L2) is the area the W/ O microemulsion
(one phase region), 2¢ is the area two phase region. Wmis the
maximum amount of solubilized water, Sm is the amount of
surfactant needed to obtain maximum solubilization, and P is
a point on the boundary of the monophasic area at which the
water content reaches maximum.

Fig.4.1: Binary phase behavior of the System: Lisss/ Oil as a function of
surfactant concentration (7 (wt%)) and Temperature (T (°C)).

Fig.4.2: Binary phase behavior of the System: Sis70/ Oil as a function of
surfactant concentration (7 (wt%)) and Temperature (T (°C)).

Fig.4.3: Binary phase behavior of the System: EMDG/ Oil as a function
of surfactant concentration (y (wt%)) and Temperature (T
(O).

Fig.4.4: Binary phase behavior of the System: Water/ Surfactant as a
function of surfactant concentration (y (wt%)) and

Temperature (T ("C))

Fig.4.5: Binary phase behavior of the Systems: Surfactant/ PG as a
function of surfactant concentration (y (wt%)) and

Temperature (T (°C)).
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Fig.4.6: Phase behavior of the System: Water/Liess / Oil as a function of
7 (wt%) and temperature at constant Oil/ (Oil +Water)

weight ratio o =50 (wt%).

Fig.4.7: Phase behavior of the System: Water/ Sis7o / Oil as a function
of y (wt %) and temperature at constant Oil/(Oil +Water)

weight ratio, a =50 (wt %).

Fig.4.8: Phase behavior of the System: Water/ EMDG/ Oil as a
function of y (wt %) and temperature at constant

Qil/(Oil +Water ) weight ratio, & =50 (wt %)

Fig.4.9: Phase behavior of the System: Water/ PG/ Oil as a function of
7 (Wt %) and temperature at constant Oil/ (Oil +Water)
weight ratio, a =50 (wt %).

Fig.4.10: Phase behavior of the System: Water/ Licws/ PG/ R(+)-
Limonene as a function of &, y (wt%) and temperature at

constant Oil/(Oil +Water ) weight ratio, a =50 (Wt%).

Fig.4.11: Phase diagram for the system: Water/ Liws/ PG/ R (+)-
Limonene at constant temperature (T =50°C (A) and 80°C (B))
as a function of § and y (wt%). The Oil/(Oil +Water ) weight

ratio, a =50 (wt %).

Fig.4.12: Phase behavior of the System: Water/ Sisn/ PG/ R (+)-
Limonene as a function of & (wt%), y (wt%) and temperature
at constant Oil/(Oil +Water ) weight ratio, a =50 (wt%).

Fig.4.13: Vertical section through the phase prism for the system:
Water/ Sisn/ PG/ R (+)-Limonene at constant surfactant
concentration (y) equals 20 wt% and constant PG weight
content in the mixture of surfactant (0) and equals 0 wt%
and 25 wt% as a function of temperature and
Oil/(Oil +Water ) weight ratio, & (wt %).

Fig.4.14: Phase diagram for the system: Water/ Sisn/ PG/ R (+)-
Limonene at constant temperature (T = 60°C) as a function of
§ and y (wt %). The Oil/(Oil +Water) weight ratio, & = 50

(Wt%).
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Fig.4.15: Phase behavior of the System: Water/ EMDG/ PG/ R (+)-
Limonene as a function ofd, y (wt %) and temperature at
constant Oil/(Oil +Water ) weight ratio, & =50 (wt%).

Fig.4.16: Phase diagram for the system: Water/ Lisss/ EMDG/ IPM at
constant temperature (T = 72.5°C) as a function of & and y

(wt %). The Oil/(Qil +Water ) weight ratio, & =50 (wt %).

Fig.4.17: Phase behavior of the System: Water/ Lisss/ PG/ IPM as a
function of 6, y (wt%) and temperature at

constant Oil/(Oil +Water ) weight ratio, & =50 (wt%).

Fig.4.18: Vertical section through the phase prism for the system:
Water/ Lieos/ PG/ IPM at constant surfactant concentration ()

equals 26 wt% and 35.5 wt% and constant PG weight content
in the mixture of surfactant (¢) and equals 0 wt% and 25
wt% as a function of temperature and Oil/(Oil +Water )

weight ratio, a (wt %).

Fig.4.19: Phase diagram for the system: Water/ Liws/ PG/ IPM at
constant temperature (T = 80°C (A) and 85°C (B)) as a
function of & and y (wt %). The Oil/(Oil +Water) weight

ratio, a =50 (wt %).

Fig.4.20: Phase behavior of the System: Water/ Sisn/ PG/ IPM as a
function of &, y (wt%) and temperature at constant

Oil/(Oil +Water ) weight ratio, & =50 (wt%).

Fig.4.21: Vertical section through the phase prism for the system:
Water/ Sis7o/ PG/ IPM at constant surfactant concentration ()
equals 31 wt% and 26 wt% and constant PG weight content
in the mixture of surfactant () and equals 0 wt% and 25
wt% as a function of temperature and Oil/(Oil +Water)

weight ratio, a (wWt%).

Fig.4.22: Phase diagram for the system: Water/ Sisn/ PG/ IPM at
constant temperature (T = 70°C) as a function of, 6 and y
(wt%). The Oil/(Oil +Water ) weight ratio, & =50 (wt %).

Fig.4.23: Phase behavior of the System: Water/ EMDG/ PG/ IPM as a
function of 6, y (wt%) and temperature at constant
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Oil/(Oil +Water ) weight ratio, & =50 (Wt%).

Fig.4.24: Phase diagram for the system: Water/ EMDG/ PG/ IPM at
constant temperature (T = 87°C) as a function of ¢ and y
(Wt%). The Oil/(Oil +Water ) weight ratio, & =50 (wt %).

Fig.4.25: Phase behavior of the System: Water/ Lisss/ PG/ MCT as a
function of &, y (wt%) and temperature at constant

Qil/(Oil +Water ) weight ratio, & =50 (wt%).

Fig.4.26: Phase diagram for the system: Water/ Liess/ PG/ MCT at
constant temperature (T = 90°C) as a function of ¢ and
7 (Wt%). The Oil/(Oil +Water ) weight ratio, & =50 (wt %).

Fig.4.27: Phase behavior of the System: Water/ Sis/ PG/ MCT as a
function of 6, y (Wt%) and temperature at constant

Oil/(Qil +Water ) weight ratio, a =50 (wt%).

Fig. 4.28: Vertical section through the phase prism for the system:
Water/ Sisn/ PG/ MCT at constant surfactant concentration
(7) equals 35.5 wt% and constant PG weight content in the

mixture of surfactant (J) and equals 25 wt% as a function of
temperature and Oil/(Oil +Water ) weight ratio, @ (wt %).

Fig.4.29: Phase diagram for the system: Water/ Sisn/ PG/ MCT at
constant temperature (T = 85°C) as a function of 6 and y

(Wt%). The Qil/(Oil +Water) weight ratio, & =50 (wt %).

Fig.4.30: Phase behavior of the System: Water/ EMDG/ PG/ MCT as a
function of 6, y (wt%) and temperature at constant
Oil/(Oil +Water ) weight ratio, & =50 (Wt%).

Fig.4.31: Phase diagram for the system: Water/ EMDG/ PG/ MCT at
constant temperature (T = 60°C) as a function of ¢ and y
(wt%). The Oil/(Oil +Water ) weight ratio, & =50 (wt %).

Fig.4.32: Phase behavior of the System: Water/ Licws/ EMDG/ R (+)-
Limonene as a function of 6, y (wt%) and temperature at
constant Oil/(Oil +Water ) weight ratio, & =50 (Wt%).
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Fig.4.33: Vertical section through the phase prism for the system:
Water/ Liews/ EMDG/ R (+)-Limonene at constant surfactant
concentration () equals 26 wt% and 31 wt% and constant

EMDG weight content in the mixture of surfactant (J) and
equals 25 wt% and 50 wt% as a function of temperature and
Qil/(Oil +Water ) weight ratio, & (wt %).

Fig. 4.34: Phase diagram for the system: Water/ Lisss/ EMDG/ R (+)-
Limonene at constant temperature (T = 85°C) as a function of
5 and y (wt %). The Oil/(Oil +Water) weight ratio, a = 50
(Wt%).

Fig. 4.35: Phase behavior of the System: Water/ Sis7/ EMDG/ R (+)-
Limonene as a function of 6, y (wt %) and temperature at
constant Oil/(Oil +Water ) weight ratio, & =50 (wt %).

Fig. 4.36: Phase diagram for the system: Water/ Sis7/ EMDG/ R (+)-
Limonene at constant temperature (T = 65°C) as a function of
§ and y (wt %). The Oil/(Oil +Water) weight ratio, & = 50

(Wt%).

Fig. 4.37: Phase behavior of the System: Water/ Lisss/ EMDG/ IPM as a
function of 6, y (wt %) and temperature at constant

Oil/(Oil +Water ) weight ratio, & =50 (wt %).

Fig. 4.38: Vertical section through the phase prism for the system:
Water/ Lisos/ EMDG/ IPM at constant surfactant concentration
(7) equals 26 wt% and 31 wt% and constant EMDG weight
content in the mixture of surfactant (J) and equals 25 wt%
and 50 wt% as a function of temperature and
Oil/(Qil +Water ) weight ratio, a (wt %).

Fig. 4.39: Phase diagram for the system: Water/ Lisss/ EMDG/ IPM at
constant temperature (T = 72.5°C) as a function of ¢ and y
(wt %). The Oil/(Oil +Water ) weight ratio, & =50 (wt %).

Fig. 4.40: Phase behavior of the System: Water/ Sis/ EMDG/ IPM as a
function of o6, y (wt %) and temperature at
constant Oil/(Qil +Water ) weight ratio, & =50 (wt %).
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Fig. 4.41: Vertical section through the phase prism for the system:
Water/ Sisn/ EMDG/ IPM at constant surfactant concentration
(7) equals 16.6 wt% and constant EMDG weight content in

the mixture of surfactant (0 ) and equals 25 wt% as a function
of temperature and Oil/(Oil +Water ) weight ratio, a (wt %).

Fig. 4.42: Phase diagram for the system: Water/ Sis70/ EMDG/ IPM at
constant temperature (T = 65°C (A) and 70°C (B)) as a
function of & and y (wt %). The Oil/(Oil +Water) weight

ratio, a =50 (wt %).

Fig. 4.43: Phase behavior of the System: Water/ Lisss/ EMDG/ MCT as
a function of o, y (wt %) and temperature at constant

Oil/(Qil +Water ) weight ratio, a =50 (wt %).

Fig. 4.44: Vertical section through the phase prism for the system:
Water/ Liesssy EMDG/ MCT at constant surfactant
concentration () equals 31 wt% and constant EMDG weight

content in the mixture of surfactant () and equals 25 wt% as
a function of temperature and Oil/(Oil +Water ) weight ratio,

a (wWt%).

Fig. 4.45: Phase diagram for the system: Water/ Lisss/ EMDG/ MCT at
constant temperature (T = 80°C (A) and 85°C (B)) as a
function of & and y (wt %). The Oil/(Oil +Water) weight

ratio, a =50 (wt %).

Fig. 4.46: Phase behavior of the System: Water/ Sis7/ EMDG/ MCT as a
function of 6, y (wt%) and temperature at constant

Oil/(Oil +Water ) weight ratio, a =50 (wt%).

Fig. 4.47: Vertical section through the phase prism for the system:
Water/ Sisn/ EMDG/ MCT at constant surfactant
concentration (y) equals 23.1 wt% and constant EMDG

weight content in the mixture of surfactant (6 ') and equals 25
wt% as a function of temperature and Oil/(Oil +Water)

weight ratio, a (wt %).

Fig. 4.48: Phase diagram for the system: Water/ Sisx/ EMDG/ MCT at
constant temperature (T = 80°C) as a function of § and y

(wt%). The Oil/(Oil +Water ) weight ratio, & =50 (wt %).
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.49: Phase inversion temperature T o) ("C) [A] and the mean
concentration (7 ) in wt% [B], for the system: Water/ Lisos/ PG/
Oil at constant Oil/ (Oil +Water) weight ratio, @ =50 wt%, and
variable & (wt %).

4.50: Phase inversion temperature "T“(Pm (°C) [A] and the mean
concentration (;7) in wt% [B], for the system: Water/ Sis70/ PG/
Qil at constant Oil/(Oil +Water ) weight ratio, @ =50 wt%, and
variable 6 (wt %).

4.51: Phase inversion temperature T o) (°C) [A] and the mean
concentration (77) in wt% [B], for the system: Water/ EMDG/
PG/ Oil at constant Oil/(Qil +Water) weight ratio, a = 50
wt%, and variable & (wt %).

4.52: Phase inversion temperature Tem (°C) [A] and the mean
concentration (;_/) in wt% [B], for the system: Water/ Licos/
EMDG/ QOil at constant Oil/ (Oil +Water) weight ratio, & = 50
wt%, and variable & (wt %).

4.53: Phase inversion temperature "T“(m) ("C) [A] and the mean
concentration (7_/) in wt% [B], for the system: Water/ Sisn/
EMDG/ QOil at constant Oil/ (Oil +Water) weight ratio, & = 50
wt%, and variable & (wt %).

4.54: Phase diagrams of the systems: Water/ Liess/ EMDG/ R (+)-
Limonene (A) and Water / Liews / EMDG / EtOH / R (+)-
Limonene (B) at 25°C. The weight ratio of Lisss/ EMDG = 1/1
in the two systems (A), (B) and that of R (+)-Limonene/
Ethanol = 1 in the system (B). The one phase region is
designated by 1¢, and the multiple-phase region is
designated by M.

4.55: Phase diagrams of the systems: Water/ Liess) EMDG/ R (+)-
Limonene (A) and Water/ Liews/ EMDG/ EtOH/ R (+)-
Limonene (B) at 25°C. The weight ratio of Lisss/ EMDG = 1/3
in the two systems (A), (B) and that of R (+)-Limonene/
Ethanol = 1 in the system B. The one phase region is
designated by 1¢, and the multiple-phase region is
designated by M.
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Fig. 4.56: Phase diagrams of the systems: Water/ Liess/ EMDG/ IPM
(A) and Water / Liews / EMDG / EtOH / IPM (B) at 25°C. The
weight ratio of Lisss/ EMDG = 1/1 in the two systems (A), (B)
and that of IPM/ Ethanol = 1 in the system (B). The one phase
region is designated by 1¢, and the multiple-phase region is
designated by Mo

Fig. 4.57: Phase diagrams of the systems: Water/ Liess/ EMDG/ IPM
(A) and Water/ Liess/ EMDG/ EtOH/ IPM (B) at 25°C. The
weight ratio of Lisss/ EMDG = 1/3 in the two systems (A), (B)
and IPM/ Ethanol =1 in the system (B). The one phase region
is designated by 1¢, and the multiple-phase region is
designated by Md.

Fig. 4.58: Phase diagram shown in Fig. 4.38.A. The ® are the points
where we measured the electrical conductivity in the system:
Water/ Liess/ EMDG/ IPM. At y =31 wt% and ¢ =50 wt% for

variable a (wt%) and T (°C).

Fig. 4.59: Plot of x as a function of T (°C) (A) and as a function of
Oil/(Oil +Water) weight ratio,a (wt %) (B) For the system:
Water/ Lisss/ EMDG/ IPM (7 =31 wt%, & =50 wt %) at points
presented in Fig. 4.58.

Fig. 4.60: Phase diagram shown in Fig. 4.33.B. The ® are the points
where we measured the Electrical conductivity in the system:
Water/ Lisos/ EMDG/ R (+)-limonene. At y =31 wt% and 6 =
50 wt% for variable a (wt %) and T (*C).

Fig. 4.61: Plot of x as a function of T (°C) (A) and as a function of
Oil/(Oil +Water ) weight ratio, @ (wt %) (B) For the system:
Water/ Lisss/ EMDG/ R (+)-limonene (7 = 31 wt% and 6 =50
wt%) at the points indicated in (Fig. 4.60).

Fig. 4.62: Effects of temperature and oil volume fraction ( ® or « ) on
the surfactant monolayer spontaneous curvature and on the
surfactant oil water phase behavior for a system containing a
fixed surfactant concentration. At low or zero content of oil
(a) at low water content (b). At similar water and oil contents,
a bicontinuous structure with a surfactant monolayer
separating the water and oil domains can be stable.
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Fig.

Fig

Fig.

Fig.

Fig

Fig

Fig

Fig

4.63: Schematic phase diagram of the system: Water/ Lieos/
EMDG/ IPM, where the mixed surfactants content (i.e.y ) are
26 wt% in (A) and 31 wt% in (B). The EMDG ratio (i.e.o) is
25 wt% in (A) and 50 wt% in (B). The cross filled circles ®
are experimental points investigated by self diffusion
measurements.

. 4.64: Relative diffusion coefficients, D/Do, for the system: Water/
Liesssy EMDG/ IPM as a function of the weight fraction of
QOil/(Oil +Water ), () for y =31 wt% and & =50 wt%, where
(o)-are the relative diffusion coefficient of the water and (A )-
is for the oil.

4.65: Relative diffusion coefficients, DW/D%,, for the system:
Water/ Lisos/ EMDG/ IPM as a function of the weight fraction
of Qil/(Oil +Water) (o) for different surfactant and co-
surfactant concentrations, (©) y =31 wt% , 6 =50 wt%, and
(®) ¥ =26 wt% , & =25 wt%.

4.66: Relative diffusion coefficients, D°/D%, for the system:
Water/ Lisss/ EMDG/ IPM as a function of the weight fraction
of Oil/(Oil +Water) (e) for different surfactant and co-
surfactant concentrations, (©) y =31 wt% , 0 =50 wt%, and
(®) ¥ =26 wt% , & =25 wt%.

. 4.67: Hydrodynamic radius for the system: Water/ Lics/ EMDG/
IPM as function of Oil/(Oil +Water) weight ratio, a (wt %)

for (y =31 wt%, ¢ =50 wt %).

. 4.68: Hydrodynamic radius for the system: Water/ Liess /| EMDG/
IPM as function of Oil/(Oil +Water) weight ratio a (wt %)
for (y =26 wt%, 6 =25 wt %).

. 4.69: Solubilization capacity (SC) curve of Diclofenac sodium
along the dilution line D 60:40 at 25°C, in the system:
Water/ Lisoss + EMDG (1/1)/ R (+)-limonene.

. 4.70: Solubilization capacity (SC) curve of Diclofenac sodium
along the dilution line D 60:40 at 25°C, in the system:
Water/ Lisoss + EMDG (1/1)/ R (+)-limonene + EtOH (1/1).
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Fig. 4.71: Solubilization capacity (SC) curve of Diclofenac sodium 181
along the dilution line D 60:40 at 25°C, in the system:
Water/ Lisss + EMDG (1/1)/ IPM.

Fig. 4.72: Solubilization capacity (SC) curve of Diclofenac sodium 182
along the dilution line D 60:40 at 25°C, in the system:
Water/ Lisos + EMDG (1/1)/ IPM + EtOH (1/1).
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1. Introduction

Microemulsions are macroscopically homogeneous
thermodynamically stable mixture of water, oil and surfactant, which on the
microscopic level consist of individual domains of oil and water separated
by monolayer of amphiphile (see Fig. 1.1 and 1.2) . Schulman scientifically
described them in 1943 ®. The concept had appeared in the parent literature
before that @3,

Understanding microstructure of the microemulsion is needed for
any scientific or industrial application of microemulsion, thus we find much
work over the last three decades in this particular area®®. A microemulsion
has a microstructure (droplets) with small oil and water domains
(approximately 100 A°) separated by a monolayer of surfactant, also
microemulsions exhibit ultra low interfacial tensions (< 0.01 dyn cm™) .
The variables which affect the phase behavior and microstructure of
microemulsions are the surfactant type and concentration, co-solvent type
and concentration, electrolyte type and concentration, temperature and pH
(8-11).

Microemulsions are of growing importance in many industries such
as cosmetics, foods, pharmaceuticals, pesticides and coating materials (219,
Over the last 20 years the results of researches have greatly increased our
knowledge of the nature of microemulsion. It gives us powerful new tools
for the design of microemulsions and relation of surfactant structure to the
formation of microemulsions 4. There are many researches who relate the
conditions for microemulsion formation to the formulation of stable

emulsions and dispersions, and to the selection of surfactant for maximum
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Fig. 1.1: A droplet microemulsion phase (A) can be of the O/ W (B) or
the W/ O type (C). Typically, but not exclusively, the drops are
nearly spherical and have a small size polydispersity (.

Fig. 1.2: A bicontinuous structure ®.



efficiency in the use of surfactants in environmental remediation and
cleaning applications and to adopt tools developed for microemulsion
formulation to the design of emulsions, dispersions, and cleaning
systems(4).

In his study, Per Ekwall investigated the phase equilibria in systems
of water, surfactants and third components, he covered a large number of
three component systems. In this study he has a solid foundation®*®. In
such systems it is important to point out that there will occur a variety of
structures like micelles, liquid crystals with different geometries, and
reversed micelles. To understand the nature of a microemulsion it is
important to understand all interrelated association structures occurring in
the systems and not just to analyze the microemulsion as an isolated
association phenomenon. Gunilla Gillberg @ is the first one who extended
these three-component systems to include a fourth component and
demonstrated the identity of the W/O microemulsions according to
Schulman and the inverse micellar solutions investigated by Ekwall . A
tifth compoment also can be added to the system (i.e. Salt, additive, etc).

The pioneer investigations of the phase equilibria of water, nonionic
surfactant and oil is the Japanese professor Shinoda who emphasized the
connection between nonionic surfactant properties and temperature @2,
For aqueous systems, Shinoda clarified the clouding, and in ternary systems
he introduced the concepts of the phase inversion temperature (PIT). For a
descriptive understanding of microemulsions, it is of central importance to
correlate molecular properties of the surfactants, maximal solubilization and
temperature (hydrophilic/lipophilic balance HLB, temperature).

Extensive theoretical and experimental work has been devoted to

different kind of microemulsion systems in order to build up an



unambiguous picture of these systems with regard to structure and
molecular processes. On the other hand, there has been a development of a
large variety of technical application of these systems @4.

Generally, surfactants are classified according to their structure. We
can classify surfactants into ionic, zwitterionic and nonionic according to
their charges or to the lack those charges. Also surfactant can be classified
according to their micelle formation properties or to their swelling capacity
and the concomitant mesophase formation in aqueous solutions. The
balance between electrostatic or polar interactions, and geometry packing
factor, topology will, at the end, by far determine the geometry of the
colloidal structure formed. The monomer activity with regard to
aggregation, and formation of micelles are defined by the micelle forming
surfactants, the critical micelle concentration (CMC) and the Kraft point
(KP) @28,

Phase behavior of nonionic amphiphiles is characterized by the
change in the distribution of the amphiphile over the water-rich and oil -rich
phase with the change in temperature. Upon increasing temperature the
phase behavior sequence will depend on the total amphiphile concentration.

At low amphiphile concentration the sequence will be: Winsor I (2)

(Wm+O) — Winsor III (3) (W+D+0O) — Winsor II (é) (W+Om) (see Fig. 1.3
and 1.4), while at high amphiphile concentration the sequence will be:
Winsor I (Wm+0O) — Winsor IV (microemulsion) (1¢p) — Winsor II
(W+Om). Winsor I indicates that at ambient temperature, nonionic
amphiphiles are more soluble in the aqueous phase, while at high

temperatures they are more soluble in the oleic phase (Winsor II).
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Fig. 1.4: The schematic change in phase behavior in a mixed-
surfactant system. Wm and Om are aqueous micellar and reverse
micellar solution phases. W and O are excess water and oil
phases. D indicates a microemulsion (surfactant) phase. W1 is the
weight fraction of lipophilic surfactant in the mixed surfactant ®.

Within a definite temperature interval AT in between, the mixture may
break up into three coexisting liquid phases, Winsor III, a water-rich (W,
lower), amphiphile-rich (D, middle), and an oil-rich (O, upper), at
sufficiently elevated amphiphile concentration, the mixture of water-oil-
amphiphile becomes homogeneous (Winsor IV or microemulsion). This
leads to the formation of “fish” diagrams.

The temperature related to the critical endpoint (cepg) of the critical
line extending from the critical point (cepg at Tg) in the water-nonionic
amphiphile mixture and the temperature related to the critical endpoint
(cepy) of the critical line extending from the critical point (cep, at T,) in the
oil- nonionic amphiphile binary mixture; are the most significant properties

concerned in determining the temperature range of the three-phase body,

and hence the Winsor I — Winsor III - Winsor II phase progression is



developed see (Fig. 1.5). It is impossible at specific conditions for extreme
values of T, or Ty (or both) to produce a homogeneous mixture of water-oil-
amphiphile. Therefore, knowledge of T, and Ty is decisive for choosing

amphiphiles and forming microemulsions within a particular temperature

range.
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Fig. 1.5: A schematic view of the "unfolded" phase prism
highlighting the three relevant binary phase diagrams
(redrawn from Kahlweit et al. ¢). The most important features
are the upper critical point on the oil-surfactant binary diagram,
cpo (Which occurs at the temperature T,), and the lower critical
point on the water-surfactant binary diagram, cpg (which
occurs at the temperature Tp)

The formation of three liquid equilibrium phase is the consequence of

the inversion of the distribution of the amphiphile over two solvents. For A-



B-C (Water/ Oil/ Surfactant) mixtures raising temperatures eventually
enforces a separation of the lower aqueous phase at the critical end point,
cepg, into a water-rich phase and an amphiphile-rich phase, which leads to
the formation of isothermal three-phase triangle within the central
miscibility gap.

With a further increase of temperature, the amphiphile-rich phase
moves on an ascending trajectory around the surface of the body of
hetrogeneous phases to the oil-rich phase.

The three-phase body thus appears at T: at the lower cepg on the
water rich side and disappears at Tu at the upper cepaon the oil rich side. In
the three-phase temperature interval

AT=Tu-Th (1)
and T em=(T1+Tu)/2 2)
the isothermal three-phase triangle changes its shape, and so the amphiphile
rich phase moves clock wise from cepg to cepa ®V (see Fig. 1.6).

Conceptually, the critical line around the central gap can be looked at as an
elastic spring, @ the upper part of which, on the water-rich side, is fixed by the
(lurking) nose of the H:O-surfactant system, whereas its lower end, on the oil-rich
side, is fixed by the upper critical point of the oil-surfactant gap. Consequently,
if for a given surfactant one increases the hydrophobicity of the oil; one expects
the inflection point to rise temperature wise. Simultaneously, the tangent to the
inflection point will become increasingly more horizontal, indicating the
increasing "bending tension" of the critical line. If one increases the hydro-
phobicity of the oil further, the critical line will eventually break at a tricritical

point, which then gives rise to a three-phase body within the prism.



nonionic

H0 oil

Fig. 1.6: Formation of a three-phase body with nonionic amphiphiles by
breaking the connected critical line at a tricritical point (tcp) by
increasing the carbon number of the oil ©3.

Close to the tricritical point, the end points of the two critical lines,
cepy and cepg, are-still close to each other. Accordingly, the three-phase triangle
is small, being located close to the boundary of the central gap. The more
hydrophobic the oil, the further the two end points move apart, cep, moving
toward the oil corner, cepg toward the H2O corner. Accordingly, the three-
phase body becomes increasingly large, and the three-phase temperature in-
terval increasingly wide.

Considering first single-tailed nonionic amphiphiles, the hydrophobic
interaction between their head groups and water makes their lower
miscibility gap lie, in general, below the melting point. At ambient
temperatures, water and nonionic amphiphiles are thus completely miscible.
With rising temperature, however, water becomes an increasingly poorer
solvent for nonionic amphiphiles, which makes the miscibility gap reappear
at elevated temperatures at a lower critical point (cepg) that plays an

important role in the phase behavior of ternary A-B-C mixtures. This upper
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gap is, again for thermodynamic reasons, a "closed loop". For a given head
group, the composition of cepg moves toward the water-rich side with
increasing carbon number of the tail. The critical temperature Tg rises with
increasing hydrophilicity of the head (for a given tail), but drops, with
increasing carbon number of the tail (for a given head).

In the same sequence, the" extension of the central gap as well as the
(relative) area covered by the three-phase triangle within that gap shrinks
as, with given surfactant, one proceeds from one oil to the next less
hydrophobic homologue, the area covered by the three-phase triangle
shrinks and moves close to the boundary of the central gap, as a
consequence or the fact that the end points of cep, and cepg increasingly
approach each other. If one could change the properties of the oils
continuously, one could, accordingly, imagine a system in which the three-
phase triangle reduces to a point on the boundary of the central gap, i.e., in
which the two critical lines cep, and cepg merge. Such a point is called the
“tricritical point", because” three coexisting fluid phases simultaneously
become identical as some appropriate thermodynamic variable is altered”
¢4, In this case the chemical potential of the oil. Accordingly, the interfacial
tensions between the three phases, including between the aqueous and the
oil phase, decrease as one approaches the tricritical point to, finally, vanish
simultaneously.

Factors determining the phase behavior of the ternary mixture Water/
Amphiphile/ Oil be changed by the effective carbon number of the oil, the
hydrophilicity of head group, or the lipophilic tail of the amphiphile .

Considering first changing the effective carbon number of the oil for
a given surfactant, increase the chain length of the oil or its nature will rise

Ta , this decreases the tendency of nonionic amphiphile to leave the water-
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rich phase for the oil-rich phase as T raises, a coordingly, T rises with
nonionic amphiphiles with rising the effective chain length of oils.

The width on the temperature scale of the three-phase region
narrows as one proceeds from an oil to the next less hydrophopbic
homologue until it disappears for the lower hydrophobic one.

If we now consider the effect of varying the hydrophobicity of the
amphiphile which can be made by changing the effective carbon number of
its tail for a given head group or by changing the nature of the head group
and the nature of the hydrophobic part. This affects both T« and Ts. With
nonionic amphiphiles both T« and Tg drop with increasing the
hydrophobicity of the amphiphile which makes T @ drops.

Considering now the effect of adding a fourth component to the
Water/ Amphiphile/ Oil mixture. In our case the fourth component can be
alcohols or alcohol substitutes or another amphiphile.

Alcohols is distributed over the water-rich and the oil-rich phase.
Adding an alcohol affects both the water-amphiphile and oil-amphiphile
diagram. Their distribution coefficient depends weakly on temperature, but
sensetivly on their carbon number and on the chain length of the oils.

Adding short chain alcohols that is completely miscible in water
increases the mutual solubility between water and amphiphile, this is
equivalent to decreasing the hydrophobicity of the amphiphile. Increasing
the concentration of a short chain alcohol, thus, makes T rises with nonionic
amphiphiles. Adding medium and long chain alcohols makes T drops with
nonionic amphiphiles.

Considering finally the effect of adding a second amphiphile to the

mixture of Water/ Amphiphile/ Oil. If the added amphiphile is more
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hydrophilic amphiphile than the first one originally presented in the
mixture this will increase the hydrophilicity of the amphiphile mixture and
thus T rises. If it is less hydrophilic, T drops.

The efficiency of surfactant which is the minimum amount of

surfactant needed to solubilize equal weights of oil and water, is defined as,
(7 ) ©. The efficiency depends on the nature of the amphiphile, and on that
of the oil and, in particular, on temperature, reaching its maximum in the
three-phase temperature interval. Close to the mean temperature T one
tfinds the highest efficiency of the amphiphile with respect to homogenizing
equal masses of water and oil, and a minimum of interfacial tension
between the water and the oil.

Phase transitions will also occur without any addition of a
solubilizate (i.e. Salt), mainly due to the packing of and the interaction
between the aggregates when the concentration of the surfactant monomer
is gradually increased. The structure change in this last phase transition is
not a consequence of the packing ratio from the molecular surfactant
structure, but a result of structure changes due to intermicellar
interaction®.

The possibilities of using sucrose as a raw material in the chemical
industry have excited interest because sucrose is an inexpensive raw
material, and fatty acids or fats, also inexpensive raw materials to form
sucrose fatty acid esters 3. Sucrose has 8 free hydroxyl groups that can be
esterified (Scheme 1). If most of them are esterified, the products will be
very hydrophobic, with good solubility in oil, but partial esterification will
yield sucrose esters with amphiphilic properties. Sucrose fatty acid esters
(mono-di-and triesters of sucrose) may be used as emulsifiers in foods and

in other applications (cosmetics, detergents, etc).
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Scheme 1: Chemical structre of Sucrose monostearate.

Numerous attempts have been made in the last 50 years to
manufacture these esters in a simple and inexpensive way. However, the
heat sensitivity of sucrose, high activation energy of the estirification
process and the difference in hydrophilicity/ hydrophobicity of the two
components, make this process difficult to achieve 9.

Sugar esters in general and sucrose esters in particular, are available
in a wide range of different hydrophile/ lipophile balances .

Several papers have been written over the years on topics such as
manufacture, structure, hydrophile/ lipophile balance, emulsifying
properties, solubility stability, interaction with starch and interaction with
proteins, crystallization retardation on sucrose and detergency. Many
possible food applications have been considered including ice cream, coffee
whiteners, mousse products imitation whipped cream, bread, bakery
products, fondants and margarines. In addition, many cosmetic, detergency,
cleaning and pharmaceutical applications have been studied. Because of
high prices and Legislation restrictions, sucrose-ester products have limited
application ¢,

Lately, studies on sucrose-esters derived from other mono-di-or

oligomeric sucrose, and used as emulsifiers, have been made “0 .
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Hundreds of applications in which sucrose esters are used in
combination with other emulsifiers, organic acids, proteins, carbohydrates,
etc. have been described in patents @ and literature “+). Hundreds of
papers have been written on polyesters of sucrose and sweeteners, sucrose
less fat and fatless sucrose for nutritional, health diet, nutraceutical and
other related applications -,

The emulsification properties of sucrose-esters are somewho unique,
since almost any hydrophilic-lipophilic balance can be obtained, and since
the sucrose esters don’t change their HLB balance with temperature unlike
the ethoxylated derivatives). Commercial sucrose ester, which is a complex
mixture of various internal compositions of different chain-lengths of fatty
acids, mono-, di-, tri-, or polysubstitutions on the hydroxyl groups, free fats
or fatty acids, etc ).

The complex structure might influence the emulsification properties,
and might have some effect on the reproducibility of the results in many of
the applications, and will have very pronounced effects on the self-
aggregation of these esters in water or in 0il ®.

The solubility of sucrose esters in many classes of oils is very low and
consequently, Ta is exceptionally high, requiring the use of a co-surfactant to
augment sucrose esters oil solubility, and create microemulsions in water—
oil-sucrose ester mixtures. Numerous groups ©7) have explored this
approach and studied the phase behavior and properties of water—oil —
Sucrose esters—co-surfactant microemulsions. It was found that sucrose

esters in the presence of C,—-C; alcohols as co-surfactants can form

microemulsions used for pharmaceutical and food applications. Non-toxic
co-surfactants for pharmaceutical purposes also have been used to make

sucrose ester microemulsions. In this research, we substituted alchohol by
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1,2-propandiol (propylene glycol, (PG)) which shows to be efficient
substitute .

In this study we evaluate the effect of adding propylene glycol (1,2-
propane diol) (PG) to the mixture water/ Sucrose Esters/ Oil on the phase
behavior of the system. Some surfactant molecules are known to self-
assemble in polar organic solvents like propylene glycol (1,2-propanediol)
glycerol, and formamide “>7 . PG is one of the least hydrophilic simple
polyols. These solvents like water, form hydrogen bonds, have relatively
high dielectric constants and are immiscible with hydrocarbon solvents, ™
and sometimes they are used as water substitutes. Critical micelle
concentrations are higher in polar nonaqueous solvents than in water @79,
Adding polyols to the surfactant mixture will decrease the polarity and the
freezing point of water. For these reasons, some water-soluble polyols such
as propylene glycol (1,2-propanediol) and glycerol protect biological
systems from massive ice crystallization 7779,

Also we investigated the addition of ethoxylated type nonionic
surfactant which is ethoxylated mono diglyceride. Ethoxylated
Mono\ Diglyceride, The (EMDG) (MAZOL 80 MG KOSHER) is a mixture of
stearate and palmitate partial esters of glycerin ethoxylated with
approximately 20 moles of ethylene oxide per mole of alpha-monoglyceride
reaction mixture.

The oils wused were caprylic/capric triglyceride (MCT),
isopropylmyristate (IPM) and (R (+)-limonene). MCT are used mainly
because they are fully saturated and”oxidation-free” oil and, therefore, it is
considered to be “safe 0il” and is widely used in food formulations. IPM is
used in many pharmaceutical formulations owing its compatibility with

biological systems and is expected to be environment friendly ®%. The
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monoterpene hydrocarbon R (+)-limonene is a unique and interesting
solvent (the major constituent of citrus essential oils, lipophilic perfume
constituent) that is present in several natural products. R (+)-limonene is
often used in foods, cosmetics, and coating materials. R (+)-Limonene is
essentially insoluble in water and requires addition of a surfactant to be
solubilized or emulsified in water ®). R (+)-Limonene is used in the
preparation of cloudy macroemulsions for beverages. Citrus essential oils
are also used in some “green” cleaning formulations and known to have
powerful detergency abilities (solubilization) ®152).

The development of microemulsion with specific properties like high
solubilization power and temperature insensitivity was focused in many
researches in the past. But the most basic studies on microemulsions have
been conducted with standard surfactants, such as polyoxyethylene- type
nonionic surfactants, alkyl sulfates, quaternary ammonium salts and dialkyl
sulfosuccinate that are not permitted in food systems (health restrictions), so
it is important to search for new surfactants for the preparation of
microemulsions. On the other hand the food-grade surfactants are limited in
their number and structure. The mono and diglycerides of fatty acids,
sorbitan esters, polyglycerol esters, such as polyglycerol polyricinoleate
(PGPR), and sucrose ester (sucrose polystearate) are hydrophobic
surfactants, where's the ethoxylated sorbitan esters, polyglycerol esters,
sodium stearoyl lactylate and sucrose esters are hydrophilic surfactants.
And all of these are food grade compounds .

The nonionic microemulsions have higher potential for many
applications, so we concentrated our efforts on studying and developing

new microemulsion based on water-nonionic surfactant-oil, and co-
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emulsifier (short chain of alcohol; i.e. ethanol and PG), where all

components of our microemulsion are safe for general use 849,
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CHAPTER TWO

OBJECTIVES



II.1 Objectives

Food, cosmetics, and pharamceutical formulations are very
complicated multi-component dispersed systems; where proteins,
polysaccharides and fats are dispersed in an aqueous phase in a very
complex way. This complexity, precisely, stands in the way of innovation.
The trend in systems, today, is to bring new ideas into the area of functional
food (introducing functional, health and nutrition additives to existing
products) and to obtain functional food with additional health or nutritional
values.

In our laboratory at Al-Quds University, we are working on subjects
related to the introduction of functional additives to food systems, using
microemulsions as carriers for the entrapment and controlled minerals,
mostly for the consumption of babies and elderly people.

The unique properties of food grade microemulsions based on
surfactants including sucrose ester, ethoxylated mono diglyceride, etc,
might find application in systems requiring solubilization of food
ingredients and monitoring of chemical reactions carried out in
microemulsions serving as microreactors. To the best of our knowledge, this
work is supposed to be the first work that will try to increase our
understanding of the structure and stability of these systems. In order to
accomplish this objective, we fixed the aims of this research project in the
following points:

e Study of the phase behavior of mixed nonionic food and
pharmaceutical grade surfactants, co-surfactant, co-solvents and
vegetable oils as the oil phase in order to determine the regions of

microemulsion phase. This is accomplished by the investigation of
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ternary and quaternary phase diagrams, "fish” and x cuts.

e Evaluation of the water solubilization capacity of the prepared
microemulsion systems.

e Exploring the microstructures of the formed microemulsions, Pulsed
gradient spin echo (PGSE) nuclear magnetic resonance (NMR), and
electrical conductivity. These techniques will be used to study how
changes in the relative amounts of the surfactant and in the chain
length of the surfactant or oil, the presence of co-surfactant and the
addition of water that influence the microemulsions micro-structure
within the one-phase region.

e Solubilization of food or pharmaceutical active ingredients in the
dispersed phase of the microemulsions, introducing the solubilizate
containing microemulsions in new pharmaceutical formulations and
tind a correlation between the microstructure of microemulsions and
the quantity of solubilized materials.

e Developing new food or pharmaceutical products containing the

formulated microemulsions.

This work will open new avenues in the field of food, cosmetic and
pharmaceutical dispersions. The new inventions will definitely contribute to

tuture development of new, functional products that will be healthier.
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CHAPTER THREE
MATERIALS and METHODS
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IT1.1 Materials

III.1.1 Surfactant (surface active agent)

The sucrose esters (sucrose alkanoates) where it is produced by a
reaction between sucrose and fatty acids. There is a mono-, di- or poly
substitution on the sucrose (Scheme 1). These surfactants are food grade

and were obtained from Mitsubishi Kasei food Corp, (Mie, Japan).

Table 3.1: Type and composition of sucrose esters used in this
research project ®°.

Type HLB Purity of | Ester composition % | Melting Point(°C)
combined | Monoester | Di, tri | start Peak
fatty and point point
acids % polyester

Sis70 15 Stearic 70 | 70 30 49 56

Lios 16 Lauric 95 | 80 20 35 47

Ethoxylated Mono\Diglyceride, The (EMDG) (MAZOL 80 MG
KOSHER) is a mixture of stearate and palmitate partial esters of glycerin
ethoxylated with approximately 20 moles of ethylene oxide per mole of
alpha-monoglyceride reaction mixture. It is a pale yellow oily liquid or semi
gel that has a faint characteristic odor and mild taste.

Approved for many direct foods additive applications. The principal
uses-Emulsifier in pan release aids, cake and cake mixes icing and icing

mixes, frozen conditioner in yeast leavened backing products.
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Specifications of EMDG:

Acid Value, mg KOH/g.................ooo 2.0 Max.

Saponification Value, mg KOH/g................ 65.0 -75.0

Hydroxyl Value, mg KOH/g....................... 65.0 - 80.0
Form 25°C..............oovinvve.amber liquid
POE, % Anhydrous Basis.......................... 60.5 - 65.0
1, 4 Dioxane, ppm........c.ooviviiiiiiiiiiniiiinn 1.0 Max.
Color, Gardner........ooooiiiiiiiiiii i 2.0 Max.
Water, 2o oo, 1.0 Max.
Todine Value, %.....ccoovviniiiiiiiiiiiiiiiiiiiieina, 2.0 Max.
Inwater ........coooiii soluble

This surfactant is food grade and was obtained from BASF Corporation,

(Gurnee, Illinois, USA).

II1.1.2 Oils

- Caprylic/capric triglyceride (MCT) "Neobee M5" a food grade
triglyceride containing 60 wt% C, and 40 wt% C,, was obtained from
Stepan Europe (Vorepe, france) (Scheme 2-a).

- Isopropyl myristate (98%) (IPM) was purchased from Sigma-
Aldrich Chemie GmbH, Riedetr Germany (Scheme 2-b).

- R (+)-limonene (98%) was purchased from Fluka Chemie GmbH

(Scheme 2-¢).
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Scheme 2: Chemical structre of MCT (a) ¢ , IPM(b) and R(+)-

limonene(c).

I11.1.3 Co-surfactant and Co-solvents

The co-surfactant used is 1,2-Propandiol (Propylene glycol, PG) (>
99.5%) was purchased from BDH (poole, UK) (see Scheme 3 for chemical
structure). The co-solvent is absoute ethanol (minimum 99.8%) was

obtained from Frutarom (Haifa, Israel).

OH

CH;— CH—(\:HZ
OH
Scheme 3: Chemical structure of 1,2-Propandiol (propylene glycol , PG)
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II1.1.4 Water

Water was double distilled.

I11.1.5 Solubilization materials

Sodium diclofenac contains not less than 99.0% and not more than
equivalent of 101.0% of sodium [2-[(2,6-dichlorophenyl) amino] phenyl]
acetate, calculated with reference to the dried substance (scheme 4) &, Was

obtained from Marsing and Co. Ltd. Denemark.

cl COONa

Cl

Scheme 4: Chemical structure of Diclofenac sodium (C,,H,,CI,NNaQ, ).

I11.1.6 Others

Sodium chloride of analytical grade was purchased from J.T. Baker

Inc. (Phillipsburg, USA).
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I11.2 Methods

I11.2.1 Phase Behavior Determination

II1.2.1.1 Samples preparation for temperature dependant phase behavior.

Various amounts of water, oil, surfactant, and co-surfactant were
sealed in ampoules. A series of ampoules sealed by Benson burner and kept
in a thermostat were well shaken and left at constant temperature (+ 0.05 C°)
for one to two days depending on the stability of emulsions. Phase

equilibrium was determined by visual observation.

II1.2.1.2 Temperature dependent phase behavior determination

The method introduced by Kahlweit and co-worker ¢*31358) Fanun et
al. 899, Rayan et al. 7% for ternary, pseudoternary and quaternary phase
diagram for the mixtures of (A) water, (B) oil, (C) surfactant, and (D)co-
surfactant ©”. The phase behavior of these mixtures depends on five
independent variables, pressure (P), temperature (T), and three mass
fractions ©9.

The pressure effect is weak so it's turned out while the effect of
temperature is strong and it's important experimental parameter 0.

The ternary system at constant pressure has three independent
variable ©0, the temperature (T), the mass fraction of oil in the mixture of

water and oil, a, defined as:

27



a:BX]'OO In wt % (3)
A+B

And the mass fraction of surfactant in the whole mixture, v, defined as:

y = C x100 Inwt% (4)60979)
A+B+C

And in quaternary mixture which mean that two surfactants are used, the

mass ratio of surfactants in the mixture, 6, defined as

5 = D100 Tn wt % (5)
C+D

For a ternary mixture, 6 = 0. At constant pressure two-dimensional phase

space representation can be made by varying two of the defining variables,

the phase behavior can be read as a function of temperature against one

composition variable, with all others being held constant(see Fig. 3.1).

oil

Fig. 3.1: Schematic phase prism in temperature-composition space
(redrawn from Kahlweit et al. 1) showing the two vertical
sections at either constant values of the oil fraction ¢, or at
constant surfactant concentration y. The lamellar phase L«
also is shown at high surfactant concentrations.
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When studying microemulsion phase behavior there are several
sections through the phase prism have been shown ©®®. One section is a
section containing equal masses of oil and water (a = 50%) as a function of
temperature and surfactant concentration, which allows to determine the
efficiency of surfactant which is the minimum amount of surfactant
necessary to completely solubilized equal weights of oil and water, denoted
by, () and the phase inversion temperature (PIT) of the three phase body
for a given oil (see Fig. 3.2) ®5°). There is another section where the
surfactant concentration is constant as a function of temperature and oil
shows the ability of the surfactant to solubilize oil in water (low a) and
water in oil ( high « ), the phase prism were determined within 0.05+ C.
There is also another section where the (a = 50%) and temperature is
constant as a function of the surfactant ratio (d), which shows the evaluation
of the one-phase microemulsion region and the phase body as the surfactant
ratio are changed, the phase bounderies were determined within 1 wt%.
These sections are used to describe the phase behavior of the quaternary

mixture 9,
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—>» amphiphile

Fig. 3.2: The pseudobinary phase diagram at a= 50 wt% as a
function of temperature and surfactant concentration, y is the
minimum surfactant concentration needed to make a single
phase containing equal amounts of oil and water, and is a
measure of the efficiency of the surfactant. yo marks the lowest
possible surfactant concentration where three liquid phases
form. The temperatures T: and Tu are the temperature bound-
aries of the three-phase region. The phase boundaries trace the
shape of a "fish". Redrawn from Kahlweit et al. (100,

I11.2.1.3 Sample preparation for pseuduternary phase diagram at

constant temperature

The behavior of a four-component system is described on
pseudoternary phase diagrams in which the weight ratio of two
components was fixed. Usually, the oil/ alcohol weight ratio was held

constant at 1:1 when alcohol is present in the system. The construction
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of the phase diagram was conducted in a thermostatic bath (25 =*
0.2°C). Ten weighted samples composed of mixtures of surfactant,
alcohol (cosurfactant), and oil were prepared in culture tubes sealed
with viton-lined screw caps at perdetermined weight ratios of (alcohol
+ oil) to surfactant. These mixtures were titrated with water. These
aqueous mixtures are samples along water dilution lines drawn to the
water apex from the opposite side of the triangle. In all of the samples
tested, evaporative loss was negligible. Nearly all samples were
equilibrated during a time interval of up to 24 h. The tubes were then
inspected visually. Appearance of turbidity was considered as an
indication for phase separation. The phase behavior of such samples
was determined only after sharp interfaces had become visible. The
completion of this process was hastened by centrifuging the samples.
Every sample that remained transparent and homogeneous after
vigorous vortexing was considered as belonging to a monophasic area

in the phase diagram (101-104),

I11.2.1.4 Solubilization Parameters.

The goal of our work was to incorporate a large amount of water into
the microemulsion. Thus, the water solubilization was estimated as the
monophasic area of the relevant phase diagrams. It is well documented that
the water solubilization capacity of different amphiphilic systems should be
strictly compared at optimal solubilization capacity (%. Because the
maximum solubilization of water appears some on different water dilution
lines (a line in the phase diagram beginning with a mixture of alcohol, oil,

and surfactant at a fixed ratio, which is diluted with water), it is common to
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list the maximun solubilization of water (Wm) on the dilution line in which
maximum solubilization was obtained. The problem of comparing Wm
values that lie on different dilution lines was discussed in previous papers
101109, In our systems W values lie, within experimental error, on virtually
the same specific dilution line (%1% and therefore we feel that the
comparaison between the Wm values is a proper way of estimating the
maximum solubilization (see Fig. 3.3).

Li et al. 1 have employed as a solubilization parameter, the total
monophasic area. It is the sum of the five cross-sectional area in the
tetrahedral phase diagram, each with a different oil/ surfactant ratio. We
will call this area Ar. The relative error in determining the At and Wm (wt%)
was estimated to be £ 0.5% for all systems studied. In our comparative

studies we used both the Ar and Wn (wt%) values.

III.2.2 Active Ingredients Solubilization Evaluation

Free food or pharmaceutical active ingredient can be added to a
ready-made microemulsion composed of oil, surfactant, co-surfactant or co-
solvent and water. The mixture, which includes the food or pharmaceutical
active ingredients, is heated to 80°C for 30 min. the samples once
transparent, are cooled and stored at 25°C. Samples that remained

transparent for at least 5 days will be considered to be microemulsions.
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Oil+Alcohol

Water

Surfactant

Fig. 3.3: Solubilization parameters for a schematic phase diagram.
The weight ratio alcohol/ oil is 1/ 1, 1¢ (L2) is the area the W/ O
microemulsion (one phase region), 2¢ is the area two phase
region. Wmis the maximum amount of solubilized water, Sm is the
amount of surfactant needed to obtain maximum solubilization,
and P is a point on the boundary of the monophasic area at which
the water content reaches maximum ©%. 32 and 43 are dilution
lines where the initial surfactant concentrations are 32 and 43
wt%, respectively.

II1.2.3 Electrical Conductivity Measurements

Electrical conductivity of isotropic phases was measured with a
conductivity meter, a model TetraCon® 325. For electrical conductivity
measurements all microemulsions were made using a 0.05 M aqueous
solution of NaCl. The electrode was dipped in the microemulsion sample

until an equilibrium was reached and reading become stable.
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III.2.4 Pulsed Gradient Spin Echo (PGSE) Nuclear Magnetic
Resonance (NMR)

NMR measurements can be performed on Bruker DRX-400
spectrometer with a BGU II (% gradient amplifier unit and a 5-mm BBI
probe equipped with a z-gradient coil, providing a z-gradient strength (g) of
up to 55 G cm’. The self-diffusion coefficients were determined using
bipolar-pulsed field gradient stimulated spin-echo (BPFG-SSE). In this work
we used bipolar gradient pulses as described by Wu et al. 1% to reduce the
eddy-current effects.

Experiments were carried out by varying the gradient strength and
keeping all other timing parameters constant. The self-diffusion coefficient
(D) is given by

l ResY DA
| = —= @ R(O-(GF)"D(A~(5/3) ©

where | is the measurred signal intensity, |, is the signal intensity for g =0,
y is the gyromagnetic ratio for the ‘H nucleus, & is the gradient pulse

length, A is the time between the two gradients in the pulse sequence (and

hence defines the diffusion time), and R(t) is a constant that takes into
account nuclear relaxtion. Since in our experiments R(t) is constant, we do

not consider it further. Typically, we use A =100 ms, 6 =8 ms, and vary g

from 1.7 to 32.3 G cm™ in 32 steps.
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CHAPTER FOUR

RESULTS and DISCUSSION
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IV.1 Phase Behavior Results

IV.1.1 Binary Phase Behavior

System A: Sucrose Laurate (Liss)/ Oils

Fig. 4.1 shows the temperatuer-composition phase diagrams of
binary mixture of sucroce laurate (Lies) and the oils, R(+)-Limonene (A),
IPM (B), MCT (C). Sucrose laurate (Lisss) is completely miscible in R(+)-
Limonene at low concentration y < 10 wt% surfactant and high
temperature T > 57.5°C. At surfactant concentrations more than y > 10
wt% there is no solubilization of surfactant in R(+)-Limonene .

Binary mixtures of sucrose laurate (Lisss) and IPM, MCT Fig. 4.1 (B,
C) shows that the oil is a poor solvent for this amphiphilic compound and

that there is practically no miscibility between the two compounds.

System B: Sucrose Stearate (Sisw)/ Oils

Fig. 4.2 shows the temperature-composition phase diagrams of the
binary mixtures of sucrose stearate (Sisn) and oils. Binary mixtures of
sucrose stearate (Sisn) and R(+)-Limonene, Fig. 4.2 (A) shows that at low
temperature the surfactant and oil are miscible with each other and they
form a liquid crystal which is viscous and not fluid. Increasing the

concentration of the surfactant (Sisn) (i.e. ¥ > 50 wt%) this miscible region is

formed over all of the range of temperatures studied (i.e. 5°C - 80°C).
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Fig. 4.1: Binary phase behavior of the System: Lisos/ Oil as a function
of surfactant concentration (7 (wt%)) and Temperature (T (°C)).

On the other hand at high temperatures and low concentration of
surfactant this phase (liquid crystal) disappears and the surfactant and oil
are separated into two phases solid and liquid at temperatures below the
tusion point of the surfactant and two liquid phases at temperatures above

the fusion point of the surfactant.
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Binary mixtures of sucrose stearate (Sis70) and the oils IPM (B) and
MCT (C) revealed that the oils is a poor solvent for these amphiphilic
compounds and that there is a practically no miscibility between the two
compounds. Sucrose stearate (Siswo) appears to be too hydrophilic for the

dissolution into IPM and MCT.

80

A
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1 1 (Liquid phase) 8
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5 O/ o IPM
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30 =
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Y (Wt%) 0 T T T T T T T T T T
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Fig. 4.2: Binary phase behavior of the System: S5/ Oit (#&a function
of surfactant concentration (7 (wt%)) and Temperature (T (°C)).

System C: Ethoxylated Mono-Diglyceride (EMDG)/ Oils

Fig. 4.3 shows the temperature-composition phase diagrams of
binary mixture of ethoxylated mono-diglyceride (EMDG) and olis, R(+)-
Limonene (A), IPM (B), MCT (C). Binary mixtures of ethoxylated mono-
diglyceride (EMDG) and oils revealed that these oils are good solvents of

this amphiphilic compound.
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Fig. 4.3: Binary phase behavior of the System: EMDG/ Oil as a
function of surfactant concentration (y (wt%)) and Temperature

(T Q).

System D: Surfactants/ Water

Fig. 4.4 shows the temperature-composition phase diagrams of
binary systems water-surfactant mixtures for Lies(A), Siso(B), EMDG(C).
Fig. 4.4 (A) shows the binary mixture of sucrose laurate (Lies) and water. As
we can see in the Figure the surfactant is completely miscible in water at
high concentration of surfactant (i.e. y >40 wt%) and forms liquid crystals.
On the other hand, sucrose stearate (Fig. 4.4 B) is not miscible in water at
any concentration of surfactant at low temperatures, it becomes miscible at
Tp = 49°C for surfactant concentration from y =15 wt% to y =70 wt% and
Tp = 44°C for surfactant concentration more than y =70 wt%, and forms a

small region highly viscous gel. When we raise the temperature this region
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disappears and the surfactant become not miscible with water as we can see

in the Fig. 4.4 (B).

Fig. 44 (C), shows the binary mixtures of ethoxylated mono-

diglyceride (EMDG) and water. The surfactant is completely miscible in

water at Tp < 35°C for all concentrations of surfactant (EMDG). When we

raise the temperature to T > 60°C the two phase region appears at low

concentration of surfactant y < 40 wt%, but at concentration above this

concentration (i.e. y > 40 wt%) the surfactant is still miscible in water.
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Fig. 4.4: Binary phase behavior of the System: Water/ Surfactant as a
function of surfactant concentration (y (wt%)) and Temperature

(T (C).
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System E: Surfactants/ PG.

Fig. 4.5 shows the temperature-compsition phase diagrams of binary
Surfactant/PG mixture for sucrose laurate (Liess)(A), sucrose stearate
(S1570)(B), ethoxylated mono-diglyceride (EMDG)(C). Binary mixture of
sucrose laurate (Lies) and PG Fig. 4.5 (A) shows that at low concentration of
surfactant less than y =20 wt%, and low temperature T < 27.5°C and y =30
wt%, and at T = 22.5°C the surfactant Liess and cosurfactant (PG) are not
miscible in each other. When we raise the temperature (i.e. T > 27.5°C) at
these concentration or increase the surfactant concentration, the surfactant
and cosurfactant becomes miscible in each other .

Fig. 4.5 (B), shows that at low temperature (i.e.T = 47.5°C for y < 30
wt% and T = 42.5°C for y > 30 wt%) the surfactant sucrose stearate (Sis)
and cosurfactant (PG) are not miscible in each other. Raising the
temperature (i.e. T >47.5°C for y < 30 wt% and T >42.5°C for y >30 wt%),
the Sis70 and PG becomes miscible.

Fig. 4.5 (C), shows that when we increase the concentration of
surfactant Tp decreases sharply and the surfactant ethoxylated mono-

diglycerid (EMDG) and cosurfactant (PG) are miscible in each other.
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IV.2 Ternary Phase Behavior

Phase Behavior of the System A: Water/ Liess / Oil

Fig. 4.6 shows the temperature composition phase diagram of the
system: Water / Lieos / Oil mixture for R(+)-Limonene (A), IPM (B), MCT (C).
This system was studied to determine the effect of oil chain length and type
of oil on the maximum amount of solubilized water as a function of y
(wt%), and temperature at o =50 wt%.

As we can see in the Figures, at low temperatures, two separate
phases are observed designated by I (Wm+O) which signifys water
continuous micellar system with excess oil. At high temperature another
two separate phases are observed and designated by I (W+Om), which
means excess water with oil continuous micellar system. One phase region
(microemulsion region) designated by 1 is also observed.

Using cyclic oils like R(+)-Limonene the three phase body does not
appear and one phase region is formed at y = 32.5 wt% of surfactant and
temperature T = 80°C. Using straight and long chain oil as in the case of IPM
this will improve the solubilization and increase the one phase region, this
region also moves downward in the temperature scale, as we can see this
region is start to form at y =25 wt% of surfactant and T =72.5°C.

Using branched oils such as a triglycerides in the case of MCT, the
three phase body designated by III (W+D+O) start to form at low
concentration of surfactant but the one phase region is shifted up in the
temperature scale, the mean temperature T = 87.5°C, y = 37.5 wt%, which

means the existence of bicontinuous micellar system with excess water and
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oil (see Fig. 1.4 page 7) presents these cases, but the one phase region
becomes wider more than the use of cyclic chain oils.

It is important to note that for high content of surfactant (i.e. 70 wt%)
the one phase region appears at lower temperatures (i.e. 20°C). Increasing
the surfactant content decreases the temperature at which the one phase
appears. For high temperatures (i.e. T > 75°C), the transion temperature
from one phase to two phase is dependent on the surfactant content. It
increases when y increases.

Increasing the surfactant content (i.e. 55 wt%) decreases the
temperature at which the one phase is formed (i.e. 20°C). The same behavior
as in the case of R (+)-limonene is observed with MCT for high

temperatures.
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Phase Behavior of the System B: Water/ Si57/ Oil

Fig. 4.7 shows the phase behavior of the system: Water/ Sisno/ Oil as a
function of y (wt%), and temperature at & = 50 wt%, the oils were R (+)-
limonene (A), IPM (B), MCT (C).

When we use a cyclic oils such as R (+)-limonene, as the oleic phase
the three phase body does not appear and the one phase region appears at T
= 65.5°C and y min = 25 wt%, which mean that Sisn as a surfactant improves
the solubilization of oil in water in comparaision with Lies. It is important to
not that for high content of surfactant (i.e. 70 wt%) the one phase region
appears at lower temperatures (i.e. 25°C). Increasing the surfactant content
decreases the temperature at which the one phase appears. For high
temperatures (i.e. T > 75°C), the transion temperature from one phase to two
phase is dependent on the surfactant content. It increases when y increases.
In the presence of branched oils such as triglycerides in case of MCT, we
observe that the three phase region is formed, the mean temperature T =
77°Cand y =51 wt%.

In the case of the long chain oil (IPM) as the oleic phase the one phase
region appears at T=75°C and y min =42.5 wt%, but the one phase is moved
downward in the temperature scale. Increasing the surfactant content (i.e. 55
wt%) decreases the temperature at which the one phase is formed (i.e. 35°C).
The same behavior as in the case of R (+)-limonene is observed with MCT
for high temperatures. From these Fig. 4.7 (A, B, C) we can see that using
cyclic oils as o0il phase will give a wider one phase region better than the use
of branched (MCT) or long chain oil (IPM) and this phase appears at low

temperature at high concentration of surfactant (Sis).
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Phase Behavior of the System C: Water/ EMDG/ Oil

Fig. 4.8 shows the temperature-composition phase diagram of the
system: Water/ EMDG/ Oil mixture for R (+)-limonene (A), IPM (B), MCT
(C) at a = 50 wt%. The following systems were studied to elucidate the
effect of oil chain length and type of oil on the maximum amount of
solubilized water in the system as a function of y (wt%), and temperature at
a =50 wt%.

In the presence of cyclic oils such as R (+)-limonene there is no
formation of three phase region and the homogeneous microemulsion
region (one phase region) shifted to high concentration of surfactant, while
the presence of branched oils such as triglycerides in the case of MCT we
can see that the mean temperature T = 85°C and y = 42 wt%, the three
phase body appears, this type of oil improve the solubilization of water
because the one phase region becomes wider as we can see in the Fig. 4.8(C),
and this type of oil will increase the efficiency of the surfactant more than
the use of cyclic oils (R(+)-limonene). Using IPM which have a long and
linear structure, the mean temperature T =105°C and y = 26.5 wt% so as
we can see that the 7_/ moves down to low concentration of surfactant, the
three phase body appears in this type of oils. It is important to not that for
high content of surfactant (i.e. 70 wt%) the one phase region appears at
lower temperatures (i.e. 25°C). Increasing the surfactant content decreases
the temperature at which the one phase appears. For high temperatures (i.e.
T > 75°C), the transion temperature from one phase to two phase is

dependent on the surfactant content. It increases when y increases.
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Increasing the surfactant content (i.e. 55 wt%) decreases the
temperature at which the one phase is formed (i.e. 25°C). The same behavior
as in the case of R (+)-limonene is observed with MCT for high
temperatures. One conclusion that the using of long chain oil will improve

the solubilization of the surfactant (EMDG).

Phase Behavior of the System D: Water / PG / Oil

This system Fig. 4.9 shows that there is no solubilization of oil in

water when using PG as a co-surfactant with different types of oils.
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Fig. 4.9: Phase behavior of the System: Water/ PG/ Oil as a function of
7 (wWt%) and temperature at constant Oil/(Oil +Water) weight
ratio, a =50 (Wt%).
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IV.1.3 Quaternary phase behavior

Phase Behavior of the System A: Water/ Lios/ PG/ R (+)-

limonene.

1-As a Function of 5,y and Temperature at o =50 wt%.

Fig. 4.10 shows the temperature-composition phase diagrams of the
system: Water/ Liss/ PG/ R (+)-limonene mixture for & (wt%) = 25%(B),
40%(C), 50%(D), 75%(E), 90%(F) and 100%(G) at & = 50 wt%. The system:
water / Lieoss / R (+)-limonene “fish” (6 = 0%(A)) is shown in the first as
reference. As we can see in the Figures, at low temperatures two separate
phases are observed designated by I (Wm+O) which signifys water
continuous micellar system with excess oil. At high temperature another
two separate phases are observed and designated by I (W+Om), which
means excess water with oil continuous micellar system. One phase region
(microemulsion region) designated by 1 is also observed. At high
concentrations of PG two phases are also observed liquid and white solid
precepitate. With the addition of PG the homogeneous microemulsion
region (fish tail) becomes smaller and the minimum amount of mixed Lies +
PG needed for the formation of one phase region (y min ) of the surfactant
mixture decreases slightly (i.e y min=32.5 wt% and T =80°C for 6 =0 wt% to
ymin = 60 wt% and T =55°C for & =25 wt% to ymin =75 wt% and T = 55°C
foro = 40 wt%) while there is no formation for the three-phase body (fish
body).
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From this Figure we can say that increasing the ratio of PG/ Lisss (i.e.
0 =50 wt% to 0 =100 wt%), will shift the system to the solid and liquid
two separated phases. No three phase region was observed in these
systemes.

It is important to note that for high content of surfactant (i.e. 65 wt%)
the one phase region appears at lower temperatures (i.e. 20°C) at low
cosurfactant concentrations & (i.e. < 25 wt%). Increasing the surfactant
content decreases the temperature at which the one phase appears. For high
temperatures (i.e. T > 75°C), the transion temperature from one phase to two

phase is dependent on the surfactant content. It increases when y increases.

2-As a Function of 5,y and Constant Temperature at o =50 wt%.

Fig. 4.11(A and B), shows the phase behavior of the system: Water/
Liess/ PG/ R (+)-limonene at @ = 50 wt% as a function of ¢ (Wt%) and y
(wt%) at constant temperature (T = 50 and 80°C). At 50°C, Liess is mainly
dissolved in water to form II (Wm+QO) at low values of surfactant and form
one—phase microemulsion at high concentration of surfactant y (i.e. y >52
wt%), by increasing & concentration of co-surfactant the amount of
surfactant needed to form one phase region is increased. At high
concentration of co-surfactant (6 > 45 wt%) the one phase region
disappeared and the two phase region, is appeared which mean that the
surfactant is dissolved in oil to form II (W+Om). The three phase region

does not form at any values of 6 and y. At 80°C, Lisss remains dissolved in

the water at low concentration of surfactant but the one—phase
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microemulsion appears by using surfactant concentration y >32.5 wt% at o

=0 wt%.
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Fig. 4.11: Phase diagram for tHe(&%em: Water/ Liws/ PG/ R (+)-
limonene at constant temperature (T =50°C (A) and 80°C (B)) as a
function of § and y (wt%). The Oil/(Oil +Water ) weight ratio, «

=50 (wt%).
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By raising the concentration of co-surfactant (6) the one-phase
microemulsion is shifted to high concentration of surfactant (y) and it
remain shifted toward high concentrations, so the one-phase region
disappears and the two-phase region appears so the mixture of Lisss + PG is
dissolved in oil at high concentration of & . The three phase region does not

appear at any concentration of surfactant (7 ) and co-surfactant (5 ).

Phase Behavior of the System B: Water/ Sisn/ PG/ R(+)-

limonene

1-As a Function of ¢,y and Temperature at o =50 wt%.

Fig. 4.12 shows the temperature-composition phase diagram of the
system: Water/ Sisno/ PG/ R (+)-limonene mixture for 6 (wt%) = 25%(B),
40%(C), 50%(D), 75%(E), and 100%(F) at & = 50 wt% and 6 = 0%(A) as
reference. As in the privious system we want to study the effect of
increasing the ratio of PG/ Sisn on the solubilization of oil in water. The
phase sequence II (Wm+O)—1 - 1I (W+Om) is also obseved in this system.
As we can see by the addition of PG, the homogeneous microemulsion
region (fish tail) becomes wider and the minimum amount of mixed
surfactant and co-surfactant needed to form the one phase region y min of the
sufactant mixture increases slightly (i.e y min =25 wt% and T =65.5°C for ¢ =
0 wt% and drops to y min =24 wt% and T =61°C for § =25 wt% and 6 =40
wt% and T = 56.5°C and dropes at y min =20 wt% and T =56°C for 6 =50
wt% and the same for § =75 wt% but T =58°C) compared to the pure Sisn

case.
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Also the formation of homogeneous microemulsion will occur at low
temperature (i.e. at y =45 wt%, temperature at 6 =0 wt % , T1=55°C while
at 0 =25 wt% , Ti=51°C and drops to 6 =40 wt%, T1=47°C and at § =50
wt% the T1=32°C and at & =75 wt% the T1=26°C) .

On the other hand, high ratios of PG in the mixture Sisn + PG more
than & =75 wt% will result in the shrinkage and disappearance at & = 100
wt% the homogenous microemulsion region. One important observation is
that Sisn improve the Water/ Oil solubilization. Compered to Liess in the
previous system, the high content of surfactant (i.e. 55 wt%) the one phase
region appears at lower temperatures (i.e. 30°C) when increasing the PG
content ¢ (i.e. from 25 wt% to 75 wt%) in the mixed surfactnt system.

Increasing the surfactant content decreases the temperature at which
the one phase appears. For high temperatures (i.e. T > 75°C), the transion
temperature from one phase to two phase is dependent on the surfactant

content, it increases when y increases.

2-As a Function of 6, and Temperature at Constant y.

Fig. 4.13 shows the phase behavior of the system: Water/ Sis7o/ PG/ R
(+)-limonene at fixed surfactant concentration (i.e. 6 =0 wt% for y =20 wt%
(A) and 0 =25 wt% for y =20 wt% (B)), while varying the temperature and
weight ratios of oil and water. We confirmed that the one phase
microemulsion regions are bounded at high temperatures by oil-continuous
microemulsions with excess water (W+Om), and at low temperatures by

water continuous microemulsion with excess oil (Wm+QO).
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The mono-and multiphasic lamellar region appear at high oil concentrations

and low temperatures. The one phase region is a water continuous at low «

values and oil continuous one at high « values this one phase

microemulsion becomes large when we increase the oil-water ratio.

A

T(°C)

110

18 =0wt% y =20wt%

100
90 ] IH(W+0Om)
80 + 3 | o
70 —
60 ] IH(Wm+QO)
50 4
40 —
30 —
20 —

10 H

20 30 40 50 60 70 80 20 100

110

y =20Wt%
Q

18=25wt%
100 +

00 ] l(W+0m)
80
70 4 |
60 —
50 ] IH(Wm+0O)
40 —
30 —
20 —

10

0 —T - T - T T 1 1 "~ 1 "~ T * T * T
Fig. 4°13: VRrtic&P secion thRoughl the ®Bhasé®prisfi for’the $§tem:
Water/ Sisn/ PG/ R(+)-limonene at constant surfactant
concentration () equals 20 wt% and constant PG weight content

in the mixture of surfactant () and equals 0 wt% and 25 wt% as a
function of temperature and Oil/(Qil +Water) weight ratio, «

(Wt%).

58



3-As a Function of 5,7 and Constant Temperature at o =50 wt%.

Fig. 4.14 shows the phase behavior of the system: Water/ Sisn/ PG/ R

(+)-Limonene at o = 50 wt% as a function of § and y (wt%) at constant

temperature T = 60°C. By increasing ¢ (wt%) the one phase microemulsion

appears at low concentration of (Sisn) to reach its minimum amount of the

surfactant Sis7o (7 =20 wt%) at 6 =40 wt%. When we increase 6 more than

40 wt% the presence of one phase microemulsion is shifted toward high

concentrations of surfactant. With high values of ¢, the one phase region

disappears and the II (W+Om) is appeared which mean that the surfactant is

mainly dissolved in oil. For this system there is no formation of the three

phase body at any 6 and y concentrations.
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and 7 (wt%). The Oil/(Oil +Water ) weight ratio, o =50 (wt%).
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Phase Behavior of the System C: Water/ EMDG/ PG/ R (+)-

Limonene

1-As a Function of ¢,y and Temperature at ¢ =50 wt%.

Fig. 4.15 shows the temperature-composition phase diagram of the
system: Water/ EMDG/ PG/ R(+)-Limonene mixture for 6 (wt%) = 25%(B),
50%(C), 75%(D) and 100%(E) at @ = 50 wt% and & = 0 wt% (A) as a
reference. These figures show the effect of increasing the ratio of PG/
EMDG on the solubilization of R(+)-Limonene in water. Adding PG as
cosurfactant to a mixture of EMDG will increase the homogeneous
microemulsion region and increases the ymin of the surfactant, but PG
weight ratio (i.e. 6 =25 wt%) in the mixture of EMDG + PG gives a negative
results on the homogeneous microemulsion region. This also was observed
with high ratio of PG/ EMDG, the homogeneous one phase appears at y min =
68 wt% and the T = 47.5°C at 6 = 25 wt% while at 6 =50 wt% ,  min =35
wt% and the T = 87.5°C. Increasing PG/ EMDG ratio to § =75 wt% the
three-phase body (fish body) is formed at low concentrations of surfactant,
less than y =45 wt%, the one phase region is formed at y =45 wt% and the
T =92.5°C.

It is important to note that for high content of surfactant (i.e. 70 wt%)
the one phase region appears at lower temperatures (i.e. 15°C). Increasing
the surfactant content decreases the temperature at which the one phase
appears. For high temperatures (i.e. T > 80°C), the transion temperature

from one phase to two phase is dependent on the surfactant content.
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It increases when y increases, when also increasing PG weight ratio

in mixture of EMDG + PG.

2-As a Function of 6,y and Constant Temperature at o =50 wt%.

Fig. 4.16 shows the phase behavior of the system: Water/ EMDG/ PG/
R (+)-limonene at o =50 wt% as a function of § and y (wt%) at constant
temperature T = 52°C. The one-phase microemulsion region for the ternary
system appears at high mixed surfactant and cosurfactant concentration (i.e.
y = 52 wt%). By increasing ¢ (i.e. PG concentration) in the system more
than 25 wt%, the one phase microemulsion region is shifted to the direction
of low mixed surfactant and cosurfactant concentration to reach its
minimum at 6 =50 wt%.
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Increasing PG content (i.e. more than 50 wt %) in the system, the one
phase microemulsion region is shifted slightly toward high mixed
surfactant and cosurfactant concentration. At very high PG concentration
more than ¢ = 87.5 wt% the surfactant becomes too oil soluble and an

aqueous phase separates out and the II (W+Om) is present.

Phase Behavior of the System D: Water/ Lieos/ PG/ IPM

1-As a Function of 6, y and Temperature at o =50 wt%.

Fig. 4.17 shows the temperature-composition phase diagram of the
system: Water/ Liews/ PG/ IPM mixture for 6 (wt%) = 25%(B), 40%(C),
50%(D), 75%(E), and 100%(F). The system: Water/ Lisos/ IPM “fish” (6 =0
wt% (A)) is shown as a reference. With the addition of PG, the
homogeneous microemulsion region (fish tail) becomes smaller and the
efficiency of the surfactant mixture is decreased (i.e 7 =50 wt% and T =
82°C for & =25 wt%, but at & =40 wt%, 7 =62 wt% and T =85°C and at &
=50 wt%, 7 = 65 wt% and T = 92.5°C) and as we can see the mean
temperature moves upward on the temperature scale. On the other hand the
area of the three-phase body increases with increasing o. With highly
addition of PG (i.e. for 6 values bigger than 50 wt%), the homogeneous
microemulsion region disappears and the two and three phase bodies are
the only regions which are formed. At 6 = 100 wt% two liquid separate
phases are the only formed for all the range of concentrations and

temperatures.
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By comparing these results to results in the system: Water/ Liess/ IPM
at & =0 wt%, we can see that the minimum amount of Lisss needed to
solubilize IPM in water is y min = 25 wt% and T = 72.5°C which is bigger than
those observed with the addition of PG and homogeneous microemulsion is

the wider for all, and this happen at low temperature.

2-As a Function of §,a and Temperature at Constant y.

Fig. 4.18 shows the phase behavior of the system: Water/ Liess/ PG/
IPM for constant surfactant concentrations (i.e. 6 =0 wt% for y =26 wt%
(A) and 6 =25 wt% for y =31 wt% (B)), while varying the temperature and
weight ratio of oil and water. Fig. 4.18 (A) (i.e. 5 =0 wt% fory =26 wt%)
shows that the one phase region is shifted to the very high concentration of
water (i.e. ¢ < 13 wt%) and this region becomes smaller than the region
which is formed in Fig. 4.18 (B). We observed that the one phase
microemul