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Many traditional industrial products are being gradually replaced by environmental friendly alternatives. N,N-Dimethyl-
decanamide and D-limonene are solvents that fulfil the requirements to be considered green solvents and may find appli-
cation in agrochemicals. This contribution deals with the study of emulsions formulated with a mixture of these solvents
and an eco-friendly emulsifier. The procedure followed for the development of these formulations was based on the
application of product design principles. This led to the optimum homogenization rate and subsequently to the optimum
ratio of solvents. The combination of different techniques (rheology, laser diffraction, confocal laser-scanning micros-
copy, and multiple light scattering) was demonstrated to be a powerful tool to assist in the prediction of the emulsions
destabilization process. Thus, we found that the optimum ratio of solvents was 75/25 (N,N-dimethyldecanamide/D-limo-
nene) on account of the lack of coalescence and of a low creaming rate. © 2014 American Institute of Chemical Engi-

neers AIChE J, 60: 2644-2653, 2014
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Introduction

Emulsion is one of the most common formulation types
for agricultural pesticides. This formulation type allows the
pesticides to be easy to use, transport, and mix,1 which con-
tributes an added value for a new product. Traditionally,
more than 25% of all pesticides contain high concentrations
of organic solvents, which represent a fire hazard, may also
be toxic and contribute to atmospheric volatile compound
emissions.” Thus, many of the classical solvents are being
gradually replaced by the so-called “green” solvents such as
fatty acid dimethylamides (FAD) and D-limonene. FAD are
solvents that fulfill the requirements to be considered green
solvents and may find application in agrochemicals.’®

D-limonene, a naturally occurring hydrocarbon, is a cyclic
monoterpene, which is commonly found in the rinds of citrus
fruits such as grapefruit, lemon, lime, and in particular,
oranges. D-limonene exhibits good biodegradability, hence it
may be proposed as an interesting alternative to organic sol-
vents.*> These solvents can meet the ever-increasing safety
and environmental demands of the 21st century.

N,N-Dimethylamide is partially soluble in water, which
may provokes some problems of the emulsion stability such
as Ostwald ripening. A possible solution to this problem
may be the addition of a second disperse phase component
such as D-limonene, which is rather insoluble in the continu-
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ous phase. In addition, the presence of a surfactant helps to
retard the destabilizing process and ensures long-term
stability.

Ethoxylated glycerine esters are also eco-friendly and non-
toxic,6 hence their consideration as green surfactants. Their
use in detergents and personal care products is disclosed in
several patents.”®

In order to improve the emulsions stability, it is of prime
importance to detect destabilization processes at an early
stage to shorten the aging test. The rheology of emulsions
from both a fundamental and an applied point of view is an
important tool to detect the various destabilization processes
that occur in emulsions. For instance, measurements of the
viscosity at very low stresses may be quite suitable in order
to predict creaming.9 Conversely, laser diffraction is the best
method to characterize droplet sizes distribution (DSD) and
coalescence process. Besides, the technique of multiple light
scattering (MLS) is able to characterize droplet or aggregate
size variation and droplet/aggregate migration as a function
of aging time.'®

This work expects to show that the combined use of dif-
ferent techniques such as rheology, laser diffraction, and
MLS provide very interesting information at an early stage
about the mechanisms of destabilization occurring in
emulsions.

The main objective of this work was the study of the
influence of the ratio of a mixture of green solvents (N,N-
dimethyldecanamide and D-limonene) on the physical stabil-
ity of slightly concentrated O/W emulsions formulated with
these eco-friendly solvents and a polyoxyethylene glycerol
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ester as emulsifier. These emulsions may be used as matrices
for incorporation of active agrochemical ingredients. This
work is a contribution to the development of new products,
which may fulfill the customers’ needs as well as the related
industries’ requirements. This is the one of the foundations
of the so-called chemical product design and engineering.“
On top of that, the overall goal of this project is under the
frame of sustainable chemical engineering insofar as applica-
tions of bio-based chemicals are explored.'? Also, according
to this principle, a specific strategy was followed considering
the emulsion formulation and the reduction of energy input
in order to obtain fine stable emulsions."?

Materials and Methods
Materials

N,N Dimethyldecanamide (Agnique AMD-10™) was
kindly provided by BASF. D-Limonene was supplied by
Sigma Chemical Company. The emulsifier used was a non-
ionic surfactant derived from cocoa oil. Namely, a polyoxy-
ethylene glycerol fatty acid ester, Glycereth-17 Cocoate
(HLB:13), received as a gift from KAO, was selected. Its
trade name is Levenol C-201™. RD antifoam emulsion
(DOW CORNING®) was used as antifoaming agent. This
commercial product consists of an aqueous solution contain-
ing polydimethyl siloxane (<10 %w/w) and dimethyl silox-
ane, hydroxyl-terminated (<10 %w/w). Deionized water was
used for the preparation of all emulsions.

Emulsion development

In the preliminaries studies emulsions containing 3 wt %
Levenol C-201 as emulsifier, 0.1 wt % antifoam emulsion
and 30 wt % solvent(s) were prepared. The ratio of solvents
studied were 100/0, 75/25, 50/50, 25/75, and 0/100 of AMD-
10/D-limonene. These O/W emulsions were carried out using
a rotor-stator homogenizer (Silverson L5M), equipped with a
mesh screen, at different homogenization rates (7000, 6000,
5000, 4000, and 3000 rpm) during 60 s.

When focusing on ratio of solvents, homogenization rate
was fixed at 6000 rpm during 60 s in the emulsions with the
following new AMD-10/D-limonene ratios: 65/35, 70/30, 80/
20, and 85/15.

Interface tension measurements

Interface tension measurements were performed with a
drop pro-file analysis tensiometer (CAM200, KSV, Finland).
The drop was formed inside a thermostated cuvette at 20°C
and controlled using a custom-built control unit consisting of
a syringe with a piston that is driven by a stepper motor.
The control procedure was as follows: once the drop was
formed the contour of the drop was acquired and then the
drop initial area was calculated. Every 10 s the area was cal-
culated and the actual and initial values were compared. If
the values differed then the stepper motor drove the piston
in the respective direction to correct the difference.

Droplet size distribution measurements

Size distribution of oil droplets were determined by laser
diffraction using Mastersizer X (Malvern, Worcestershire,
UK). All measurements were done for three times for each
emulsion. These measurements were carried out after 1, 3,
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13, 21, and 40 days aging time to analyze likely coalescence
effects.

The mean droplet diameter was expressed as Sauter diam-
eter (D, 3) and volume mean diameter (D3 4)

WM e
[D n(D)dD} 0

DM N]= LrDNn(D)dD

The uniformity is an index of polydispersity of the differ-
ent droplets sizes, defined by the following expression
_ 2 Vild(v,0.5)~di]
d(v,0.5)>V;

@

Where d(v,0.5) is the median for the distribution, and V; is
the volume of droplets with a diameter d,.

Rheological measurements

Rheological experiments were conducted with a Haake
MARS controlled-stress rheometer (Thermo-Scientific, Ger-
many), equipped with a sand-blasted coaxial cylinder Z-20
(sample volume: 8.2 mL, Re/Ri =1.085, Ri =1 cm) to avoid
slip effects. Flow curves were carried out from 0.05 to 1 Pa
at 20°C. Flow curves were carried out after 1, 3, 13, 21, and
40 days aging time to follow the effect of aging time. All
measurements were repeated three times with each emulsion.
Samples were taken at about 2 cm from the upper part of
the container. Sampling from the top part of the container in
contact with air was avoided.

Rheological measurements were carried out for the 85/15,
80720, 75/25, 70/30, and 65/35 emulsions.

Multiple light scattering

MLS measurements with a Turbiscan Lab Expert were
used in order to study the destabilization of the emulsions.
Measurements were carried out until 40 days at 20°C to
determine the predominant mechanism of destabilization in
each emulsion as well as the kinetics of the destabilization
process. MLS is a sensitive and nonintrusive technique to
monitor physical stability of emulsions'*'> and more com-
plex systems such as suspoemulsions.'®

To characterize the creaming process, it is used the cream-
ing index (CI)"’

CI=100 -

Hsg
. 3)

E

Where, Hg is the total height of the emulsion and Hg is
the height of the serum layer.

MLS measurements in the middle zone of the vial also
allowed the evolution of a mean droplet diameter with aging
to be monitored.

Microscopic observation

The microstructure of some emulsions was observed using
a confocal laser-scanning microscope (CLSM; Leica TCS-
SP2).

For CLSM microscopy, a proper amount of emulsion was
placed in a test tube and subsequently Nile red solution (1
mM in DMSO) were added and mixed thoroughly. That
solution is selective to the AMD solvent. The mixture was
dropped on a microscope slide, which was covered with a
cover slip and observed under the microscope with 100X oil
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Figure 1. Droplet size distribution for the 100/0, 75/25, 50/
50, and 25/75 emulsions processed at 3000 rpm.
Aging time: 1 day. 7% = 20°C. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.
com.].

immersion objective lens. The samples were excited at 488
nm. The emission was recorded at 500-600 nm.

Results and Discussion
Exploring the composition and homogenization process

Figure 1 shows the droplet size distribution of the emulsions
with different ratios of solvents processed at the minimum
speed studied (3000 rpm). This was chosen to assess if a low-
energy input would yield emulsions with reasonable mean
diameters and physical stability. First, it should be stated that
no result for the emulsion with D-limonene as the unique sol-
vent is shown because D-limonene could not be emulsified
under this processing condition. D-Limonene is a strongly
nonpolar solvent possessing a high interfacial tension (Table
1). This may be a disadvantage during the emulsification pro-
cess, since lower interfacial tension results in higher ability to
break into droplets.'® Table 1 also shows the interfacial ten-
sions of different mixtures of AMD-10/D-limonene and water.
An increase in AMD-10 content of the solvent mixture pro-
voked a progressive decrease of the interfacial tension, such
that the lowest interfacial tension was reached by pure AMD-
10. However, this extremely low interfacial tension led to an
emulsion showing a bimodal droplet size distribution with a
high polydispersity (Figure 1), that resulted in high values of
the uniformity parameter (Table 2). In addition, AMD-10 is a
slightly polar solvent and partially soluble in water (340 mg/L
at 20°C). The use of partially water-soluble solvents (as the
dispersed phase in emulsions) may specially lead to destabili-

Table 1. Values of Interfacial Tension for Different Ratios of
Solvents and Water at 20°C

Ratio of solvents Interfacial tension (mN/m)

0/100 400*=1.3
1/99 273+0.8
5/95 17.5+0.7
10/90 14.1 0.7
25/75 7004
50/50 3503
75/25 1.6 0.1
100/0 1.0x0.1

zation of emulsions by the Ostwald ripening phenomenon.'”"*

In addition oil droplet flocculation, creaming and coalescence
may also take place.

Enhanced droplet size distributions were observed when
both solvents were used, congruently with the controlled
reduction of interfacial tensions achieved. It is worth noting
that the addition of just 1 wt % of AMD-10 to D-limonene
reduced interfacial tension by 33% (Table 1). This could be
due to the fact that AMD-10 was able to migrate to the
interface. Thus, droplets could be formed by both solvents
distributed according to the solvents’ concentration gradient.
In this way, AMD-10 would tend to stay nearest the inter-
face and limonene in the core of droplets, which could be
similar to a “core-shell” model.?*?!

In Figure 2a, the CI was plotted as a function of aging time
at different ratios of solvents for the emulsion processed at
3000 rpm, which allowed the kinetics of the destabilization
process by creaming to be analyzed and quantified.

First, it should be noted that 25/75 emulsion did not show
destabilization by creaming. However, emulsions with higher
AMD-10/D-limonene ratios showed a linear dependence of
the CI with aging time in absence of a delay time for cream-
ing. The slope of the linear region is directly related to the
kinetics of the destabilization process, which is called the
“creaming rate.” The 75/25 emulsion showed lower cream-
ing rate than both 50/50 and 100/0 emulsions (see the inset
of Figure 2a).

Figure 2b shows the increase of droplet diameter from the
diameter at time zero as a function of aging time for a
homogenization rate of 3000 rpm.

This plot allows for detecting flocculation and/or coales-
cence phenomena. On the one hand, an increase of droplet
size over time was detected for the 50/50 and 25/75 emul-
sions. Conversely, the emulsions without D-limonene or with
lower contents of this (100/0 and 75/25) did not undergo
these destabilization phenomena as demonstrated by the fact
that droplet diameter did not show any significant changes
with aging time.

Table 2. Values of Sauter Diameter and Uniformity for All Emulsions Studied

Homogenization rate (rpm)

7000 6000 5000 4000 3000

Ratio of D;5 uniformity D;3 uniformity Dy uniformity D; 5 uniformity D;5 uniformity
solvents  (um) (107 (um) (107 (um) (107 () (107 () (107"
100/0 2.72 5.70 3.09 7.29 1.78 3.93 3.42 4.68 3.75 6.02
75/25 0.33 9.26 0.35 7.54 0.47 7.18 0.73 4.34 1.07 3.79
50/50 0.27 11.01 0.29 9.68 0.34 8.72 0.64 7.80 1.05 5.16
25/75 0.6 9.87 0.72 8.87 1.02 7.17 1.57 4.53 1.55 4.96
0/100 1.83 3.77 243 4.10 2.50 5.03 3.15 4.57 - -

Standard deviation of the mean (three replicates) for D> < 5%.
Standard deviation of the mean (three replicates) for uniformity < 5%.
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Figure 2. (a) Cl as a function of the aging time for
emulsions processed at 3000 rpm; (b)
increase of droplet diameter from the diame-
ter at time zero as a function of aging time
for a homogenization rate of 3000 rpm.

o

For (a), samples kept under storage at 20°C. Note: the
data for 50/50 composition is not shown for aging time
later than 3 days since emulsion phase separation
occurred. It precludes further creaming measurements.
For (b), samples kept under storage at 20°C. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

An overall analysis of the MLS results allows us to con-
clude that although the 25/75 emulsion showed the best
results against destabilization by creaming, it underwent
immediate destabilization by flocculation and/or coalescence.
However, it is important to clarify that MLS technique does
not distinguish by itself between flocculation and coalescence
since both mechanisms provoke in this case an increase of
backscattering in the middle zone of the measuring cell. By
contrast, creaming process involves a decrease of backscatter-
ing in the low zone of the measuring cell, although this was
not observed. In addition, creaming was not detected by
naked eye. A tentative explanation may be that that creaming
is covered up by flocculation and/or coalescence.

Hence, the 75/25 emulsion showed the best physical sta-
bility results for the homogenization rate of 3000 rpm.

On account of the poor results obtained with the lowest
energy input provided by 3000 rpm homogenization rate,
this was increased up to 7000 rpm. Sauter diameter and uni-
formity values obtained at 4000, 5000, 6000, and 7000 rpm
are shown in Table 2. Figure 3 shows by way of example
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Figure 3. Droplet size distribution for the emulsions
processed at 6000 rpm.

Aging time: 1 day. T'=20°C. [Color figure can be

viewed in the online issue, which is available at wileyon-
linelibrary.com.]

the droplet size distributions of emulsions prepared with dif-
ferent ratios of solvents and processed at 6000 rpm.

It was observed that the use of pure solvents yielded mac-
roemulsions with Sauter mean diameters above 1 u. How-
ever, the use of solvent mixtures caused a decrease of droplet
size to submicron values (Table 2). Furthermore, the ratio of
solvents determined the final size distribution of the emul-
sion. Thus, the lower Sauter diameters were found for 50/50
emulsions, 270 nm being the lowest value reached. Despite
this, it should be noted that higher contents of AMD-10 pro-
voked bimodal distributions with a second population above
1 u (centered around 3 p). The occurrence of the second pop-
ulation of droplets may be related to a recoalescence phe-
nomenon induced by an excess of mechanical energy input
during the emulsification process. Recoalescence phenom-
enon is due to the fact that emulsion droplets are subjected to
excessive kinetic energy as a result of high-intensity turbu-
lence in emulsification systems, which in turn yields the par-
tial rupture of the interface of some droplets.22 This is
consistent with the fact that the appearance of this second
peak occurred only for emulsions processed above 5000 rpm.

The lower values of the Sauter mean droplet size obtained
for 50/50 emulsions for all homogenization rates studied
were counterbalanced by the lower polydispersity of emul-
sions with the ratio of solvents at 75/25, as indicated by the
uniformity values obtained. McClements stated that an
increase of polydispersity determines the stability of the
emulsion as it provokes an increase of creaming rate due to
higher values of the effective packing parameter.”

In Figure 4a, the CI was plotted as a function of aging
time at different ratios of solvents for emulsions processed at
6000 and 7000 rpm.

The 75/25 emulsion showed a slower creaming rate and
greater delay time for creaming for both homogenization
rates (see the inset of Figure 4a). This fact indicates that
emulsions with this ratio of solvents exhibited better physical
stability against creaming as the results for emulsion proc-
essed at 3000 rpm had already pointed. However, the emul-
sions processed at 6000 and 7000 rpm showed greater delay
time for creaming and lower rate of creaming than those

DOI 10.1002/aic 2647
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Figure 4. (a) Cl as a function of aging time for the

emulsions 100/0, 75/25, 50/50, and 25/75
processed at 6000 rpm (closed symbols) and
7000 rpm (open symbols); (b) increase of
droplet diameter from the diameter at time
zero as a function of aging time for emul-
sions 100/0, 75/25, 50/50, 25/75 processed at
6000 rpm (closed symbols) and 7000 rpm
(open symbols).
For (a), continuous lines illustrate data fitting to a lin-
ear fit for the emulsions processed at 6000 rpm and
dash illustrate data fitting to a linear fit for the emul-
sions processed at 7000 rpm. [Color figure can be
viewed in the online issue, which is available at wileyon-
linelibrary.com.]

processed at 3000 rpm (see Figures 2a and 3). This is related
to larger droplet sizes favoring destabilization by creaming.'’
In addition, the emulsion processed at 6000 rpm showed
higher delay time for creaming than that processed at 7000
rpm. The latter emulsion was slightly overprocessed since it
showed a more noticeable second peak in DSD (recoales-
cence), which resulted in a higher uniformity value (Table
2).

Figure 4b shows the relative increase of droplet diameter
from the diameter at time zero as a function of aging time
for homogenization rates of 6000 and 7000 rpm.

First, it should be noted that both 25/75 and 50/50 emul-
sions underwent an increase of droplet size with aging time
caused by flocculation and/or coalescence. In contrast, the
100/0 and 75/25 emulsions processed at both homogeniza-
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Figure 5. Droplet size distribution of 65/35, 70/30, 75/
25, 80/20, and 85/15 emulsions.
Aging time: 1 day. T'=20°C. [Color figure can be

viewed in the online issue, which is available at wileyon-
linelibrary.com.]

tion rates (6000 and 7000 rpm) did not exhibit destabiliza-
tion by flocculation and/or coalescence for the test time.

Taking into account the above results, we concluded that
the emulsion formulated with a 75/25 ratio of solvents and
prepared at 6000 rpm provided the best stability results for
the test time. For this reason, it was taken as a starting point
for further analysis for optimizing the formulation.

Focusing on ratio of solvents

Figure 5 shows the DSD of emulsions with different sol-
vent ratios, around the 75/25 value, processed at 6000 rpm.

All emulsions studied showed bimodal distributions with
the majority of the population below 1 u and a second peak
at higher sizes as a consequence of the aforementioned
recoalescence phenomenon induced by an excess of mechan-
ical energy-input. Moreover, an increase of the AMD-10
content provoked the distributions to shift toward greater
droplet sizes. Table 3 shows the values of the Sauter and
volumetric mean diameters (D3 and Ds,4). Sauter mean
diameter values ranged from 0.31 to 0.42 um and volumetric
mean diameters varied between 0.48 and 0.57 um.

Figure 6 shows the flow properties for 1-day-aged emul-
sions studied as a function of the ratio of solvents. All the
emulsions exhibited a trend to reach a Newtonian region at
low-shear rate regime, which is defined by the zero-shear
viscosity, (1p). This range is followed by a slight decrease in
viscosity (shear-thinning behavior) above a critical shear

Table 3. Sauter and Volumetric Mean Diameters for 65/35,
70/30, 75/25, 80/20, and 85/15 Emulsions

Ratio of solvents D55 (um) D3 4 (pm)
65/35 0.31 0.50
70/30 0.32 0.48
75/25 0.35 0.57
80/20 0.37 0.54
85/15 0.42 0.57

Standard deviation of the mean (three replicates) for D> < 4%.
Standard deviation of the mean (three replicates) for D** < 6%.
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Figure 6. Flow curves for the studied emulsions as a
function of ratio of solvents for 1 day aging
time at 20°C.

Continuous lines illustrate data fitting to the Cross

model. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

rate. Figure 6 also illustrates the fitting quality of the results
obtained to the Cross model (R? > 0.999)

o

S\ 1-n
)
Ve

7. is related to the critical the shear rate for the onset of
shear-thinning response, 7 stands for the zero-shear viscos-
ity and (1—n) is a parameter related to the slope of the
power-law region; n being the so-called flow index. For
shear thinning materials, 0 <n <1. A solid material would
show n =0, while a Newtonian liquid would show n = 1.

The values of these parameters are shown in Table 4 as a
function of the ratio of solvents. Zero-shear viscosity of the
three emulsions studied with higher limonene content
showed no significant differences. However, two levels of
zero-shear viscosity values were observed, 75/25 being the
key ratio of solvents. In fact, a stepwise decrease in zero-

n= 4

Table 4. Flow Curves Fitting Parameters for the Cross
Model for Studied Emulsions as a Function of Ratio of Sol-
vents at 1 Day of Aging Time

Ratio of solvents no (Pa-s) Ve s™hH 1-n
65/35 0.053 3.12 0.43
70/30 0.053 7.82 0.43
75/25 0.050 8.73 0.43
80/20 0.034 1.27 0.41
85/15 0.034 3.12 0.41

Standard deviation of the mean (three replicates) for 1y < 10%.
Standard deviation of the mean (three replicates) for j, < 10%.
Standard deviation of the mean (three replicates) for 1 —n < 10%.

shear viscosity with ratio of solvents was observed from 75/
25 to 80/20 and 80/15 emulsions. This is consistent with the
slightly higher Sauter diameters found for the high AMD-10
content emulsions. Conversely, the higher zero-shear viscos-
ities of emulsions with a solvent ratio lower than 75/25 may
be attributed to the slightly lower Sauter diameters as well
as to a flocculation process leading to the onset of some
creaming for emulsions aged for 1 day. Greater tendency to
flocculate has been previously associated to finer emulsions
by Pal and Barnes.***’

These authors attributed the trend to the flocculation to
two different mechanisms: the occurrence of Brownian
motion between droplets, and the fact that the droplets are
subject to dominant Van der Waals attraction forces. This
interpretation is strengthened by the fact that no significant
differences of DSD obtained by laser diffraction were found.
This may be explained by taking into account that weakly
flocculated droplets are likely disrupted due to dilution and
stirring during measurement carried out by laser
diffraction.”

Figure 7 shows the CLSM micrographs obtained for the
75/25 emulsion.

Droplet sizes observed are consistent with the results
obtained by laser diffraction. Moreover, micrographs reveal
the existence of flocs as commented in the previous section.
It should be noted that all the droplets are stained with a flu-
orophore selective for AMD-10 solvent. This points out that
the dispersed phase consisted of a mixture of both solvents.

Y ALY »

Figure 7. CLSM microphotographs for emulsion 75/25 at 1 day of aging time.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. (a) Volumetric mean diameter as a function of
aging time for the emulsions 65/35, 70/30, 75/
25, 80/20, and 85/15; (b) droplet size distribu-
tions for the emulsions 65/35 and 70/30 at 1
day and 40 days after preparation; Emulsions
kept under storage at 20°C.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

However, this does not exclude the fact that there may be a
concentration gradient within the droplet, as previously
explained.

Figure 8a shows the volumetric mean diameter as a func-
tion of both the ratio of solvents and aging time.

Palazolo et al.’® previously stated that the volumetric
mean diameter allows for detecting coalescence and the floc-
culation process with more sensitivity than the Sauter mean
diameter. Thus, the 85/15, 80/20, and 75/25 emulsions did
not show any significant changes of droplet sizes. By con-
trast, for emulsions containing less AMD-10, substantial
changes of droplet size were observed, increasing by 94%
for the 65/35 emulsion and by 58% for the 70/30 emulsion.
This increase may indicate the existence of a destabilization
phenomenon or coalescence by Ostwald ripening. The
increase of volumetric mean diameter with time cannot be
attributed to a flocculation process, since flocs are disrupted
under the action of stirring and pumping during laser diffrac-
tion measurement.

Figure 8b shows the droplet size distributions for the 65/
35 and 70/30 emulsions at 1 day and 40 days after
preparation.
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These distributions allow an increase of the second peak
with ageing time to be detected, which resulted in a reduc-
tion of the population with smaller size. This usually points
to the occurrence of a destabilization process by coalescence
discarding an Ostwald ripening phenomenon, as the latter
would lead to a shift of the DSD toward larger sizes without
changing their shape. For Ostwald ripening the particle size
distribution should attain a specific time-independent form
that moves up the size axis with time, whereas with coales-
cence a bimodal distribution is usually observed.'”?’

Figures 9a—e show the flow curves as a function of ageing
time for all emulsions studied.

All emulsions exhibited a trend to reach a Newtonian
region at low-shear rate regime, followed by a slight
decrease in viscosity (shear-thinning behavior) above a criti-
cal shear rate. This behavior could be fairly well fitted to the
Cross model with a R* greater than 0.999. The fitting param-
eters are shown in the tables inset in the figures. The 65/35
emulsion showed a steady decrease in zero-shear viscosity
with aging time, which is a clear indication of coalescence
as confirmed by the significant increase of volumetric mean
diameter from 21 ageing days on (Figures 8a and 9a). The
decrease of zero-shear viscosity with time has been previ-
ously to an increase of average droplet size.? A slight
increase of AMD-10/D-limonene ratio to 70/30 initially pro-
voked an incipient creaming effect as demonstrated by the
rise of both zero-shear viscosity and shear-thinning slope.28
After that, coalescence became dominant as revealed by the
steady drop of zero-shear viscosity at longer ageing times
(Figure 9b).

An increase of zero-shear viscosity was also detected for
the 75/25, 80/20, and 85/15 emulsions as shown in Figures
9c—e, respectively. The increase of zero-shear viscosity with
aging time indicates a higher concentration of the dispersed
phase in the upper part of the sample. This involves a desta-
bilization process by incipient creaming and/or flocculation.

Figure 10a shows the CI as a function of aging time at
different ratios of solvents. It should be noted that the slope
of the linear region, directly related to the “creaming rate,”
was not significantly different for all studied systems (see
the inset of Figure 10a). However, important changes of the
delay time were found, in such a way that the most D-
limonene-concentrated emulsions showed the higher values
of that parameter. This is totally consistent with the result
obtained from the different rheological and laser diffraction
measurements.

Figure 10b shows the increase of droplet diameter from the
diameter at time zero plotted as a function of ageing time for
emulsions with the different ratios of solvents studied.

No changes of droplet size emulsions associated with a
coalescence phenomenon were detected for emulsions with
less limonene content. By contrast, emulsions with higher
limonene content exhibited significant changes of droplet
size as a consequence of a destabilization process by coales-
cence. These results are consistent with results obtained in
flow curves and laser diffraction. In spite of that MLS is not
able to differentiate between both coalescence and floccula-
tion phenomena. As a result, the results obtained from the
rest of the experimental techniques used reveal that changes
of backscattering in the intermediate zone of the vial are
essentially due to a coalescence phenomenon. It should be
noted that this phenomenon is more pronounced in the emul-
sion with higher limonene content. This may be related to
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Figure 9. Flow curves as a function of aging time for
emulsion.

Continuous line illustrates data fitting to the Cross model.

(a) 65/35, (b) 70/30, (c) 75/25, (d) 80/20, and (e) 85/15

Tables inset show the flow curve fitting parameters. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the interfacial properties of limonene and its behavior at the
interface.

Conclusions

The exploring analysis initially carried out showed the
dependence of homogenization rate and the ratio of solvents
on DSDs and emulsion stability. The use of mixtures of
green solvents led to obtain emulsions with submicron drop-
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let mean diameter above 5000 rpm. In addition, the results
of this preliminary study allowed an adequate homogeniza-
tion rate to be fixed (6000 rpm) and laid the foundation for a
further study of ratio of solvents. As a result of this study,
an evolution of DSDs consistent with the occurrence of
some coalescence was observed for emulsions with the
higher content in D-limonene. However, emulsions contain-
ing high AMD-10/D-limonene ratio remained stable against
coalescence. Coalescence information obtained by laser
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Figure 10. (a) Cl as a function of aging time for studied
emulsions; (b) increase of droplet size diam-
eter from the diameter at time zero as a
function of aging time for studied emul-
sions.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

diffraction and MLS supported each other. In addition, the
results provided by MLS revealed that 65/35 and 70/30
emulsions underwent not only coalescence but also cream-
ing. Emulsion with 75/25 solvent ratio exhibited intermediate
delay time for the onset of incipient creaming but it did not
undergo coalescence. Rheology cleared up the destabilization
mechanism for high-limonene content emulsions. First,
creaming was dominant (increasing #,) and later coalescence
became predominant (decreasing #y). From a methodological
point of view, monitoring the cooperative information pro-
vided by rheology, laser diffraction, MLS and CSLM for a
short-aging time is a powerful tool to get a comprehensive
panoramic view of the destabilization mechanism and
kinetics of emulsions, especially when several mechanisms
are simultaneously taking place.
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Notation

D(3,2) = Sauter’s mean diameter, um
D(4,3) = volumetric mean diameter, yum
Re = radius outside cylinder (interior radius of the beaker), cm
Ri = radius interior cylinder (outside radius of the rotor), cm
CI = creaming index, %
H = total height of the emulsion, mm
Hg = height of the serum layer. mm
n = shear rate viscosity, Pa-s
no = zero-shear rate viscosity, Pa-s
7 = shear rate, s~
7. = critical shear rate, s~
n = flow index,
/. = characteristic time, s
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