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ABSTRACT: This contribution reports the development of 30 wt % D-limonene-in-water emulsions formulated with a biopolymer (gel-

lan gum) as stabilizer and prepared with a high-pressure homogenizer. The role as emulsifiers of different ratios of amphiphilic

copolymers (AtlasTM G5000 and AtloxTM 4913) was assessed. The results indicated that the ratio of emulsifiers had significant effect

on the physical stability, droplet size, viscoelasticity, and viscosity of these emulsions. The mean droplet diameters decreased as

AtlasTM G5000 concentration increased from 1 wt % to 3 wt %. The aging of emulsions resulted in an increase in the size of droplets

for the emulsions containing high AtloxTM 4913 copolymer content. An increase of AtlasTM G5000 enhanced both the G 0 and G 00 val-

ues and the viscosity providing higher stability to emulsions. Gellan gum caused in viscoelastic moduli weaker frequency dependence

at the lower frequencies, according to the formation of a faint gel-like matrix. All emulsions exhibited shear thinning flow properties

that fitted the power-law equation. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43838.
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INTRODUCTION

Oil-in-water emulsions are thermodynamically unstable systems

in which oil is dispersed in aqueous phase. They tend to sepa-

rate into two layers over time through some physicochemical

mechanisms such as creaming, coalescence, flocculation, and/or

Ostwald ripening.1 The use of surfactants and/or thickeners is

essential with a view to improve the stability of emulsion.2

Regarding the oil phase it should be noted that nowadays, there

is a growing interest by essential oils. They have interesting anti-

microbial and antioxidant properties which provoke that

recently several authors have performed a great effort to investi-

gate their use in diverse application fields such as food, phar-

maceutical, and the agrochemical industry.3–5 This work deals

with the development of emulsions containing D-limonene as

disperse phase. D-Limonene is an interesting biosolvent that can

be obtained from citric peels. It exhibits good biodegradability

according to the requirement to meet the ever-increasing safety

and environmental demands of the 21st Century.6 Given that D-

limonene is not soluble in water, emulsification is an interesting

alternative to solubilize and protect D-limonene from oxidative

degradation.7

Two amphiphilic copolymers have been used in order to emul-

sify D-limonene. These surfactants have an indispensable role in

the formation and stabilization of emulsions.8 In this article,

the use of AtlasTM G-5000 hydrophilic copolymer (HLB 5 16.9)

and the AtloxTM 4913 amphiphilic copolymer (HLB about 11–

12) as emulsifiers will be investigated. This latter polymeric sur-

factant is composed of a main chain of methyl methacrylate

(PMMA) as an anchor fraction and polyethylenglycol chains

(PEG) of suitable length as a stabilizer fraction. AtlasTM G-5000

hydrophobic chains, poly-B block of poly(propylene oxide),

work as anchoring groups in the organic phase while the hydro-

philic chain, poly-A block of poly(ethylene oxide), ensures the

stability of the external aqueous phase.

Polysaccharides are widely used as thickening, stabilizing, and

emulsifying agents for their biocompatibility, biodegradability,

and non-toxicity. Although gellan gum possesses a great practi-

cal potential, it is a biopolymer seldom used in these pur-

poses.9–12 In an emulsion containing a thickening agent such

gellan gum, creaming is strongly inhibited due to the immobili-

zation of droplets in a weak gel-like polymer network having a

very high zero-shear viscosity value in comparison with emul-

sions formulated in the absence of thickening agents.13
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The most common emulsification methods are based on

mechanical energy input to the system by an external source. As

a rule, emulsions are prepared in two steps. The aim of the first

step (primary homogenization) is to create droplets of dispersed

phase such that a coarse emulsion is formed. This step is usu-

ally carried out by means of a rotor/stator system. The goal of

the second step is to reduce the size of pre-existing droplets to

a submicron level, which usually involves the use of a different

homogenizer, such as ultrasonic probes, high-pressure valve

homogenizers, or microfluidizers.14,15 High-pressure homoge-

nizers are the most important continuously operated emulsify-

ing devices used in industry to produce finely dispersed

emulsions.16

The main objective of this work was to study the influence of

the amphiphilic copolymer mass ratio (AtlasTM G-5000 and

AtloxTM 4913) as emulsifier on the rheological properties, drop-

let size distribution, and physical stability of D-limonene/W

emulsions developed using a high-pressure homogenizer and

formulated with a microbial gum.

EXPERIMENTAL

Materials

The organic solvent used was rectified D-limonene, which was

supplied by Destilaciones Bordas-Chinchurreta Company (Sevilla,

Spain). The D-limonene concentration was fixed to 30 wt %.

Two types of amphiphilic copolymers were used as emulsifiers,

which may be considered to be polymeric surfactants.12 AtlasTM

G-5000 (hydrophilic AB block copolymer) and AtloxTM 4913

(grafted copolymer) surfactants were supplied by Commercial

Qu�ımica Mass�o Company (Barcelona, Spain). The total concen-

tration of copolymers was 3.0 wt %, although the ratio AtlasTM

G-5000 to AtloxTM4913 was varied: 3/0, 2.5/0.5, 2/1, 1/2, and

0/3. The nomenclature used to denote the composition of emul-

sions is as follows: X/Y stands for emulsions containing X wt %

AtlasTM G-5000 and Y wt % AtloxTM 4913.

Commercial low-acyl gellan gum, Kelcogel F type was used as

stabilizer as supplied by CP Kelco Company (San Diego, CA).

The total concentration of gellan gum in the emulsions was 0.4

wt %. In order to prevent the growth of microorganisms, 0.1

wt % sodium azide was added to the final formulation.

Methods

Emulsification Process. In the preparation of gum solutions

and emulsions studied, the protocols utilized in a previous

study were used.4 These protocols consist of the following con-

secutive steps.

First, the gum solutions were prepared by slowly dispersing 0.8

wt % gellan gum in deionized water at room temperature. Sub-

sequently, they were mechanically stirred using an IKA-Visc

MR-D1 in combination with a Saw-tooth type rotor in a bath

at 80 8C in order to facilitate their hydration. Finally, the water

lost due to evaporation during the dispersion and hydration

steps was replaced.

Second, oil-in-water emulsions were produced in two steps: In

the first step, coarse emulsions were prepared with an Ultratur-

rax T-50/G45F rotor-stator device by applying a rotational speed

of 4000 rpm for 120 s at room temperature. AtlasTM G-5000

and AtloxTM 4913 were dispersed in the corresponding amount

of water. Afterwards, D-limonene was added slowly to the aque-

ous one while the system was agitated using the aforementioned

homogenizer. The pre-emulsion was passed through a high-

pressure valve homogenizer (Avestin EmulsiFlex-C5 type) three

times at 1500 psi (10.3 MPa). Finally, this emulsion was mixed

with an equal amount of a solution of hydrocolloid. For this

purpose, the Ultra-Turrax T-50 was used.

Oscillatoy Shear Tests. Stress sweeps were performed in a range

of 0.05–3 Pa at three different frequencies: 0.1 Hz, 1 Hz, and 3

Hz. Frequency sweep tests were performed by selecting a stress

within the linear range for three previously studied frequencies.

A controlled-stress rheometer AR2000 with a serrated plate–

plate sensor (40 mm diameter, gap: 1 mm) was used. Equilibra-

tion time prior to rheological tests was 10 min. These rheologi-

cal measurements were carried out at 20 8C 6 0.1 8C, using a

Peltier system for sample temperature control. The samples

were loaded into the rheometer measurement cell and allowed

to equilibrate for 600 s before beginning the test, to allow for

stress relaxation. The results represent the mean of, at least,

three measurements done on emulsions aged for 24 h.

Steady Shear Flow Tests. The flow tests were carried out using

a rheometer from Haake Thermo Scientific (Karlsruhe, Ger-

many), a Mars controlled stress rheometer with a Vane FL40

sensor system (Ri 5 20 mm, Ra 5 21.70 mm, H 5 55 mm).

Three different segments have been used to provide a greater

number of points along the flow curve: (1) From 0.1 to 1 Pa;

(2) From 1.1 to 10 Pa; (3) From 12.5 to 60 Pa. These rheologi-

cal measurements were performed at 20 8C 6 0.1 8C, using a

C5P Phoenix circulator (Thermo-Scientific, Germany) for sam-

ple temperature control. The results represent the mean of three

measurements.

Droplet Size Distribution. Droplet size distributions of emul-

sions aged for 1, 2, 5, 14, 28, and 60 days were measured using

a static light scattering instrument (Mastersizer X; Malvern

Instruments, UK) after samples had been diluted with water.

The mean droplet diameters were expressed as Sauter diameter

(D3,2) and volume mean diameter (D4,3):

D3;25
XN

i51

nidi
3jj
XN

i51

nidi
2 (1)

D4;35
XN

i51

nidi
4jj
XN

i51

nidi
3 (2)

where di is the droplet diameter, N is the total number of drop-

lets, and ni is the number of droplets having a diameter di.

Determinations were conducted in triplicate.

Multiple Light Scattering. The destabilization of emulsions was

monitored by multiple light scattering using an optical scanning

instrument (Turbiscan Lab Expert). Emulsions were placed into

cylindrical glass tubes and stored at room temperature. The

backscattering of light from emulsions was then measured with

height at different times. The results were presented in reference
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mode (delta-backscattering. DBS %), i.e., by subtracting the first

scan from all the subsequent scans made.

In order to quantify simultaneously the destabilization processes

in the emulsions studied the Turbiscan Stability Index (TSI)

was used. This index is a statistical factor and its value is calcu-

lated as the sum of all the destabilization processes in the meas-

uring cell and it is given by17:

TSI5
X

j

jscanref ðhjÞ2scaniðhjÞj (3)

where scanref and scani are the initial backscattering value and

the backscattering value at a given time, respectively, hj is a

given height in the measuring cell and TSI is the sum of all the

scan differences from the bottom to the top of the vial.

Furthermore, one-way analysis of variance (ANOVA) and simple

regression analysis were carried out using StatPlus
VR

:mac. All sta-

tistical calculations were conducted at a significance level of

P 5 0.05.

RESULTS AND DISCUSSION

Results for 0/3 emulsion are not shown because it was not pos-

sible to obtain it with high-pressure homogenizer. By contrast,

the coarse emulsion was obtained. For this reason, the energy

input must be controlled since over-processing led to the rup-

ture of surfactant interface and thus breaking up of droplets by

recoalescence when the AtloxTM 4913 was used alone.

Rheological Measurements

In order to define the upper limit of the linear viscoelastic

range (LVR), oscillatory stress sweep tests were conducted. This

test was carried out at three different frequencies to ensure that

the conditions for linear viscoelastic behavior were fulfilled. In a

stress sweep, the storage modulus (G 0) and the loss modulus

(G 00) remain practically constant and deformation in the struc-

ture is reversible up to a critical stress (sc), in which G 0 and G 00

begin to change with increasing stress. The LVR is where the

moduli are independent of the applied stress and strain. The

value of sc reflects the shear resistance of molecular aggregates,

when s> sc, the initial molecular aggregates are disrupted.18

Figure 1 shows oscillatory shear stress sweeps as a function of

frequency for the emulsion 3/0 by way of example. The onset of

non-linear response was detected by a clear fall of G 0 and G 00. It

is possible to obtain from these tests the critical stress for the

onset of non-linear response. For all studied emulsions, sc for

0.1 Hz is more restrictive for the onset of non-linear response

than for 1 Hz and 3 Hz (sc,0.1 Hz< sc,1 Hz< sc,3 Hz). Critical

shear stress values for 0.1 Hz are presented in Table I. The

excellent repeatability of the critical shear stress and critical

strain supported the consistency of the preparation method

used. Results of ANOVA test demonstrated that the LVR at 0.1

Hz is dependent on AtlasTM G-5000/AtloxTM 4913 ratio, since

the values of sc, G 0, and G 00 steadily went down as the AtlasTM

G-5000 concentration was decreased. In addition, for all the

studied emulsions G 0 was greater than G 00 at the LVR, as the

elastic component dominated the viscous component at 0.1, 1,

and 3 Hz.

Figure 2 illustrates the frequency dependence of the linear visco-

elastic functions of the studied emulsions to display the influ-

ence of surfactants ratio. G 0 values were slightly higher than

those of G 00 and the slopes of the linear part of the log–log plot

of G 0 and G 00 versus frequency were relatively high. However, at

the lower frequencies a clear trend to a weaker influence of fre-

quency was observed. Both viscoelastic functions increased with

the AtlasTM G-5000 content. These results indicated the progres-

sive development of a faint gel-like structure as the AtlasTM G-

5000/AtloxTM 4913 ratio was increased. This gel must be based

on the steric interactions promoted by the hydrated

Figure 1. Oscillatory stress sweeps of 30 wt % D-limonene emulsions aged

for 24 h for the 3/0 emulsion at 0.1, 1, and 3 Hz. Temperature: 20 8C.

Table I. Critical Shear Stress at 0.1 Hz (sc,0.1 Hz), Storage Modulus (G 0) at

the LVR and Loss Modulus (G 00) at the LVR Values for All Studied

Emulsions

Emulsion sc,0.1 Hz (Pa) G0LVR (Pa) G00

LVR (Pa)

3/0 0.63 6 0.04 5.56 6 0.33 4.49 6 0.31

2.5/0.5 0.50 6 0.03 4.78 6 0.28 3.68 6 0.17

2/1 0.20 6 0.02 4.05 6 0.17 3.48 6 0.18

1/2 0.13 6 0.01 3.32 6 0.12 3.13 6 0.13

Figure 2. Mechanical spectra of 30 wt % D-limonene emulsions aged for 24 h

as a function of the surfactants ratio used as emulsifier. Temperature: 20 8C.
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polyoxyethylene groups of AtlasTM G-5000 with the vital contri-

bution of the biopolymer used. It should be noted that the pres-

ence of gellan macromolecules was responsible for the lower

frequency dependence observed at low frequency. In other words,

gellan gum may form transient junction zones among their mac-

romolecules, justifying the slight trend observed to reach an equi-

librium Ge modulus.10 From a practical point of view, the

increasing strength of the faint gel-like structure as AtlasTM G-

5000 concentration was greater predicts a better physical stability

of the corresponding limonene emulsion. This fact can be attrib-

uted to the formation of a semi-permanent network as a conse-

quence of the establishment of hydrogen bonds between the

polyoxyethylene groups of AtlasTM G-5000 and water.12

Flow curves representing the shear stress dependence on the shear

rate for emulsions studied as a function of AtlasTM G-5000/

AtloxTM 4913 ratio after one day of aging time are shown in Fig-

ure 3. All the emulsions exhibited shear-thinning behaviour so

that their viscosity (slope of the plot of stress vs. shear rate) grad-

ually dropped with increasing shear rate. However a deeper obser-

vation at low shear rate (see insight in Figure 3) revealed the

occurrence of an apparent yield stress. The yield stress of a mate-

rial can be defined as the minimum shear stress that must be

overcome to make a material flow. Namely, below a stress level we

observe a solid-like behavior and above this stress level we observe

viscous liquid-like behavior. This stress level is the yield stress and

it determines the initiation of an emulsion to flow from a con-

tainer, pumping an emulsion into a transportation pipeline, coat-

ing or spreading of an emulsion over a solid substrate.

The occurrence of a yield stress is not unusual since structured

fluids such as dense suspensions, colloidal gels, or concentrated

emulsions are yield stress fluids. As an example may be men-

tioned: Crude oil-polymer emulsions,19
D-limonene/water emul-

sions prepared with Angum gum,20 gellan gum fluid gel,11 or

xanthan gum solutions.21

The flow curves were successfully fitted to the Herschel–Bulkley

equation (R2> 0.999) in order to identify the flow responses of

the emulsion:

s5s01k � _gn (4)

where s is the shear stress, s0 is the yield stress, k is the consis-

tency index, (R2> 0.999) is the shear rate and n is the power

law index.

Table II shows the values of fitting parameters for the emulsions

aged for 24 h as a function of surfactants ratio. Furthermore, the

apparent viscosity at a constant shear rate of 0.1 and 100 s21 (h0.1

and h100 respectively) are exhibited, which are calculated as follows:

h5
s
_g

(5)

Firstly, the non-Newtonian behavior of these emulsions should

be noted (n< 1).

As can be observed in Table II, the viscosities h0.1 and h100 of

these emulsions, which range from 16.10 to 28.97 Pa s and from

0.175 to 0.229 Pa s, respectively, depend on the AtlasTM G-5000/

AtloxTM 4913 mass ratio having the AtlasTM G-5000 concentra-

tion a big impact on the emulsion viscosity. The 3/0 emulsion

exhibited the highest viscosity with values nearly two times

higher than 1/2 emulsion. The yield stress, s0, ranged from 1.27

to 2.14 Pa and it decreased by increasing the AtloxTM 4913 con-

tent, being its value lower than that of emulsions containing

higher AtlasTM G-5000 concentration. AtlasTM G-5000 is an

emulsifier which is also able to build hydrogen bonds with water.

This fact increased the resistance to the flow, which in turn

increases the energy need for the flow leading to obtain emul-

sions with an increasing value both yield stress and viscosity by

increasing this copolymer. These results agree with those obtained

in mechanical spectra. Regarding the power law index, n, hardly

increased with AtlasTM G-5000 content. The results of ANOVA

test supported this fact and they demonstrated that AtlasTM G-

5000/AtloxTM 4913 mass ratio had no significant effect upon the

flow index of the emulsions. By contrast, this test appreciated

that this ratio influenced the values of h0.1, h100, and s0.

As expected, in all emulsions h0.1 values were higher than h100

values. This decrease in apparent viscosity by increasing the

Figure 3. Steady shear flow curves of 30 wt % D-limonene emulsions aged

for 24 h as a function of the surfactants ratio. Lines are the best fit to

Herschel–Bulkley equation. Temperature: 20 8C.

Table II. Flow Curves Fitting Parameters for the Herschel–Bulkley Model for Studied Emulsions as a Function of Surfactant Ratio

Emulsion s0 (Pa) K (Pa) n s0.1 (Pa s) s100 (Pa s)

3/0 2.14 6 0.10 2.11 6 0.07 0.49 6 0.01 28.97 6 2.14 0.229 6 0.018

2.5/0.5 1.92 6 0.16 1.58 6 0.05 0.51 6 0.01 23.37 6 2.11 0.198 6 0.018

2/1 1.53 6 0.13 1.45 6 0.06 0.52 6 0.01 19.07 6 1.52 0.192 6 0.017

1/2 1.27 6 0.11 1.39 6 0.05 0.54 6 0.01 16.10 6 1.09 0.175 6 0.012

Aging time of 24 h.
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shear rate could be attributed to deformation and breaking of

the drop aggregates and their arrangement in the flow field.1

Droplet Size Distribution

Figure 4 shows the droplet size distributions of the emulsions

aged for 24 h as a function of the AtlasTM G-5000/AtloxTM 4913

ratio. All emulsions showed two populations of droplets and

similar droplet size distributions regardless of the surfactant

ratio used. The main peak is below 1.5 microns and the second

population is located about ten microns. The occurrence of the

second population of droplets is probably due to a recoalescence

phenomenon of new droplets as a consequence of some over-

processing.22,23 The Sauter and volume mean droplet diameters,

D3,2 and D4,3 respectively, (Figure 5), illustrate that an increase

of the content of the AtloxTM 4913 copolymer in the emulsion

yielded higher mean diameters and wider droplet size

distributions.

These results also support those obtained in flow curves.

According to Pal (2000), as droplet size increases, the number

of droplets per unit volume of the emulsion decreases and the

average distance of separation between the droplets increases.24

Therefore, the droplets become more mobile and show less

resistance to flow showing a lower viscosity.

Regarding aging time (from day 1 to day 60) it should be noted

that an increase of the mean diameters occurs (Figure 5). The

results obtained pointed out the occurrence of some coalescence

for emulsions developed at the range 2–1 wt % of AtloxTM

4913. By contrast, the 3/0 and 2.5/0.5 emulsions did not show

any significant changes of droplet sizes.

Multiple Light Scattering

Figure 6 shows by way of the example the delta-backscattering

(DBS %) profiles obtained as function of time for (a) the 1/2

emulsion and (b) the emulsion containing only AtlasTM G-5000

(3/0). A decrease in backscattering at the bottom of the meas-

uring cell was observed in both samples, which indicated the

occurrence of a migration of droplets to the upper part of the

cell, i.e., a clarification due to an incipient creaming in this

zone of the measurement cell.25,26 This decrease in backscatter-

ing at the lower zone of the tube was observed in all samples.

However, the emergence of a destabilization process by cream-

ing was more clearly seen for the emulsions with higher concen-

trations of AtloxTM 4913 [see Figure 6(A)]. In addition, Figure

6(A) shows a global decrease of backscattering with the aging

time in the middle part of the measuring cell. In general, this

Figure 4. Droplet size distributions for emulsions aged 24 h as a function

of the AtlasTM G-5000/Atlox TM 4913 ratio.

Figure 5. Sauter mean diameter (D3,2) and volume mean diameter (D4,3)

for all the emulsion studied as a function of aging time.

Figure 6. Changes in delta-backscattering profiles as a function of the

tube height with the aging time for (A) the 1/2 emulsion and (B) the 3/0

emulsion. Tube length: 55 mm, temperature: 20 8C.
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evolution can be interpreted as an increase in the emulsion

droplet size. To illustrate this behavior the backscattering was

fitted to an exponential equation (R2> 0.99), typically used for

a first-order kinetic model27:

BS5BSe1ðBS02BSEÞ � expðk � tÞ (6)

where BS stands for backscattering as a function of aging time,

BSE is the corresponding equilibrium value, BS0 is the initial

value of backscattering and k is the first-order kinetic coeffi-

cient. To be more precise, the average value of the backscatter-

ing (BS) measurement at the central zone of the cell (between

15 and 20 mm of sample height) has been plotted as a function

of ageing time (Figure 7). This kinetic equation has proven use-

ful to monitor the physical stability of an emulsion formulated

with polymer surfactants as emulsifiers and polysaccharides as

stabilizers.4,12 Table III lists the values of eq. (6) parameters as a

function of copolymer concentration. As can be seen, BS0

decreased as AtlasTM G-5000 concentration was reduced. This

result can be attributed to the fact that the lower Sauter mean

droplet diameters (higher AtlasTM G-5000 concentration, see

Figure 5) result in higher specific surfaces. The first-order

kinetic coefficient (k) exhibited a tendency to increase with the

rise of the relative concentration of AtloxTM 4913. This fact

indicates that the kinetics of coalescence slowed down as an

increasing number of molecules of AtlasTM G-5000 accumulated

around the limonene/water interface.

The destabilization by creaming of the emulsions was studied

using the creaming index (CI), which is defined as1:

CIð%Þ5 HS

HE

� 100 (7)

where HE is the total height of the emulsion and HS is the

height of the serum layer.

In Figure 8, the creaming index (CI) is plotted as a function of

aging time for all emulsions. Obviously, the value of the cream-

ing index will depend on the time that the measurement is

made. The initial slope of the plot of CI versus time [d(CI)/

d(t)] is related to the creaming velocity:

x5
dðCIÞ

dt
� HE

100
(8)

It was found that the creaming velocity was influenced by the

surfactants ratio (Table III). This parameter increases as the

AtlasTM G-5000 content decreases. This result is in agreement

with those obtained from rheological and laser diffraction meas-

urements because emulsions became more stable against cream-

ing due to the combination of the increase of viscosity and the

reduction of the droplet size.26 It is important to note that

destabilization by creaming could be visually observed for 1/2

emulsion after more than 40–45 days of aging time.

Taking into account that the emulsions were destabilized simul-

taneously by both processes, creaming and coalescence, the

influence of AtlasTM G-5000/AtloxTM 4913 ratio in the global

destabilization parameter, Turbiscan Stability Index, was stud-

ied. Table IV also shows the Turbiscan Stability Index (TSI) for
Table III. Fitting Parameters of the First-Order Kinetic Equation for the

BS in the 15–20 mm Zone of the Measuring Cell versus Aging Time as a

Function of Copolymer Concentration

Emulsion B00 (%)
(BS0 2 BSE)
(%) k (s21)

3/0 78.45 0.93 2.83 3 1026

2.5/0.5 78.17 1.01 2.84 3 1026

2/1 77.44 1.78 2.98 3 1026

1/2 76.72 2.65 3.33 3 1026

Figure 8. Creaming index (CI) as a function of aging time for all emul-

sions studied. Samples kept under storage at 20 8C.Figure 7. Destabilization kinetic in the 15–20 mm zone monitored over

some days for all studied emulsions as a function of the AtlasTM G-5000/

AtloxTM 4913 ratio.

Table IV. Creaming Velocity (x) and Turbiscan Stability Index at 60 days

(TSI) for All Emulsions Studied

Emulsion x (%/day) TSI60days

3/0 0.019 6 0.002 1.14 6 0.11

2.5/0.5 0.048 6 0.005 1.95 6 0.16

2/1 0.098 6 0.009 2.73 6 0.19

1/2 0.283 6 0.023 4.31 6 0.33
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60 days of aging time for all emulsions studied. 1/2 emulsion

exhibited the highest value of TSI while the 3/0 emulsion

showed the lowest. Therefore, it should be noted that the most

stable emulsion (lowest values of TSI) is the formulation with 3

wt % of AtlasTM G-5000 (3/0). ANOVA test demonstrated that

surfactant ratio had significant effect upon the physical stability

of the emulsions.

CONCLUSIONS

Stable D-limonene-in-water emulsions were obtained formulated

with mixtures of two copolymers as emulsifier and gellan gum

by using a high-pressure homogenizer. All the emulsions pre-

pared exhibited mechanical spectra typical of faintly structured

materials. The mechanical spectra, flow curves, and mean drop-

let sizes were sensitive to the mass ratio of AtlasTM G-5000/

AtloxTM 4913 copolymers and were consistent with the physical

stability of D-limonene in water emulsions. Higher concentra-

tions of AtlasTM G-5000 led to higher viscoelasticity, higher vis-

cosity, higher yield stress, and lower mean droplet diameters.

These results emphasize the relevant role played by the hydro-

philic AtlasTM G-5000 copolymer, which promote steric interac-

tions among limonene droplets, by means of a mechanism

based on the competition to form hydrogen bonds with water

in the continuous phase. All emulsions underwent a main

destabilization process by creaming which was delayed as

increase the AtlasTM G-5000/AtloxTM 4913 mass ratio.
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