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bstract

A two-parameter equation to reproduce the droplet size distribution (DSD) of emulsions has been developed. The equation has been applied
atisfactorily to oil-in-water (O/W) emulsions with triolein and tributyrin as oil phase and gum arabic, an alkylpolyglucoside and a fatty ethoxilated

lcohol as emulsifier agents. Emulsions with aging effect also have been studied. The equation reproduces satisfactorily the DSD obtained using
wo parameters, n and m. This equation enables to determine the distribution of the interfacial area and the oil volume in the emulsions prepared.
he equation is suitable too to model the experimental results reported by different researchers.
 2006 Published by Elsevier B.V.
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. Introduction

Emulsions are fundamental in many applications (food pro-
essing, petroleum and detergents industries) [1] and industrial
roducts (foods, pharmaceuticals or cosmetics) [2]. In specific,
il-in-water (O/W) emulsions are used in industrial operations
nvolving two immiscible fluids and emulsifier agents which
llow emulsion formation and stabilization [3].

The droplet size distribution influences the properties of the
mulsion in aspects such as degradation rates, long-term stabil-
ty, resistance to creaming [4,5], texture and optical appearance
6], viscosity, physiological efficiency [4,5], and chemical reac-
ivity as, for example, in the kinetics of polymerization reactions
7] or in lipase catalysed reactions where the interfacial area
etween oil/aqueous phase has a strong influence [8].

One common way to characterize the size distribution of the

mulsions is the use of parameters that indicate the dispersion,
uch as median drop size [9], Sauter diameter [10], and diameter
f the largest stable drop size [11]. Although these are commonly
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sed, they are not very suitable for characterizing emulsions
ecause they fail to provide all the information of the system and
hus provide only an approach. For an accurate determination of
he most characteristic parameters of the emulsions (total distri-
ution of droplet surface, volume or mass), it becomes necessary
o evaluate the droplet size distribution (DSD) of an emulsion. If
he parameters of the distribution function can be related to the
mulsification process or the properties of the resulting emul-
ion, still more useful information can result.

A wide variety of mathematical and empirical distribution
unctions, such as the normal distribution, log-normal distribu-
ion, Rosin-Rammler equation, Nukiyama-Tanasawa equation,
tc. have commonly been used to simulate the DSD [12] in
ifferent processes, such as atomization or spraying. In emul-
ions, where mechanical stirring is very commonly employed
o generate fine drops in another liquid and to maintain the dis-
ersion of the drops generated [1], different models have been
ommonly used also to simulate the DSD. The normal distri-
ution does not usually show a good fit to the experimental

esults, since the distributions are rarely symmetrical. One of
he most common methods used is the lognormal distribution
7,13], which in some cases provides a satisfactory correlation
7].

mailto:ejurado@ugr.es
dx.doi.org/10.1016/j.colsurfa.2006.08.037
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Another model used to reproduce a DSD is the Rosin-
ammler equation [14]:

− Vcum = exp

(
−
(

di

a

)b
)

(1)

here a and b are the parameters of the distribution and Vcum is
he cumulative volume fraction of the drops that have diameters
ess than di. This equation is useful for engineering calcula-
ions [15]. Karabelas [16] found that b varied between 2.3
nd 2.9. To determine microsphere-sized distribution function
ahukudumbi et al. [17] also used the Rosin-Rammler distri-
ution, considering the distribution function of the number of
roplets normalized FnI, instead Vcum (Eq. (2)), finding that a
nd b had values of between 1.2 and 5.0.

nI(di) = 1 − exp

(
−
(

di

a

)b
)

(2)

Another widely used equation to determine the particle-size
istribution in different processes (atomization, dryers, etc.) is
he Nukiyama and Tanasawa equation [18]:

nI(δ) = Kδn exp(−kδm) (3)

here δ is the dimensionless diameter, fnI is the droplet size
istribution function and K, n, k and m are empirical parameters.
he equation may be expected to have at least some application

n emulsions, although it is difficult to use because it is necessary
o determine four empirical parameters.

In the present study, a modification of the Nukiyama and
anasawa equation is proposed to reproduce the DSD of the
mulsions by using the Sauter diameter and only two empir-
cal parameters (n and m). The equation proposed reproduces
he experimental results of O/W emulsions prepared with tri-
lein and tributyrin by mechanical stirring using gum arabic, an
lkylpolyglucoside and a fatty ethoxilated alcohol as emulsifier
gents, while being applied also to determine the distribution of
he interfacial area as well as the distribution of the volume in the
mulsion. In addition, the results reported by other researchers
re reproduced. This equation fits the experimental data more
atisfactorily than do other DSD models.

. Materials and methods

Triolein and tributyrin were used as oil phases. Tri-
lein is glycerol trioleate (C57H104O6; MW = 885.5 g/mol,
= 0.91 g/cm3), a natural liquid oil practically insoluble in water

nd widely used as a soily model in detergency. It was sup-
lied by Sigma (practical grade) and the concentration assayed
as between 1 and 5 wt.%. Tributyrin is a glycerol tributyrate

C15H26O6; MW = 302.4 g/mol, ρ = 1.03 g/cm3) a liquid oil used
n kinetic studies with lipases. It was supplied by Panreac
purity > 99%) and the concentration assayed was between 1and
wt.%.
The emulsifier agent was a solution of NaCl (18.1 g/L),
H2PO4 (0.41 g/L), glycerine (54%, v/v), deionized water

Milli-Q®, Millipore) and gum arabic (a natural polysaccha-
ide used commonly as stabilizer in different food, cosmetics

a

K

icochem. Eng. Aspects  295 (2007) 91–98

nd pharmaceutical O/W emulsions due to the increasing of
he viscosity of the system [19]) supplied by Merck. The con-
entration of gum arabic studied was between 1 and 5 g/L.
mulsions were prepared with other emulsifier agents. In one
f them, the oil phase was emulsified with 0.2 g/L of Gluco-
on 650 (an alkylpolyglucoside) supplied by Henkel-Cognis; in
he other emulsion the oil phase was emulsified with 0.2 g/L of
indet1214N23 (a fatty ethoxilated alcohol) supplied by Kao
orporation.

The emulsions were prepared by adding the emulsifier agent
n the disperse phase. The components were prepared by

echanical stirring (1 min, 13,000 rpm) with an Ultraturrax-T25
Ika-Werke). The DSD measurement was made at 25 ◦C by laser
iffraction with a Coulter LS-230 analyser (Beckman Coulter
ompany). The collected scattered intensity as a function of the
ngle is converted into the size distribution using the Mie theory.

. Theory

The normalized diameter (δ) used in Eq. (3) is calculated as:

= di

D32
(4)

here di is the droplet diameter. The Sauter diameter (D32) is
efined as:

32 =
∑

inid
3
i∑

inid
2
i

(5)

nd ni is the number of droplets between two consecutive diam-
ters.

Eq. (3) needs the values of n, m and k, since K is a normal-
zing parameter. The K value is determined from the number of
roplets per volume unit, nB:

B =
∑

i

ni =
∫ ∞

0
fnI(δ) dδ (6)

eplacing Eq. (3) in Eq. (6):

B = K

∫ ∞

0
δn exp(−kδm) dδ (7)

eplacing in this equation the variable y = kδm, where:

y = mkδm−1 dδ δ =
(y

k

)1/m

(8)

nd considering the gamma function definition (Γ ):(
n + 1

m

)
=
∫ ∞

0
y((n+1)/m)−1 exp(−y) dy (9)

he integration of the Eq. (7) is transformed into:

∞

0
δn exp(−kδm) dδ = 1

mk(n+1)/m
Γ

(
n + 1

m

)
(10)
nd finally:

= nB
mk(n+1)/m

Γ ((n + 1)/m)
(11)
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eplacing Eq. (11) in Eq. (3), the DSD function would be:

nI(δ) = nB
mk(n+1)/m

Γ ((n + 1)/m)
δn exp(−kδm) (12)

owever, n, m and k are not independent. Replacing Eqs. (4)
nd (6) in Eq. (5):

32 =
∑

inid
3
i∑

inid
2
i

=
∫∞

0 D3
32δ

3fnI(δ) dδ∫∞
0 D2

32δ
2fnI(δ) dδ

⇒ 1 =
∫∞

0 δ3fnI(δ) dδ∫∞
0 δ2fnI(δ) dδ

(13)

onsidering Eq. (3) and (11), and operating in a similar form to
q. (10), it is obtained k from Eq. (13):

=
(

Γ ((n + 4)/m)

Γ ((n + 3)/m)

)m

(14)

his enables to calculate k with n and m.
The DSD function, Eq. (12), can be expressed as the fraction

f droplets dividing by nB, defining the distribution function of
he number of droplets normalized (FnI) of δ-sized droplets as:

nI(δ) = fnI(δ)

nB
= mk(n+1)/m

Γ ((n + 1)/m)
δn exp(−kδm) (15)

herefore, substituting Eq. (14) in Eq. (15), the n and m values
or a DSD could be estimated.

If this expression is derived and made equal to zero, it is
ossible to determine δ in which the DSD reach a maximum,
hich could be calculated by:

max =
( n

mk

)1/m

(16)

The distribution function of the oil-phase volume normalized
FvI) of δ-sized droplets could be determined by considering Eq.
12) in the fraction of volume of emulsion occupied by the oil
hase (εoil) defined as:

oil =
∫ ∞

0

π

6
D3

32δ
3fnI(δ) dδ

(n+1)/m ∫ ∞

= π

6
D3

32nB
mk

Γ ((n + 1)/m) 0
δn+3 exp(−kδm) dδ (17)

T

able 1
arameters of the emulsions prepared

il phase concentration Concentration of emulsifier agent D32 (�m) U

riolein, 1 wt.% Gum arabic, 1 g/L 2.88 28

riolein,
wt.%

Gum arabic, 1 g/L 3.96 23
Glucopon 650, 0.2 g/L 2.25 14

riolein,
wt.%

Gum arabic, 1 g/L 4.90 24
Gum arabic, 3 g/L 3.94 16
Gum arabic, 5 g/L 3.22 12
Glucopon 650, 0.2 g/L 2.49 24
Findet 1214/N23, 0.2 g/L 2.74 11

ributyrin, 1 wt.% Gum arabic, 1 g/L 4.87 15
ributyrin, 3 wt.% Gum arabic, 1 g/L 5.79 11
ributyrin, 5 wt.% Gum arabic, 1 g/L 6.53 8
hysicochem. Eng. Aspects 295 (2007) 91–98 93

nd in a similar way as in Eq. (10):

oil = nB
π

6
D3

32
Γ ((n + 4)/m)

Γ ((n + 1)/m)
k−3/m (18)

here upon FvI could be calculated as:

vI(δ) = (π/6)D3
32δ

3fn(δ)

εoil
= mk(n+4)/m

Γ ((n + 4)/m)
δn+3 exp(−kδm)

(19)

The distribution function of the interfacial area normalized
FaI) of δ-sized droplets could be determined considering Eq.
12) in the interfacial area per volume unit of the emulsion (aoil)
efined as:

oil =
∫ ∞

0
πD2

32δ
2fnI (δ) dδ

= πD2
32nB

mk(n+1)/m

Γ ((n + 1)/m)

∫ ∞

0
δn+2 exp(−kδm) dδ (20)

nd in a similar way as in Eq. (10):

oil = nBπD2
32

Γ ((n + 3)/m)

Γ ((n + 1)/m)
k−2/m (21)

hereupon FaI could be calculated as:

al(δ) = πD2
32δ

2fnI(δ)

aoil
= mk(n+3)/m

Γ ((n + 3)/m)
δn+2 exp(−kδm)

(22)

The n and m parameters are calculated applying Eqs. (14) and
15) to the experimental data. It could allow for determining FvI
nd FaI in Eqs. (19) and (22) respectively. Knowing εoil, it is
valuated nB with Eq. (18), and replacing nB in Eq. (21):

oil = 6 εoil

D32
(23)

This equation allows for determining aoil using D32 and εoil.
It has been obtained the DSD of the emulsions indicated in
able 1. It has been calculated the polydispersity of the emul-

(%) εoil (cm3 oil/cm3 emulsion) 10−2 aoil (cm2 oil/cm3 emulsion)

1 0.0110 2.34

5 0.0330 4.98
5 0.0330 14.7

3 0.0549 5.70
7 0.0549 8.42
6 0.0549 10.3
4 0.0549 13.2
5 0.0549 12.0

8 0.00973 1.20
3 0.0291 3.02
9 0.0486 4.47
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ion that it is usually parameterized by the uniformity (U) [20]
s:

= 1

dv,0.5

∑
iVi|dv,0.5 − di|∑

iVi

(24)

here dv,0.5 is the diameter for which the cumulative undersized
olume fraction is equal to 50% and Vi is the volume of the num-
er of droplets existing between the two consecutive diameters.
he higher U, the larger size distribution, given that U repre-
ents the deviation from the median volume value. Mabille et al.
20] considered that an emulsion is monodisperse if U is smaller
han 20%. The uniformity of the emulsions prepared is shown in
ables 1 and 3. In agreement with this criterion, all the emulsions
repared are polydisperse.

D32 and U can characterize the emulsions but do not provide
ll the information of the emulsion. Table 1 shows the volume

f the oil phase per volume of emulsion (εoil) calculated exper-
mentally from the oil mass used per volume of emulsion and
he oil and water densities. εoil and D32 are used to evaluate aoil
Table 1).

T
3
a

ig. 1. DSD of triolein and tributyrin emulsions: (A) influence of the triolein conce
B) influence of the gum arabic concentration in 5 wt.% triolein emulsions (© = 1 g
um arabic emulsions (� = 1 wt.%, �= 3 wt.%, © = 5 wt.%). (D) Influence of the
= 3350 min, © = 11380 min).
icochem. Eng. Aspects  295 (2007) 91–98

.1. Application of the equation to experimental
roplet-size distributions of O/W emulsions

As example, Fig. 1A–D show cumulative FnI versus the
roplet diameter for different conditions. The models normally
sed to model the DSD in emulsions, normal distribution and
ognormal distribution, have been applied to the experimental
ata but the results were unsatisfactory. The Rosin-Rammler
quation, Eq. (1), has been applied to the DSD of triolein and
ributyrin emulsions using FnI instead Vcum, as Bahukudumbi et
l. [17] used (Eq. (2)). The integration method used was Runge-
utta fourth order and the residual sum of squares (RSS) was

alculated. The a and b values used to initiate the fit are between
.2 and 5, as this author suggested. a, b and RSS are shown in
able 2. The model fits the experimental data though the distri-
ution of the residuals throughout the experimental range was
ot adequate.
Eq. (15) has also been applied to the experimental data.
he n and m values used to begin the fit are between 0.2 and
.5. The integration method used was Runge-Kutta fourth order
nd the residual sum of squares was calculated. As example,

ntration in 1 g/L gum arabic emulsions (� = 1 wt.%, �= 3 wt.%, © = 5 wt.%);
/L, �= 3 g/L, � = 5 g/L); (C) influence of the tributyrin concentration in 1 g/L
aging effect in an emulsion of triolein 5 wt.%–gum arabic 5 g/L (� = 0 min,
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Table 2
Application of the Rosin-Rammler model and Eq. (15) to the experimental data

Oil phase concentration Concentration of emulsifier agent (g/L) Rosin-Rammler model Equation proposed (Eq. (15))

a b RSS n m RSS

Triolein, 1 wt.% Gum arabic, 1 g/L 0.7624 −3.3423 0.058 1.4897 0.3531 0.00074

Triolein, 3 wt.% Gum arabic, 1 g/L 0.8499 −4.8687 0.30 9.6558 0.0796 0.0015
Glucopon 650, 0.2 g/L 0.8265 −4.2501 0.17 1.3975 0.3782 0.00035

Triolein, 5 wt.% Gum arabic, 1 g/L 0.8871 −6.2780 0.45 8.8902 0.0751 0.0084
Gum arabic, 3 g/L 0.8288 −4.3267 0.23 6.9215 0.1067 0.0014
Gum arabic, 5 g/L 0.7991 −3.7564 0.14 2.4946 0.2404 0.00076
Glucopon 650, 0.2 g/L 0.8333 −4.4054 0.19 2.0214 0.2959 0.00075
Findet 1214/N23, 0.2 g/L 0.7910 −3.6246 0.10 1.6979 0.3268 0.00058

Tributyrin, 1 wt.% Gum arabic, 1 g/L 0.6759 −2.4928 0.023 6.6559 0.1231 0.0026
Tributyrin, 3 wt.% Gum arabic, 1 g/L 0.7787 −3.4704 0.085 9.3429 0.0777 0.0045
T 730

F
e
T
(
p

e

F
e
i
t

ributyrin, 5 wt.% Gum arabic, 1 g/L 0.8

ig. 2A–D show that the equation reproduces satisfactorily the

xperimental results for the triolein and tributyrin emulsions.
able 2 shows n, m and RSS. The RSS obtained applying Eq.
15) was lesser than with the Rosin-Rammler equation inde-
endently of the oil, emulsifier agent, oil concentration and

o
s
o
D

ig. 2. Fit of Eq. (15) to the DSD of triolein and tributyrin emulsions (continuous lin
mulsions (� = 1 wt.%, �= 3 wt.%, © = 5 wt.%); (B) influence of the gum arabic co
nfluence of the tributyrin concentration in 1 g/L gum arabic emulsions (� = 1 wt.%,
riolein 5 wt.%–gum arabic 5 g/L (� = 0 min, �= 3350 min, © = 11380 min).
−5.6367 0.300 8.5458 0.0731 0.0196

mulsifier concentration used. Table 3 shows n, m and RSS

btained when Eq. (15) is applied to the DSD of an emul-
ion of triolein 5 wt.% and gum arabic 5 g/L. Independently
f the aging time analyzed the equation fits adequately the
SD measured. As example, Fig. 2D shows the fit of the

e = simulation): (A) influence of the triolein concentration in 1 g/L gum arabic
ncentration in 5 wt.% triolein emulsions (© = 1 g/L, �= 3 g/L, � = 5 g/L); (C)
�= 3 wt.%, © = 5 wt.%). (D) Influence of the aging effect in an emulsion of
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Table 3
Application of Eq. (15) to an emulsion of triolein 5 wt.%–gum arabic
5 g/L—influence of the aging effect

Time (min) D32 (�m) U (%) Equation proposed (Eq. (15))

n m RSS

0 3.22 126 2.4946 0.2404 0.00076
510 4.04 105 6.5367 0.1386 0.0068

1280 4.00 76.3 9.0829 0.0889 0.0040
1710 4.04 76.3 9.8149 0.0805 0.0043
3350 3.96 69.7 9.3274 0.0777 0.0092
4330 4.03 70.0 9.1984 0.0769 0.0117
7220 4.42 79.5 8.9528 0.0755 0.0149
8530 4.62 95.8 8.8349 0.0748 0.0176
9980 4.81 117 8.7319 0.0742 0.0198

11380 4.67 71.9 8.7696 0.0744 0.0198
12820 4.92 81.4 8.6596 0.0738 0.0221
1

e
t

(
o
h
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i
a
w
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F
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K
t
e
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t

Fig. 3. Fit of Eq. (15) to the DSD of emulsions from different researchers
(continuous line = simulation): (A) particle-size distributions of O/W emulsion
shown in [21] (Fig. 4) (oil phase = canola oil; emulsifier agent = gum arabic);
(B) particle-size distributions of O/W emulsions stabilized with whey protein
without potassium chloride showed in [22] (Fig. 2). Influence of pH (© = 5.0,
�

a
e
i

T
P

R

[

[

7220 5.16 75.9 8.5674 0.0732 0.0236

quation to the experimental results obtained at different aging
imes.

On the other hand, Eq. (23) allows for evaluating the aoil
Table 1). As can be observed, the triolein emulsions with 1 g/L
f gum arabic and different oil-phase concentration present
igher aoil values when εoil increases, although D32 increases
oo, since there is a greater amount of oil phase in the emul-
ion. When the emulsions prepared with different emulsifier
oncentrations and 5 wt.% of triolein are compared, lower D32
nd higher aoil are obtained when the emulsifier concentration
ncreases.

The equation proposed has also been applied to the exper-
mental results reported by different researchers. It has been
pplied to particle-size distributions of an emulsion prepared
ith 40% canola oil and 0.5% of the hydrocolloid gum arabic
btained by Huang et al. [21]. This emulsion was prepared emul-
ifying the mixture with a Polytron, and the DSD was measured
t 25 ◦C by integrated light scattering using a Mastersizer X.
ig. 3A shows that the equation adequately fits the experimental
esults, so that the data can be modelled using the parameters
resented in Table 4.

Kulmyrzaev and Schubert [22] studied the effect of pH and
Cl on the stability of whey-protein-stabilized emulsions, where

he protein is used as a surfactant, with 0.04 wt.% soybean O/W

mulsions. The emulsions were prepared with Ultra-Turrax, and
he DSD was measured using a laser scattering instrument (Mas-
ersizer X). The equation proposed has been used to model
he DSD obtained. As it is observed in Fig. 3B, the equation

(
F
o

able 4
arameters determined applying the Eq. (15) to O/W emulsions reported by different

eferences Oil phase Emulsifier agent

21]—Fig. 4 40% of canola oil 0.5% of arabic gum

22]—Fig. 2 0.04 wt.% soybean
O/W emulsions

Whey protein, pH 5.0
Whey protein, pH 6.0
Whey protein, pH 6.5
= 6.0, � = 6.5).

dequately fits the experimental results found under different
xperimental conditions. The parameters calculated are shown
n Table 4.
On the other hand, it can be determined FvI and FaI by Eqs.
19) and (22) using n and m. As example, Fig. 4A–C show FnI,
aI, and FvI for emulsions prepared with gum arabic and triolein
r tributyrin as the oil phase.

researchers

D32 (�m) U (%) n m RSS

6.72 58 2.7261 0.3125 0.00062

25.3 29 2.4715 0.738 0.0021
0.52 56 2.6285 0.638 0.00026
1.08 52 9.1158 0.1595 0.00044
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Fig. 4. Distribution functions of triolein and tributyrin emulsions (© = 1 wt.% triolein, 1 g/L gum arabic; �= 5 wt.% triolein, 5 g/L gum arabic; � = 1 wt.% tributyrin;
1 tinuou

5

o
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t
t
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s
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r
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r

e
t
b
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t
c
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f

R

[

g/L gum arabic): (A) FnI (continuous line = Eq. (15) simulation); (B) FaI (con

. Conclusions

The application of the equation enables to reproduce using
nly two parameters (n and m) the droplet-size distributions
n O/W emulsions prepared with different concentrations of
he oil phase (triolein and tributyrin) and different concentra-
ions of emulsifier agents in emulsions that suffers aging effect.
his equation characterize better the droplet-size distributions
tudied that the models used by other researchers, such as the
osin-Rammler equation or the lognormal distribution. The n
nd m parameters of the equation have been estimated and
hey enable to model satisfactorily the droplet-size distributions
eported by the authors and by different researchers. It is pos-
ible to determine too the interfacial area between the oil and
ater phases, a parameter of great interest in diverse chemical

eactions.
This equation that has been developed is a simple and

ffective tool that could be used for preparing emulsions with
he suitable size. It could provide greater knowledge of the
ehaviour of the emulsions and would be useful in different
reas (engineering, pharmaceutics, biochemistry, etc.) to charac-

erize the emulsions used, enabling precise evaluations of certain
haracteristics of great interest in the emulsions such as the
olume-distribution function and the interfacial area distribution
unction.

[

[

s line = Eq. (22) simulation); (C) FvI (continuous line = Eq. (19) simulation).
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