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of emulsions 
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Abstract:  Rheology of soya oil-water emulsions in the linear region has been 
studied. The viscoelastic response consisted of three contributions. There was a 
purely elastic component, a purely viscous compònent and a contribution due to 
the retarded compliance. Emulsions became more viscous and elastic with increas- 
ing soya oil concentration. Sharp changes in rheology were observed as the concen- 
tration approached the random dose packed limit. There was also a marked 
increase in zero-shear viscosity. Breakdown of coägulation structure was observed 
as the shear strcss was increased into the non-linear region. The rheological 
behaviour of the emulsions in the linear region could be adequately described by 
the generalized Kelvin-Voigt model. 
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1. Introduction 

Knowledge of  the rheologica l  behaviour  of  emul- 
sions is useful in understanding the interaction forces 
between the emulsion droplets. In oil-water emulsions, 
three-dimensional  network-l ike structures can be 
formed due to colloidal  interactions between the oil 
droplets. The network structure is capable  of  storing 
energy, giving rise to an elastic solid-l ike behaviour  
(usually in addi t ion to the l iquid- l ike  behaviour) .  

The viscoelastic propert ies  of  l iquids and emulsions 
are generally s tudied at low deformat ions  so as to 
minimize the possibi l i ty of  structure breakdown. It is 
possible to obtain informat ion regarding thixotropy or 
shear thinning behaviour  using high deformations.  
However, it is usually difficult  to correlate these data 
with the structure at low deformations or at rest. 
When the system is per turbed from the equi l ibr ium 
state, the resulting response can be divided into two 
parts. In response to the appl ied  stress, there is an 
instantaneous increase in strain, followed by a slow 
increase with t ime to the equi l ibr ium value. When the 
stress is released, there is an instantaneous component  
to the strain recovery, which is followed by the t ime- 
dependent  recovery. The entire response constitutes the 
creep recovery behaviour.  
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The creep recovery experiments may be carried out under 
constant stress or constant strain. If a constant shear stress a is 
applied at time zero, the creep compliance at time t is given 
by 

J (t) = 7(t) /~r,  (1) 

where y (t) is the strain at time t. For a viseoelastic fluid, the 
creep response is given by, 

J (t) = Jo + Je g'(t) + «~tl, (2) 

where 3"0, Je and tl are the instantaneous compliance, retarded 
compliance and zero shear viscosity respectively. The retarda- 
tion function ~u (t) is given by 

1 
q/(t) = ~ -_~  L(v) [1 -  exp (- t /z)]  d l n z .  (3) 

L (0, the retardation time spectrum may be approximated by 
the Schwarzl method [1]: 

d 
L (v) = d'-d~nz [J(t) - t / t l ] .  (4) 

If the retardation time spectrum is known, the relationship 
between J ( t )  and t may be obtained. Alternatively, a series of 
discrete retardation times (instead of a continuous spectrum) 
may be assumed: 

J ( t )  = Jo + Y', Ji[1 - exp ( - t / v i )  ] + t / t l .  (5) 
i 

J i  is the retarded compliance of the /-th component with 
retardation time v i. Eqs. (2) and (5) represent the generalized 
Kelvin-Voigt model [2, 3]. 



56 Rheologica Acta, Vol. 25, No. 1 (1986) 

In the linear region, the parameters J0, Ji, ri and i/ are 
independent of the applied stress, while they vary with the 
stress in the nonlinear region due to the breakdown of struc- 
ture. It is possible to describe the recovery behaviour using the 
same set of parameters. Creep recovery measurements over a 
period of time sufficiently greater than the longest retardation 
time thus present an opportunity to study the viscous and 
elastic components separately. 

In the literature, the viscoelastic behaviour  of  emul- 
sions and suspensions has been reported by several 
authors. Similar  creep recovery behaviour  has been 
observed for the emulsions of  Nujol  in water and water 
in Nujol [4, 5], paraff in  oil in watet  [6], and for suspen- 
sions of  polystyrene latex in water [7, 8], TiO2 in water  
[7], carbon black in oil [9] and bentonite in water 
[10, 11]. Evidently, the rheology o f  coagulat ion structure 
is similar for many emulsions and dispersions. In this 
paper,  we report  the rheology of  food emulsions with a 
view to understanding the coagulat ion structure and its 
dependence upon the disperse phase votume fraction 
(~0). Both water/oi l  and oi l /water  emulsions are quite 
common in the food industry. An understanding of  the 
rheology and microstructure of  the emulsions is neces- 
sary for analysing and eventually improving the pro- 
cessing performance of  food products such as mayon-  
naise, salad creams, butter  and margarine.  

2. Materials and experimental methods 

Deionized water was used for the prepara t ion  of  
emulsions. Deionizat ion was carried out in two stages. 
The first stage was a TSA 300 twin bed with weak base 
anion resin. The second stage was a MB12 mixed bed. 
Both the t~Tin bed and the mixed bed were suppl ied by 
Permuti t  Services Ltd. Commercia l ly  avai lable soya- 
bean oil supplied by  Petty, Wood  & Co was used. 
Dried egg yolk powder  was suppl ied by Colman's  of  
Norwich. Xanthum gum was ex K E L C O / A I L  and was 
supplied by Colman's  of  Norwich.  

Fat ty  acid composi t ion of  soya oil was determined 
by gas chromatography of  the der ived methyl esters. 
100 mg of  the oil were converted to methyl esters of  the 
fatty acids by reactions with 1 ml of  0.05 M sodium 
methoxide in methanol  for 30 minutes at 60 °C. After  
cooling, 20 ml of  dilute aqueous  sulfuric acid (0.01 M) 
were added and the precipi ta ted esters extracted with 
hexane. The hexane extracts were dried, fi l tered and 
the solvent removed by rotary evapora t ion .  The esters 
were then dissolved in 2,2,4 t r imethyl  pentane for gas 
chromatography.  

A Carlo Erba MEGA5160 gas chromatograph  fitted 
with a flame ionisat ion detector was used. 0 . 5 -  1 gl of  
methyl ester soluti0n was injected into a column 
(2 m x 3 mm i.d.) packed with 3% SP-2310 /2% S P - 2 3 0 0  

on 1 0 0 , 1 2 0 m e s h  chromosorb W - A W  (Supelco Inc; 
U.S.A.). The column oven was mainta ined  at 200 °C. 
Methyl esters were ident if ied by comparison with a 
mixture of  known composi t ion and percentage compo-  
sitions were calculated from peak areas using a com- 
puting integrator. 

2.1 Preparation of emulsions 

Six emulsions were prepared, with the volume fraction of 
oil (~) of 0.2, 0.3, 0.4, 0.5, 0.6 and 017. The proportion of 
xanthan to water was kept constant throughout at 0.018. Egg 
yolk was used as an emulsifier. The volume fraction of egg 
yolk was kept constant at 0.03 for all the emulsions. The emul- 
sions were prepared using a commercial Waring food blender 
and the typical shearing time was 2 -  3 minutes. 

2.2 Droplet size measurements 

Size distribution measurements were carried out using a 
Malvern particle size analyser model 2600 HSD. A description 
of the instrument is given elsewhere [12]. As with other sizing 
techniques, it was necessary to dilute the emulsions, the 
volume fraction of oil in the diluted emulsions being less than 
0.001 in all cases. The emulsions were diluted in deionized 
distilled water and no dispersing agent was necessary for 
dilution. 

2.3 Density 

Density of soya oil was measured on a Paar DMA602 
density meter. Approximately 1 ml of oil was introduced in a 
.U tube sample cell. The measuring principle is based on the 
change of natural frequency of a hollow oscillator filled with 
the sample. There exists a simple relationship between the 
density of the sample and the natural frequency of resonance 
of a filled oscillator. 

2.4 Smface tension 

Interfacial tension between soya oil and water was mea- 
sured by a standard pendant drop technique. A syringe was 
filled with water and a drop was formed at the tip of the 
syringe needle in the surrounding medium of soya oil. The 
dimensions of the drop were measured by a travelling micro- 
scope. The interfacial tension was calculated from the dimen- 
sions of the drop and the densities of the two liquids. 

2.5 Viscosity 

At low and moderate shear rates, soya oil behaves like a 
Newtonian liquid. The viscosity was measured by a standard 
U tube Cannon-Ubbelohde Viscometer and also by a Con- 
traves Rheomat 115 (shear rate 5 s -1 to 1000 s-l). 

2.6 Rheology 

Th e creep recovery measurements were carried out using a 
series II Deer rheometer. In order to study the emulsion struc- 
ture, it was necessary to apply very low deformations. A 
concentric cylinder assembly was used for this purpose, the 
diameters of inner and outer cylinder being 12 mm and 15 mm 
respectively. The outer cylinder was held stationery, while the 
inner one could be subjected to a fixed torque, thereby apply- 
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ing constant stress. The strain increases in response to the 
applied stress. The stress is then removed and the strain relax- 
ation is observed, the two responses together giving the creep- 
recovery behaviour. The shear stress ranged from 0.5 to 10 Pa, 
while the shear rate ranged from 2.10 -5 to 6.10-4S -l .  Cal- 
culations of shear stress, shear strain and the end effect correc- 
tions were made by standard procedures [13]. 

The measurements were carried out at several stress values 
for each emulsion in the linear region and the data for each 
emulsion was averaged over at least four shear stresses. In 
addition, all the emulsions were prepared several times and 
the average was taken. The reproducibility between indepen- 
dent measurements of different emulsions with the same 
composition was better than 90%, of all the steps the emulsion 
preparation being the least reproducible. Density, viscosity, 
surface tension and rheological measurements were carried 
out at 22 _+ 0.1 °C. 

3. Results and discussion 

Table 1 summarizes the properties of  soya oil. The 
emulsions were characterized by measuring the droplet 
size distributions. Using the Malvern particle size 
analyser, the size distribution was obtained as the 
weight percentage of  droplets in several different size 
bands. Three typical size distributions are shown in 
figure 1. The size distributions for the other emulsions 
were comparable and the average droplet diameter 
varied between 3.1 ~tm and 3.4 ~tm. The lower limit for 
the measurements was 1.2 gm. In each emulsion, ap- 
próximately 10% of the droplets were smaller than 
1.2 ~m. 

Figure 2 shows the variation of  strain with time for 
q~ = 0.6 emulsion for different values of  stress. All the 
curves reduce to~ a siflgle J ( t )  vs. time curve in the 
linear region. Similar curves were obtained for other 
emulsions. Figure 3 shows the compliance behaviour of  
the emulsions. In the case of  all emulsions, three 
separate processes can be identified. The first process 
is an instantaneous one, where the compliance in- 
creases from zero to J0 instantaneously or over a very 
short period of  time. The second process is slower, 
where the compliance slowly creeps to the equilibrium 

Table 1. Physico-chemical properties of soyabean oil 

Fatty acid composition: 

Palmitic acid 9.8% 
Stearic acid 3.9% 
Oleic acid 20.1% 
Linoleic acid 57.0% 
Linolenic acid 7.1% 

Density 919.8 kg/m 3 
Viscosity 0.0804 Pa" s 
Soya oil/water interfacial tension 19 mN/m 
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Fig. 1. Particle size distributions of oil/water emulsions with 
~0 = (a) 0.2, (b) 0.4 and (c) 0.6 

value: Superimposed upon this process is the viscous 
flow. The flow was observed in all the emulsions, the 
contribution to the creep compliance being given by 
t / t  1. Thus these emulsions do not behave as rigid gels, 
but as viscoelastic liquids. The viscoelastic response 
could be adequately described by assuming two retar- 
dation processes. Substituting i = 2 in eq. (5), 

J (t) = Jo + J1 exp ( - t / r l )  + J2 exp ( - t / r 2 )  + t / t l .  (6) 

It was possible to obtain good fit with the experimental 
data by using eq. (6). This model is compared with the 
data in figure 4. The points are experimental values, 
while eq. (6) is represented by the continuous curves. 
Similar models with two retardation processes have 
been reported by Maron and Sisko [8] and by Sherman 
[4]. 

The variation of  rheological parameters with q) is 
shown in figure 5 (J0, J1, J2) and f igure6 (tl, t l l= 
vl/J1,  tl2 = v2/J2). The values of  these parameters are 
listed in table 2. The emulsions become more elastic as 
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Fig. 3. Creep recovery response  o f  soya  oi l-water  emuls ions .  
Oil phas  e concent ra t ion  as indica ted  

Fig. 2. Variat ion o f  s t rain with 
t ime  for ~0 = 0.6 emuls ion .  Shear  
stress (er) values as ind ica ted  
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Fig. 4. Curve  fi t t ing o f  exper imen ta l  creep compl i ance  da ta  to 
the  two re ta rda t ion  process Kelvin-Voigt  model .  ~0 values  as 
indica ted  

Table 2. L inear  viscoelastic pa rame te r s  for soya oi l-water  emuls ions  

Disperse  phase  J0 J l  J 2  q t ] l  1"]2 

(soya oll) 
concentra t ion 
% P a - I  P a - l  P a -  l P a '  s P a '  s Pa" s 

20 
30 
40 

5 0  
60 
70 

7.9 10 -3 
4.6 10 -3 
3.6 10 -3 
2.1 10 -3 
1.7 10 .3 
1.2 10 -3 

1.3" 10 -2 
7.8 • 10 -3 
4.3" 10 -3 
2 . 8 . 1 0  -3 
1.9 '  10 -3 
1 .2 .10  -3 

6.7 10 -3 
4.0 10 -3 
3.9 10 -3 
2.0 10 -3 
1.9 10 -3 
1.1 10 -3 

2 . 4 "  10 4 6.3 ' 10 3 
5.6 • 10 4 1.0 " 10 4 

7 .6"  10 4 2.1 - 10 4 
1 .4 .10  5 2.3 • 10 4 
1.9 - 10 » 3.3 • 104 
4.9 • 10 5 4.3 • 10 4 

5.1 10 2 
5.5 10 2 
9.8 10 2 
1.5 10 3 
1,6 10 3 

2.1 10 3 

J 0 -  ins tan taneous  elastic compl iance ,  J l ,  ) a -  re ta rded  elastic compl iances ,  ~ / -  zero shear - ra te  
viscosity, r h , r/2 - re tarded viscosit ies 
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Fig. 5. Variation of the instantaneous compliance J0 and the 
retard compliances J~ and J2 with ~0 in the linear region 
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Fig. 6. Variation of the zero shear-rate viscosity q and the 
retarded viscosities r h and r/2 with ~0 in the linear region (vis- 
cosities in Pa. s) 

is increased, which is reflected in the decrease in the 
compliance values and increase in the retarded viscosi- 
ties ~/~ and t/z. The zero-shear-rate viscosity t/ also 
increases with oll content. However, at higher concen- 
trations, the rate of increase of t/, r h and ~/2 also in- 
creases. Similarly, while Jl follows the power-law 
dependence over most of the concentration range, there 
is a sharp drop in J~ values for ~0= 0.6 and ~ =  0.7 
emulsions. Similar marked changes in emulsion rheol- 
ogy with increasing ~ have been reported previously 
[12]. If the droplets are assumed to be rigid non 
deformable spheres, there is an upper limit of 0.64 for 
the random close packing of uniform spheres in three 
dimensions [t4]. For a polydisperse emulsion, this 
figure would be greater, since the smaller droplets can 
be packed into the void spaces formed by the packing 
of larger droplets. The ~0 = 0.7 emulsion is in this dense 
close packed region and a considerable amount of 
interdroplet interactions are expected. Since ~o is greater 

than the random close packed fraction, the droplets are 
probably deformed and some of the increase in elastic- 
ity may be attributed to the distortion of oil droplets. 
Molecules of egg yolk lipoproteins, which act as emul- 
sifier, are adsorbed at the oil-water interface. When the 
droplets are close together or almost touching each 
other there will be strong protein-protein and protein- 
polysaccharide interactions. Van der Waals interactions 
also play a significant role in governing the rheology of 
emulsions [15, 16]. These interactions are probably 
responsible for the enhanced elasticity of the more 
concentrated emulsions. 

The two retardation times in eq. (6) represent the 
average of the retardation processes involved. More 
detailed information about the distribution of retarda- 
tion times can be obtained from eq. (4) by taking the 
slope of the plot of J ( t )  - t / r l  vs. In (t) at various values 
of t. Figure 7 shows the variation of L (~) with t for the 
emulsions. The retardation spectra are similar to those 
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Fig. 7. Retardation-time distribution spectra for the emul- 
sions. ~0 values as indicated 
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Fig. 8. Breakdown of coagulation strueture in the hOrt-linear 
region. Plot of instantaneous compliance vs. shear stress. 
~0 values as indicated 

obtained by Sherman for 50% water/Nujol emulsions 
[4] but different from those for 62.5% water/Nujol 
emulsions [5]. At least two retardation mechanisms can 
be identified. As ~0 is decreased, the faster of  the two 
mechanisms disappears while the s l ower  process 
(t ~ 22s) becomes more pronounced. A still slower 
mechanism around t ~  100s, contributes at lower 
values of  ~0. The dominance of  the slower mechanisms 
indicates that the dilute emulsions are less elastic. 
According to Sherman, one of  the retardation processes 
is due to the droplets smaller than 0.5 gin. All our 
emulsions contained comparable amounts of  droplets 
smaller than 1.2 gm. Hence, one of  the mechanisms 
could possibly be attributed to the presence of  smal'ler 
droplets. The emulsifier and xanthan molecules are 
ùadsorbed on the surface of  the droplets. The inter- 
actions between these molecules are likely to be rauch 
stronger when the droplets are clòser together (in 
concentrated emulsions). The presence of similar inter- 
actions (polyelectrolyte bridging) has been postulated 
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by Lyklema et al. [6]. One of  the retardation mecha- 
nisms may be due to these interactions. In relatively 
dilute emulsions ( ~ =  0.2,0.4) the number of  inter- 
actions per unit volume would be smaller and the 
retardation slower. The retardation mechanism would 
then operate on a longer time scale. 

The creep/recovery behaviour is independent of  the 
applied stress in the linear region. In the non-linear 
region, breakdown of the coagulation structure occurs 
in response to the applied stress, resulting in an 
increase in J0 and a decrease in viscosity. To monitor 
the structure breakdown, J0 and t/ are plotted against 
the applied stress in figures 8 and 9 respectively. The 
breakdown is very rapid in the non-linear region, as 
seen from the viscosity values. Viscous contribution to 
the total compliance tlrl becomes dominant in the non- 
linear region as t increases and ~/decreases. Instanta- 
neous compliance J0 increases with the applied stress, 
but to a much smaller extent. The linear range for J0 is 
greater than the linear range for viscosity. Similar 'loss 
of  coherence' in the upper end of  the linear region has 
been reported in the literature [6]. 

Food emulsions in general are complex systems, and 
rauch theoretical work still needs to be done to get a 
better understanding of  colloidal interactions and their 
effect upon rheology and microstructure. However, the 
rheological measurements upon various systems as 
reported in the literature form a basic pattern and our 
study indicates that food emulsions may well form a 
part of  that pattern. 
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