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Abstract Aroma compounds partition between the dif-

ferent phases of a food emulsion and the headspace but

only those in the headspace are perceived. Phase transitions

in the lipid droplets profoundly affect the position of the

partitioning equilibria and hence headspace aroma con-

centration. The release of four volatile aroma compounds

(ethyl butanoate, pentanoate, heptanoate and octanoate)

from eicosane, hydrogenated palm fat or Salatrim1 emul-

sions stabilized with sodium caseinate were investigated as

a function of fat crystallization, particle size and droplet

concentration. For all compounds, the headspace aroma

concentration in equilibrium with solid droplet emulsions

was significantly higher than that in equilibrium with liquid

droplet emulsions. The partitioning of volatile aroma

compounds from emulsion does not depend on the type of

liquid lipid, however, the interactions between solid lipid

droplets and aroma compounds are significantly influenced

by the nature of the crystalline fat. Notably, partitioning

into the headspace was much lower for solid triglyceride

droplet emulsions than for solid alkane emulsions. It was

proposed that both residual liquid lipid in solid triglycer-

ides and aroma co-crystallization with solid lipid could

be responsible for higher aroma absorption by solid

triglycerides.

Keywords Emulsions � Colloids � Lipid chemistry �
Lipid analysis � Fat crystallization

Introduction

The perception of food aroma begins with the release of

stimulating volatile molecules from the food and their

transport to appropriate receptors in the nose [1, 2]. Aroma

release depends on the distribution of aroma compounds

in food and in the gas phase above before and during

consumption. However, the complex nature of real foods

makes it difficult to separate the effect of different inter-

actions on overall aroma release and simple model systems

are frequently used. Emulsions are extensively used as

model systems because, in addition to being part of real

foods, they can be prepared and characterized precisely.

In an oil-in-water emulsion, volatile aroma compounds

distribute themselves between the oil droplets, aqueous

phase and the surface of the droplets according to the

equilibrium partition coefficients (i.e., the ratio of con-

centrations of aroma compounds in two different phases).

The overall partition coefficient of an aroma compound

from an emulsion to the gas phase above can also be

expressed as a function of individual partition coefficients

according to the following mass balance equation [3]:

1

Kge

¼ /o

Kow

þ 1� /o

Kgw

þ K�iw � As

Kgw

ð1Þ

where, Kge, Kow and Kgw are overall gas–emulsion, oil–

water and gas–water partition coefficients, respectively,
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/o oil volume fraction in emulsion and As interfacial area

per unit volume of emulsion. K*
iw is surface binding

coefficient defined as the ratio of surface excess concen-

tration, i.e., volume of aroma compound per unit

interfacial area, to aqueous concentration. Because the

effect of surface binding is much smaller than the effect

of partitioning into liquid lipid, the importance of surface

binding in emulsions can only be seen where there is no

liquid lipid present or the lipid phase is in a solid state

[4]. The importance of K*
iw in partitioning of aroma

compounds in emulsions containing solid n-eicosane

droplets has been shown by Ghosh et al. [3]. It was

observed that solid eicosane droplets can significantly

absorb aroma compounds at the droplet surface with more

effective binding for more hydrophobic compounds.

However, these findings are in contrast with observations

of Roberts et al. [5] and McNulty and Karel [6] who

proposed that only liquid lipid could bind aroma com-

pounds. Another hypothesis proposed by Roberts et al. [5]

was that if the aroma compounds were present during fat

crystallization they could be trapped inside the solid fat

matrix formed on solidification, but again this effect was

not observed in our previous study [3]. Possibly these

contradicting results may be due to the fact that Roberts

et al. [5] used complex triglycerides (hydrogenated palm

fat) while our study used pure alkane (n-eicosane) [3].

The goal of the present work was to compare the binding

of aroma compounds to solid and liquid emulsion droplets

prepared from both alkane and triglycerides. The effects of

volatile type (an homologous series of ethyl esters), lipid

type [n-eicosane, hydrogenated palm stearin (HPS), and

Salatrim1] and droplet size on the partitioning behavior

were considered. HPS was tested in this study because it

was used previously to study the effect of solid lipid on

flavor release [5]. Salatrim1 (Short And Long chain Acyl

TRIglyceride Molecules) is a family of structured triglyc-

erides prepared with a combination of short (2, 3 or 4

carbon) and long chain (18 carbon) fatty acids. The mixture

of chain lengths might accommodate foreign aroma com-

pounds more readily into the crystalline structure during

crystallization as proposed by Roberts et al. [5]. In another

experiment, volatile partitioning of aroma compounds in

two different solid droplet emulsions, before and after fat

crystallization, was performed to test for possible aroma

entrapment by the solid droplets.

Materials and Methods

Materials

Partially HPS (27 Stearin1) and Salatrim1 (Benefat

1H1) were the donations from Loders Croklaan

(Channahon, IL) and Danisco (New Century, KS),

respectively. Eicosane and hexadecane was purchased

from Fisher Scientific (Springfield, NJ). All other chem-

icals were obtained from the Sigma Chemical Company

(St Louis, MO).

Emulsion Preparation

Emulsions were prepared by mixing molten lipid

(20 wt%) with sodium caseinate solution (2 wt% con-

taining 0.02% thimerosal as an antibacterial agent) using

a high-speed blender (Brinkmann Polytron, Brinkmann

Instruments Inc., Westbury, NY) for 30 s. The coarse

emulsions were then re-circulated through a twin-stage

valve homogenizer (Niro Soavi Panda, GEA Niro Soavi,

Hudson, WI) at different pressures to achieve a range of

droplet sizes. To prevent fat crystallization during emul-

sion preparation, all ingredients were used at elevated

temperatures and the homogenizer was rinsed several

times with hot water before and after homogenization.

The particle size distributions of the emulsions were

characterized by laser diffraction particle sizing (Horiba

LA 920, Irvine, CA) using a relative refractive index of

1.15. The emulsions were stored at a temperature greater

than 50 �C to prevent fat crystallization. Samples of

emulsions were diluted with deionized water to prepare

emulsions with different lipid contents.

Thermal Analysis

The crystallization and melting behaviors of bulk and

emulsified lipids were determined using a differential

scanning calorimeter (Perkin-Elmer DSC-7, Norwalk,

CT). The instrument was calibrated against indium prior

to use. Aliquots (*15 mg) of bulk and emulsified lipids

were temperature cycled in the DSC from 70 to –40 to

70 �C and 70 to 10 to 70 �C, respectively. The heating

and cooling rate was 5 �C min–1. The crystallization and

melting points of bulk and emulsified lipids were taken

from the onset temperature of peaks on the thermogram

using Pyris data analysis software (version 3.52, Perkin-

Elmer Corporation, Norwalk, CT). All analyses were

conducted in triplicate.

Addition of Aroma Compounds to Emulsions

A stock aroma solution was prepared by mixing four aroma

compounds, ethyl butanoate (EB), ethyl pentanoate (EP),

ethyl heptanoate (EH) and ethyl octanoate (EO) in a vol-

umetric ratio of 1:2:20:20 and diluting to a 50% solution in
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ethanol. The concentrations of the aroma compounds were

selected based on their oil–water partition coefficient val-

ues so that a quantifiable gas chromatograph peak would be

obtained for each compound.

Samples of emulsions were cooled to 10 �C to induce

crystallization in the lipid droplets. A stock aroma solution

(860 lL L–1 of emulsion) was added to each solid droplet

emulsions and equilibrated for 24 h at 10 �C. The final

concentrations (lL L–1) of the aroma compounds in

emulsion were: EB 10, EP 20, EH 200, and EO 200. Ali-

quots (2 mL) of each aroma added emulsion sample was

placed into a 20 mL headspace vial (MicroLiter Analytical

Supplies, Inc., Suwanee, GA, USA) and were sealed with

poly-(tetrafluoroethylene)/butyl rubber septa (MicroLiter

Analytical Supplies, Inc., Suwanee, GA, USA). The sealed

vials were then temperature cycled to produce (1) solid

droplets, (2) liquid droplets and (3) droplets first melted

then recrystallized.

1. Solid droplet emulsions (i.e., Solid I samples) were

prepared by cooling the samples to 10 �C to ensure

complete crystallization of the lipid, then bringing to

the experimental temperature specific for the different

type of lipids (i.e., 30 �C for n-eicosane and 10 �C for

HPS and Salatrim1 emulsions, see Table 1).

2. Liquid emulsion droplets (i.e., Liquid samples) were

prepared by heating the Solid I samples (according to

temperature scheme of Table 1) to melt the droplets

then re-cooling to the experimental temperatures

specific for each type of lipid (30, 40 and 50 �C

for n-eicosane, Salatrim1 and HPS emulsions,

respectively).

3. Finally, recrystallized droplets (i.e., Solid II samples)

were made by cooling the Liquid samples back down

to 10 �C to induce droplet crystallization and either

reheating to 30 �C for n-eicosane emulsion or holding

at 10 �C for HPS and Salatrim1 emulsions.

After each phase transition was complete (1 h at the

temperature given in Table 1) the samples were main-

tained at their measurement temperature (according to

Table 1) for a minimum of 24 h to allow equilibration

prior to HS volatile measurement. At each stage, three

separate vials were used to measure the HS volatile

concentration and then discarded. Due to their differing

melting and crystallization properties, different lipids

were studied at different temperatures. Later we will

show how it was possible to normalize the data to remove

the temperature effect and compare different types of

lipid.

It should be noted that ‘‘solid’’ and ‘‘liquid’’ in this work

refers to the droplets; the overall emulsions were liquid

throughout the experiment and phase transitions in the

dispersed phase caused no apparent change in their bulk

properties.

Headspace Analysis by Gas Chromatograph

Aliquots (1 mL) of the headspace above the emulsion in

each vial was sampled using a Combi-Pal autosampler

(CTC Analytics, Carrboro, NC) and injected into an

Agilent 6890 GC (Agilent Technologies, Palo Alto, CA)

equipped with a DB-5 capillary column (30 m · 0.32 mm

i.d. with a 1-lm film thickness) and a flame ionization

detector. The operating conditions were as follows: sam-

ple was injected in splitless mode; the inlet temperature

was 200 �C, the detector temperature was 250 �C, the

oven program was 30 �C for 1 min, then increased at

35 �C min–1 from 30 to 200 �C and held for 2 min; and

the carrier constant flow rate was 2.0 mL min–1 (He).

Static HS concentrations were determined from peak

areas using a standard calibration curve (R2 = 0.99).

All measurements were expressed as the mean and

Table 1 Emulsion preparation conditions for different lipid types and the temperature program for equilibrium flavor release experiments

Emulsion

used

Droplet size

category

Homogenization conditions Mean droplet

size (d32) (lm)

Temperature cycle program of emulsions for HS GC analysis

Pressure

(bar)

Number

of passes

Solid

droplets (�C)

Melting solid

droplets (�C)

Liquid

droplets (�C)

Eicosane Large 110 ± 10 2 1.04 30 50 30

Medium 220 ± 20 2 0.55

Small 320 ± 20 10 0.20

HPS Large 110 ± 10 2 0.91 10 70 50

Medium 220 ± 20 2 0.54

Small 320 ± 20 10 0.26

Salatrim Large 110 ± 10 2 1.24 10 50 40

Medium 220 ± 20 2 0.50

Small 320 ± 20 10 0.24
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standard deviation of at least three full experimental

replicates.

Results and Discussion

Physical Properties of the Emulsions

By varying the homogenization conditions, it was possible

to manufacture emulsions with different droplet size dis-

tributions (Table 1). The droplet size distribution for all

the emulsions were unimodal with an average standard

deviation of the distribution of *0.23 ± 0.2 lm. The

emulsions were physically stable over the course of the

experiment (i.e., no changes in measured droplet size, no

apparent creaming).

The melting and cooling thermograms of the lipids in

both their bulk and emulsified forms are shown in Fig. 1.

On cooling, both bulk and emulsified lipids crystallized

with a single major peak with the exception of bulk eico-

sane, which showed two exothermic peaks (a shallow peak

followed by a sharp one) (Fig. 1a). We were unclear why a

pure alkane would consistently show a split exothermic

peak, but its presence does not affect the overall goal of the

research and was not pursued further. The eicosane and

Salatrim1 samples showed a single peak on heating cor-

responding to the melting of the crystals (Fig. 1a, c) while

HPS had a more complex melting thermogram due to

several polymorphic phase transitions (Fig. 1b). According

to Kloek et al. [7] the first endothermic peak of HPS (at

around 45 �C) corresponded with the melting of the a
polymorph followed by an exothermic peak due to

recrystallization to a more stable b0 or b polymorph.

Finally at around 55 �C, the stable polymorph melted

leading to the final exothermic peak (Fig. 1b). At suffi-

ciently high temperature (50 �C for n-eicosane and

Salatrim1 and 70 �C for HPS) the solid lipid droplets

melted leading to liquid droplet emulsions.

For all lipid types the emulsified lipids crystallized at a

lower temperature than the corresponding bulk lipids

while the melting points of the bulk and emulsified forms

were similar (Fig. 1). The deep supercooling required to

initiate crystallization in emulsion lipid droplets has been

observed in a wide range of systems and is sometimes

attributed to the majority of the lipid being isolated from

potential nucleation catalysts and therefore nucleating

homogeneously [8]. Eicosane has a deeper supercooling

than the two triglycerides (HPS and Salatrim1) and this

might be due to a difference in the number of potential

nucleation catalysts for the triglycerides. The supercooled

emulsions were very stable and it was possible to main-

tain liquid emulsion droplets below their thermodynamic
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odne(

wolf tae
H

(i) 

(i)

(ii) 

(ii) 

(a) Eicosane

10 20 30 40 50

10 20 30 40 50

10 20 30 40 50 60 70

(i) 

(i) 

(ii) 

(ii) 

(i) 

(i)

(ii) 

(ii) 

Temperature /°C

(b) HPF

(c) Salatrim®

Fig. 1 Thermogram of bulk (dash line) and emulsified (dotted line)

lipids a eicosane, b HPF and c Salatrim1 during i cooling

and ii heating. Emulsions were 20 wt% lipid stabilized with

2 wt% sodium caseinate solution and was temperature cycled at

5 �C min–1
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freezing point for several weeks without any measurable

crystallization.

Equilibrium Aroma Release from Emulsions

The gas–emulsion partition coefficient (Kge) was calculated

from the HS volatile concentration data for each emulsion

assuming that volatiles present in the HS were at equilib-

rium with the emulsion and that the total amount of aroma

compounds added were distributed between the HS and the

emulsion. In earlier work, it was shown that the selected

volatiles did not measurably interact with sodium caseinate

in the emulsion [3].

Because different samples were measured at different

temperatures it was necessary to account for the effect of

temperature on Kge before making a comparison between

them. This was done by normalizing the measured Kge to

the gas–water partition coefficient at each experimental

temperature, i.e.:

Kge=w ¼
Kge

Kgw

: ð2Þ

Therefore Kge/w denotes the release of a volatile aroma

compound into the HS from an emulsion relative to the

release of that compound from water at the same temper-

ature and concentration. By converting Kge to Kge/w we
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Fig. 2 Normalized gas–emulsion partition coefficient (Kge/w) of

aroma compounds as a function of lipid type and lipid content of

emulsions with liquid lipid a ethyl butanoate, b ethyl pentanoate, c
ethyl heptanoate and d ethyl octanoate. Results for emulsions with

different particle sizes (d32) large (open diamonds), medium (open

squares) and small (open triangles) are shown for n-eicosane (open
symbols), HPS (closed black symbols) and Salatrim1 (grey symbols)

emulsions. Model prediction using Buttery equation (Buttery et al.

[9]) has also been shown by lines
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were able to compare all of the HS GC measurements at

different temperatures (according to Table 1) for different

lipid emulsions (Figs. 2, 3, 4, 5, 6). This approach has also

been used by Roberts et al. [5] to compare relative head-

space volatile concentration from emulsions at different

temperatures.

Aroma Release from Liquid Lipid Emulsions

The calculated values of Kge/w were plotted as a function

of emulsion liquid lipid content and droplet size in Fig. 2.

The partitioning of volatiles into the HS decreased with

emulsion lipid content but there were no differences

between the types of lipid used (i.e., n-eicosane, HPS and

Salatrim1) or emulsion droplet size. Partitioning in liquid

lipid droplets depends on the total volume of the droplets

and is therefore a function of the affinity between the lipid

and aroma compound and on the amount of lipid but not

the droplet size [3]. In this case the amount of aroma

partitioning into the emulsion increased with volatile

molecular weight but was unaffected by lipid type. This

was expected as the gas–oil partition coefficients of alkanes

and triglycerides at any particular temperature were very
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Fig. 3 Normalized gas–emulsion partition coefficient (Kge/w) of

aroma compounds as a function of lipid content of emulsions with

liquid lipid (open symbols) and solid lipid (closed symbols) droplets a
ethyl butanoate, b ethyl pentanoate, c ethyl heptanoate and d ethyl

octanoate. Results for eicosane emulsions with different particle sizes

(d32) highest (open diamonds), medium (open squares) and lowest

(open triangles) are shown. Solid lipid data points are connected for

each particle size while only one line has been used to connect the

liquid lipid data points
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similar (Table 2). Indeed all of the liquid droplet data

can be well-described by Eq. 1 using these values for the

partition coefficients and neglecting any surface binding

terms, i.e., the Buttery model [9] (Fig. 2).

Aroma Release from Solid Lipid Emulsions

The values of Kge/w for solid droplet emulsions were

higher than those for the corresponding liquid droplet

emulsions (Figs. 3, 4, 5) suggesting the interaction

between aroma and emulsion is weaker. However, for all

lipid types, the Kge/w values for EP, EH and EO decreased

monotonically with solid lipid concentration, suggesting

some sort of association of aroma compounds with the

solid lipid (Figs. 3, 4, 5). Regardless of aroma type, the

Kge/w of solid eicosane emulsion was highest followed

by solid HPS and solid Salatrim1 emulsions (Fig. 6).

Interestingly, although Kge/w for EB varied with solid

Salatrim1 droplet concentration in a similar manner to

the other aroma compounds, it was not affected by eico-

sane or HPS solid droplet concentration.

As noted previously [3] the values of Kge/w for solid

droplet eicosane emulsions were lower for small droplets

than for large droplets (Fig. 3). It was suggested that as

the aroma compounds adsorbed at the solid droplet
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Fig. 4 Normalized gas–emulsion partition coefficient (Kge/w) of

aroma compounds as a function of lipid content of emulsions with

liquid lipid (open symbol) and solid lipid (closed symbol) droplets a
ethyl butanoate, b ethyl pentanoate, c ethyl heptanoate and d ethyl

octanoate. Results for HPS emulsions with different particle sizes

(d32) highest (open diamond), medium (open squares) and lowest

(open triangles) are shown. Solid lipid data points are connected for

each particle size swhile only one line has been used to connect the

liquid lipid data points
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surface, adsorption would be larger for smaller droplets

and hence less will be available for partitioning into the

HS. Eicosane crystallizes in pure form with tightly

arranged aliphatic chains organized in a triclinic crystal

structure [10] and presumably with few defects that might

accommodate aroma molecules in the crystal lattice.

Thus, it is expected that when n-eicosane crystallizes, it

excludes all aroma compounds from the crystalline

matrix. A similar exclusion of foreign materials from

crystalline alkane droplets was also postulated by Okuda

et al. [11]. They found that the crystallization of n-octa-

decane (which has a similar crystal structure to n-eicosane

[10]) in mixed octadecane–methyl linolenate oil-in-water

emulsion droplets leads to separation of methyl linolenate

from solid octadecane. In the present experiment the

extent of surface binding increases with aroma molecular

chain length (hydrophobicity). Presumably the lack of a

droplet concentration effect of EB (Fig. 3) was because

this molecule is relatively hydrophilic and did not tend to

associate with the droplet surface.

For the triglyceride emulsions (Figs. 4, 5), the values

of Kge/w decreased with the solid droplet concentration.

However, there was no effect of particle size on aroma

volatility suggesting that the triglyceride emulsions

dependent on phase volume and not on interfacial area.

The ineffectiveness of particle size on aroma volatility
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Fig. 5 Normalized gas–emulsion partition coefficient (Kge/w) of

aroma compounds as a function of lipid content of emulsions with

liquid lipid (open symbols) and solid lipid (closed symbols) droplets a
ethyl butanoate, b ethyl pentanoate, c ethyl heptanoate and d ethyl

octanoate. Results for Salatrim1 emulsions with different particle

sizes (d32) highest (open diamonds), medium (open squares) and

lowest (open triangles) are shown. Solid lipid data points are

connected for each particle size while only one line has been used to

connect the liquid lipid data points
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could be either because (1) there is some liquid lipid

residual in the ‘‘solid’’ droplet which acts as a reservoir

for the aroma, or (2) the aroma compounds co-crystallize

with the solid lipid.

Residual Liquid Lipid

The first of these proposed mechanisms may be reasonable

for the solid Salatrim1 droplets because, according to the

manufacturer, the solid lipid content is only 91% at 10 �C

(the measurement temperature). If the residual liquid lipid
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Fig. 6 Normalized gas–emulsion partition coefficient (Kge/w) of

aroma compounds as a function of lipid content of emulsions with

solid lipid droplets a ethyl butanoate, b ethyl pentanoate, c ethyl

heptanoate and d ethyl octanoate. Results for emulsions with different

lipid types n-eicosane (open squares), HPF (closed black squares) and

Salatrim1 (grey squares) are shown for d32 = *0.5 lm

Table 2 Gas–oil partition coefficients of aroma compounds at 30 �C

Aroma

compounds

Gas–alkane partition

coefficient

Gas–triglyceride

partition coefficient

Ethyl butanoate 1.9 · 10–4 1.4 · 10–4

Ethyl pentanoate 6.4 · 10–5 5.6 · 10–5

Ethyl heptanoate 6.5 · 10–6 8.1 · 10–6

Ethyl octanoate 2.2 · 10–6 3.0 · 10–6

As bulk eicosane and HPS are solid at the experimental tempera-

tures, hexadecane and corn oil were used as a model alkanes and

triglyceride, respectively. The partition coefficients were measured

according to the method mentioned by Ghosh et al. [3]
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is responsible for the interactions of the aroma molecules

with the droplets, then the value of Kge/w for ‘‘solid’’

droplet Salatrim1 emulsions should be equal to those of a

similar liquid droplet emulsion with a lower lipid content.

A modified form of the Buttery equation was used to model

the data and test this hypothesis [4]:

1

Kge

¼ /o 1� /sfð Þ
Kgo

þ 1� /oð Þ
Kgw

ð3Þ

where, /sf is solid lipid content of the lipid (taken as 91%

for Salatrim1). Equation 3 is similar to Eq. 1 with the

exception that only the liquid fraction of the lipid was

assumed to interact with the emulsion and no surface

binding effects were considered. The prediction from the

model was shown alongside the data for EH in Fig. 7a

(r2 = 0.95). While the trends in the data and the model were

similar and the fit is better than the 100% liquid lipid line

(also shown) the quantitative fit agreement of theory and

experiment was only moderate. The best fit of Eq. 3, shown

in Fig. 7a, assumed that the solid lipid content of the solid

Salatrim1 was 95% (r2 = 0.98). The actual value of the

solid lipid content of the droplets under the experimental

measurement conditions is hard to specify precisely and

may differ significantly from the bulk measurements

reported by the manufacturer [12]. However, these calcu-

lations give an indication that even a small amount of liquid

lipid in an apparently solid lipid may be all that is required

to bind an appreciable amount of aroma compounds. In the

eicosane droplets there was presumably little or no liquid

lipid, so the only interactions could be at the surface.

A similar approach was taken for the solid HPS

emulsions and the best fit between theory and experiment

was obtained for a solid lipid content of 97% (Fig. 7b).

The theoretical line fitted the experimental data well

(r2 = 0.98), but how reasonable was the assumption that

there was 3% liquid lipid in these samples? HPS has a

capillary melting point of 60 �C (from the supplier speci-

fications) and we do not expect any liquid to be present in

the pure lipid at 10 �C but perhaps the presence the aroma

compounds formed a liquid aroma-lipid solution phase at

the lipid crystal grain boundaries. The presence of liquid

lipid at the grain boundaries was shown in the images

included in Marangoni’s recent book [13]. In this case, the

partitioning of the aroma into the solid lipid droplets

depended on the phase behavior of the aroma-lipid system

and the volumes of the phases and not on the droplet size.

Co-crystallization

An alternative mechanism for the interaction between solid

lipid and aroma compounds is the co-crystallization of two

chemicals. Although, aroma partitioning from emulsified

triglycerides can be explained from their liquid lipid con-

tent, there are structural differences that might also explain

aroma partitioning. Emulsified HPS crystallized into a

mixture of unstable a and more stable b/b0 polymorphs

(Fig. 1b). The aliphatic chains of crystalline triglycerides

are disordered in the a form, packed with an intermediate

density in the b0 form and most densely packed in the b
form [14]. It has been proposed that because of lower

packing density, a crystals would be able to support a

greater load of co-crystallized solute [15, 16]. Therefore, it

is expected that solid HPS droplets would be able to
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Fig. 7 Normalized gas–emulsion partition coefficient (Kge/w) of ethyl

heptanoate (EH) as a function of lipid content of emulsions with solid

lipid droplets. Data for a Salatrim1 and b HPS emulsions with

different particle sizes (d32) highest (open diamonds), medium (open
squares) and lowest (open triangles) are shown along with the model

(Eq. 3) predicted line for a 9% (dashed dotted line), 5% (dashed line)

and b 3% (dashed line) liquid lipid content. The gas–oil and gas–

water partition coefficients values of EH were taken as 8.1 · 10–6 and

1.82 · 10–2, respectively. Also shown pure liquid lipid emulsion data

(closed black symbols) and theoretical prediction (dotted line) from

Buttery model (Buttery et al. [9])
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accommodate some aroma compounds into their crystalline

matrices and on their surfaces by adsorption. Thus the HS

aroma concentration would be lower than that of the

n-eicosane emulsion. A similar argument was used in ref-

erence to the incorporation of a drug into solid lipid

nanoparticles [16]. Drug molecules would be excluded

from the lipids forming crystals with perfect lattices (e.g.,

monoacid triglycerides) [17] whereas the molecules would

be incorporated into less perfect crystal structures of

complex triglycerides [16].

Salatrim1 has a highly asymmetrical molecular structure

and hence packing into a definite crystalline polymorph is

difficult [18, 19]. Narine et al. [18] proposed that the solid

phase of Salatrim1 is characterized by random arrangement

of platelet-like growth. This type of growth would lead to

more surface area in solid Salatrim1 droplets compared to

HPS droplets and hence space for more aroma adsorption.

The situation is somewhat similar to the physical structure

of co-crystallized flavor and sugar agglomerates where

flavor molecules are included between numerous micro-

sized irregular sugar crystals [20, 21].

Reversibility of Aroma–Solid Lipid Interaction

Solid I samples were prepared by adding a stock aroma

solution to solid droplet emulsions. However, if the

aroma molecules were present in liquid lipid droplets
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Fig. 8 Normalized gas–emulsion partition coefficient (Kge/w) of

aroma compounds as a function of lipid content of eicosane emulsions

(d32 * 0.5 lm) with solid lipid droplets comparing Solid I (open

symbols) and recrystallized Solid II (closed symbols) samples a ethyl

butanoate, b ethyl pentanoate, c ethyl heptanoate and d ethyl

octanoate
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before fat crystallization, will they be entrapped inside

the crystalline solid lipids? To test this hypothesis, Solid

II samples were prepared by melting the aroma added

solid droplet emulsions followed by re-crystallization of

liquid droplet emulsions and Kge/w were measured. The

partitioning behavior of Solid I and Solid II samples were

similar irrespective of lipid type (Figs. 8, 9, 10). This

indicated that at equilibrium the amount of aroma

incorporated into the solid phase or adsorbed on the solid

lipid surface was constant and defined by the thermo-

dynamic properties of the phases. There was no evidence

of any ‘‘entrapment’’ of volatiles within the crystal

droplet.

Conclusion

The partitioning of volatile aroma compounds was depen-

dent on the composition of the system (oil concentration,

aroma type) but not on the type of liquid lipid used in the

emulsions. Interactions between solid lipid droplets and

hydrophobic aroma compounds were much weaker than

those with liquid lipid droplets but were significantly

influenced by the nature of the solid lipid. n-Alkanes,

crystallized in pure form and excluded all aroma com-

pounds from the solid droplets (although some can adsorb

to the droplet surfaces). Aroma compounds also interacted

with complex triglyceride mixtures in food lipids but the
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Fig. 9 Normalized gas–emulsion partition coefficient (Kge/w) of

aroma compounds as a function of lipid content of HPS emulsions

(d32 * 0.5 lm) with solid lipid droplets comparing Solid I (open

symbols) and recrystallized Solid II (closed symbols) samples a ethyl

butanoate, b ethyl pentanoate, c ethyl heptanoate and d ethyl

octanoate
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mechanism of interaction was different and dependent on

the volume not the surface area of the droplets. This could

be explained by the presence of residual liquid lipid at the

crystal grain boundaries in the ‘‘solid’’ droplet which acted

as a reservoir for the aroma. Alternatively, as triglycerides

crystallized in a mixture of different polymorphs, their less

perfect crystal structure might allow the co-crystallization

of aroma compounds.
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