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Abstract 
Sugar fatty acid esters (SFAE) are a class of synthetic emulsifiers used in the 
food, pharmaceutical, and personal care industries. The influence of the fatty 
acid chain length on the emulsification properties of lactose fatty acid esters 
(LFAE) including lactose monooctanoate (LMO), lactose monodecanoate 
(LMD), lactose monolaurate (LML) and lactose monomyristate (LMM) was 
investigated in this study. The stability of the emulsions as well as the oil 
droplet size distribution in 20% soybean oil-in-water emulsions was meas-
ured at 0.1%, 0.25% and 0.5% of LFAE concentrations. In order of LFAE with 
the strongest emulsion stabilization characteristics were LML, LMD, LMO 
and LMM. Oil droplet distributions resulted in the same trend, with LML and 
LMD maintaining the smallest droplet sizes and thus the most stable emul-
sion. The hydrophilic-lipophilic balance (HLB) and critical micelle concen-
trations were determined for each LFAE. An increase in HLB value was seen 
with an increased CMC value for each LFAE, showing the strength of the li-
near relationship between these two measured values. Additionally, there was 
a decrease in HLB and CMC values with a decrease in the fatty acid chain 
length of each LFAE. This research showed that LML and LMD formed more 
stable emulsions, even with HLB and CMC values higher than those of LMM 
suggesting HLB and CMC values alone do not predict emulsifier effective-
ness. 
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1. Introduction 

The most common SFAEs consist of glucose, fructose, xylose or sucrose as the 
hydrophilic head group. Previous studies have investigated these esters in dif-
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ferent colloidal systems [1]-[7]. As non-ionic emulsifiers, the use of LFAEs has 
been recently studied in food, cosmetics and pharmaceuticals [1] [8] [9]. 

Studying the mechanisms by which emulsions destabilize is an important ap-
proach in understanding the emulsification properties of SFAEs. An oil-in-water 
(O/W) emulsion is an aqueous dispersion of oil droplets in colloidal suspension 
in water. These emulsions can exhibit aggregation due to the density differences 
between the two phases over an elapsed period of time [10] [11]. Gravitational 
forces play a critical role in the destabilization of emulsions [11]. The rate at 
which this takes place can be described mathematically using Stokes’ law with 
considerations of Brownian movement to yield a velocity of the migration of oil 
droplets out of suspension and into aggregation: 
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where ν is the velocity of the migrating oil (creaming), r is the radius of the par-
ticle, g is the acceleration due to gravity, ρ is the density and η is the shear veloc-
ity. The subscripts 1 and 2 refer to the continuous and dispersed phases. Ac-
cording to Stokes’ law, O/W emulsions are normally stable if the oil droplet size 
remains at or under 1.0 μm [11]. 

Flocculation is of practical importance as it causes the droplets to clot, leading 
to a growth in the mean oil droplet diameter causing droplets to coalescence and 
the emulsion to destabilize [11] [12]. Differences in comparative densities cause 
the two destabilizing phases to move toward different locations: water accumu-
lates at the bottom, oil floats to the top, and any remaining emulsion sits in be-
tween [12]. Bands are thus formed leading to the nomenclature we use to de-
scribe these destabilized emulsions: clarification or the formation of visually 
clear bands due to oil and water separating and creaming or the movement of fat 
and oil to the top of a solution. Thus, the clarification and creaming processes 
indicate unstable emulsions. Emulsions are often stabilized in the long term via 
homogenization processes which dramatically decrease oil droplet sizes com-
bating gravitational forces with increasing shear forces [11] [13] [14]. 

Clarification and creaming can be easily measured using a Turbiscan (vertical 
scan macroscopic analyzer) [15] [16] [17]. This light scattering detection can 
measure clarification and creaming in emulsions via the transmitted and back-
scattered light which is used to determine an emulsion stability [12]. Alterna-
tively, many studies concluded that oil droplet size distribution within the emul-
sion is a better indicator of emulsion stability which can be measured with a 
droplet size analyzer [11] [17] [18]. 

Noted characteristics of SFAEs feature a high tendency to remain at the O/W 
interface in an emulsion measurable by the HLB [1] [4] [5] [19]. This implies 
that the HLB value of an emulsion is an indicator of emulsification stability and 
other properties such as water solubility and CMC. It has been investigated that 
the SFAEs type of headgroup [1] [4] [5] [6] [7] [9] [20] and/or degree of esteri-
fication [6] can explain the variations observed in HLB and CMC values in 
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emulsions made with these emulsifiers. The importance of these values, as it re-
lates to the fatty acid chain used to generate an emulsifying ester, has been well 
established [1]-[7], [19] [20] [21] [22], however, there has been little attention 
given to SFAEs made with lactose attached to fatty acid chains and the resulting 
emulsifier properties of such compounds.  

We were the first to report the synthesis of lactose esters [8] [23] and show the 
microbial inhibitory properties of lactose esters [24] [25]. The presented work 
investigates the emulsification properties of LMM, LML, LMO and LMD. Al-
though there have been other reports on the emulsification properties of lactose 
esters [1] this research is different in that emulsion activity was determined us-
ing light scattering and oil particle size at various concentrations.  

The primary objective of this research was to evaluate the emulsification abil-
ity of LMO, LMD, LML and LMM. Emulsions were prepared in 20% soybean oil 
and compared to commercially available emulsifiers, Tween-20 (sorbitanlaurate) 
and Ryoto L-1695 (sucrose monolaurate) The influence of various concentra-
tions (0.1%, 0.25% and 0.5%) over time on emulsion stability was also evaluated 
using both light scattering and oil particle size. Additionally, the HLB values of 
each emulsifier were calculated and the CMC values were determined experi-
mentally. Evaluating the correlations between HLB and CMC to emulsion stabil-
ity was done and may provide a better understanding of the emulsification 
properties SFAEs to emulsion stability. 

2. Materials and Methods 
2.1. Materials and Equipment 

Soybean oil used was obtained from a local grocery store and was of the brand 
Western Family Inc., Madison, WI, USA. Molecular sieves 3A, vinyl octanoate, 
vinyl decanoate, vinyl laurate, vinyl myristate, HPLC grade solvents (acetoni-
trile and water), immobilized lipases from Thermomyces lanuginosus lipase 
enzyme (TM3), Whatman glass microfiber filters, cuvettes and EosinY were all 
obtained from Sigma Aldrich, St. Louis, MO, USA. Additional supplies of 
2-methyl-2-butanol (2M2B) (dried using 10% 3A molecular sieves) and 
Tween-20 were purchased from Thermo Fisher, MA, USA. Ryoto L-1695 was 
purchased from Mitsubishi-Kagaku, Tokyo, Japan and lactose was obtained 
from Proliant, Iowa, USA. A reversed-phased high-performance liquidchroma-
tography (RP-HPLC) (Beckman System Gold 125 SolventModule, Ontario, 
Canada) equipped with Luna 5 lm C18100 A˚ (250 mm × 4.6 mm, Phenomenex, 
Torrance, CA, USA), an evaporative light scattering detector (ELSD) (Agilent-
Technologies, Santa Clara, CA, USA), incubator shaker (Beckman, USA), Ul-
tra-turrax T25 (Janke and Kunkel, Staufen, Germany), microfluidizer (Micro-
fluidics Corporation, Newton, MA, USA), LS Beckman Coulter droplet size ana-
lyzer (LS 230, Coulter Corporation, Miami, FL, USA), Turbiscan (MA2000, 
Toulouse, France) and spectrophotometer (Beckman, Portland, OR, USA) were 
used. 
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2.2. Synthesis of LFAEs 

Enzymatic synthesis of LML was performed using the method as described by 
Walsh et al. [8]. Synthesis of LMO was conducted using lactose, vinyl octanoate, 
molecular sieves and TM3. For a 60 ml reaction in 2M2B, 3 g of lactose, 6 g of 
dried molecular sieves, 1.7 ml of vinyl octanoate (lactose to fatty acid ratio of 
1:2.1) and 1.8 g TM3 were combined. The resulting mixture was placed in 100 
ml glass bottles and then placed in the incubator/shaker and was allowed to 
reactat a temperature of 60˚C while agitated by incubator/shaker at the 90 rpm 
setting for 2 days. LMD and LMM were also synthesized enzymatically using the 
methods described above, just using different molar ratios of lactose to fatty acid 
and the respective substrates of vinyl myristate (lactose to fatty acid ratio of 
1:2.14) for LMM and vinyl decanoate (lactose to fatty acid ratio of 1:1) for LMD.  

The amount of LFAEs synthesized was determined using RP-HPLC with 
ELSD set at 60˚C with a nitrogen gas pressure of 3.55 bar as previously described 
[8]. Once a sable baseline was obtained, the sample mixture in 2M2B is manually 
injected to a C18-based sorbent (stationary phase) with flow rate of 1 ml/min. A 
linear gradient from 10% acetonitrile-water (40:60, v/v) to 95% acetoni-
trile-water (95:5, v/v) over 18 min was used as the mobile phase [26]. 

2.3. Purification of LFAEs 

For ester purification, the 2M2B reaction was filtered through a Whatman glass 
microfiber filter then dried in a hood for 48 hrs. The dry solids of LMM and 
LML were suspended in a 50% hexane-water while the dry solids of LMO and 
LMD were suspended in a 50% ethanol-water. These were then placed in a sepa-
ratory funnel. The lower aqueouslayer was drained into a beaker and dried in a 
hood for 48 hrs. After completely drying, the product powder was suspended in 
hexane and/or ethanol, and then centrifuged for 15 min at room temperature at 
2000 ×g and the supernatant analyzed via HPLC for the presence of ditri- or 
higher saccharides [8]. The hexane and/or ethanol extraction was repeated until 
only the monoester was present in the pellet. The purities of the LFAEs were 
confirmed to be greater than 85% by HPLC analysis.  

2.4. HLB Calculation 

The calculated HLBa values of LFAEs, Tween-20 and Ryoto L-1695 were deter-
mined using the formula HLB = 7 + ∑(hydrophilic values) − ∑(lipophilic values) 
[11]. An alternative equation for HLBb calculation is the following formula: 
HLB = [(L/T) × 20] (L is the molecular weight of the hydrophilic part of the 
molecule, and T is the total molecular weight) [27]. Superscripts were used in 
the data to differentiate which calculation method was used for comparative 
analysis.  

2.5. CMC Determination 

The CMC values of LFAEs, Tween-20 and Ryoto L-1695 were measured by the 
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dye micellization method using eosin Y [20]. A 10 X stock solution of the dye 
(0.19 mM) was prepared in water which was diluted with water to a working 
standard (2X solution). Identical stock solution concentrations (0.001 g/ml) of 
LFAEs were prepared in distilled water. The stock solutions were then added to 
each cuvette for a final concentration 0.002 μM and each cuvette contained a to-
tal of 1 ml. Light absorbance was measured at 538 nm and 518 nm spectropho-
tometerically at emulsifier concentrations between 1 µM to 1 mM, and the CMC 
was determined as described by Patist et al. [20]. All measurements were con-
ducted at 25˚C. 

2.6. Emulsion Preparation 

Emulsion samples of 20% soybean oil and water were prepared by combining 40 
ml of water and 10 ml of soybean oil in a beaker; and each sample received one 
treatment of emulsifier at concentrations of 0%, 0.1%, 0.25% and 0.5% in tripli-
cate. Each emulsifier was first stirred in the 40 ml of water for 15 min before the 
addition of the 10 ml of oil. The water and oil phases were mixed with a 
high-speed blender at 18,000 rpm for 5 min and then passed immediately 
through a microfluidizer three times at 17.4 ± 1.6 MPa (~15,000 psi). All emul-
sion samples were prepared intriplicate. Emulsion destabilization measured by 
light scattering and oil droplet size measurements started on day 0 (the day the 
emulsions were prepared) and continued daily until day 4 with emulsions stored 
at room temperature. All emulsions were prepared and analyzed in triplicate and 
the standard errors were calculated. 

2.7. Emulsion Stability Measurements 

The stability of each 20% oil-in-water (O/W) sample prepared as described 
above was determined using a Turbiscan, a vertical scan macroscopic analyzer, 
with Turbiscan MA2000 software. Samples were prepared by placing 5 ml of 
each sample into 11 cm glass tubes. Light scattering was measured daily and the 
thickness (in mm) of the clarification layer at the bottom of the tubes over the 
course of the 5 days was calculated as described by Garg et al. [17]. The destabi-
lization thickness in mm for each sample was plotted against the number of 
days. The resulting slope of the scatter plot was used to determine instability of 
emulsions in mm/d and the average of the triplicate samples was calculated.  

The oil droplet diameter distribution of the emulsion samples was measured 
using a LS Beckman Coulter droplet size analyzer (LS 230) with the polarization 
intensity differential set for scanning small fluid modules. Emulsions containing 
were analyzed from day 0 to day 4 for change in droplet diameter over time. The 
oil droplet measurements were taken by the angular dependence of the inten-
sity of the laser light (λ = 623.8 nm) scattered by emulsions as described by 
Garg et al. [17]. Droplet diameter curves were constructed as a function of the 
total volume of oil droplets as a percentage (y-axis) versus droplet diameters 
(x-axis). 

https://doi.org/10.4236/fns.2018.912096


S.-M. Lee et al. 
 

 

DOI: 10.4236/fns.2018.912096 1346 Food and Nutrition Sciences 
 

3. Results 
3.1. Emulsion Destabilization 

Destabilization of emulsions can be observed through changes in the light back-
scattering properties of the emulsions. In destabilized emulsions multiple layers 
can develop including an oil layer on top, a creaming layer directly underneath, 
and clearing layer (clarification layer) at the bottom. Using a vertical scan ma-
croscopic emulsion in glass tubes were measured along the length of the tube for 
changes in backscattering. Measurements were collected, and statistical analysis 
was used to determine the change thickness of the clarification layer (0 - 10 mm) 
from the bottom of each tube. Figure 1 shows how, after 5 days, the emulsions’ 
clarification layer changes in emulsions with and without emulsifier. In Figure 
1(a), a control sample of 20% O/W emulsion is shown and a destabilized result 
was observed with a thin oil layer on top and a clarification layer on the bottom 
after 5 days. Conversely, Figure 1(b), is a 20% O/W emulsion containing 0.5% 
LML after 5 days and has no visible oil or clarification layers. 

Figure 2 shows the change in destabilization (mm) (as an increase in the cla-
rification layer) over the 5 days tested for 20% O/W emulsions containing the 
four synthesized LFAEs and two commercial non-ionic emulsifiers (Tween-20 
and Ryoto L-1695). By measuring the slope of the increasing size of the clarifica-
tion layer, we can determine the rate of destabilization; which, by definition for a 
stable emulsion, is less than 1.0 mm/d [11]. Three different levels (0.1%, 0.25% 
and 0.5%) of each emulsifier were compared to a negative control, the oil and 
water mixture without an emulsifier which had a destabilization value of 3.91 
mm/d. In this study, the average destabilization rates of emulsion stabilized with 
0.5%, 0.25% and 0.1% of Tween-20 were 0.5, 0.83 and 1.7 mm/d, respectively 
(Figure 2(e)). This shows that the destabilization rates of Tween-20 emulsions  
 

 
Figure 1. Stability of 20% soybean O/W emulsion 
at 25˚C after 5 days. (a) No emulsifier used. (b) The 
emulsion prepared with 0.5% LML. 
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Figure 2. Change in thickness (μm) of clarification layer of the emulsions 
at 25˚C. The change in thickness of the clarification layer (at the bottom 
of the tube from 0.5 - 10 mm) in emulsions formulated with (a) LMO; (b) 
LMD; (c) LML; (d) LMM; (e) Tween-20; (f) Ryoto L-1695 at concentra-
tions of (X) 0% (▲) 0.1%, (■) 0.25% and (◆) 0.5% over 5 days. The error 
bars indicate the standard errors. 

 
are proportionate to the Tween-20 concentration. Emulsification ability of other 
LFAEs can be measured relative to Tween-20. 

LMO stabilized emulsions were highly unstable at 0.5%, 0.25% and 0.1% 
tested with a destabilization rate of 7.19, 7.65 and 7.66 mm/d, respectively 
(Figure 2(a)). In order to get the observed initial destabilization slope in LMO 
treated emulsions, additional testing was preformed every 12 hrs to quantify the 
rapid destabilization of these emulsions. LMO fails the desired level of less than 
1.0 mm/d, which has been defined as an emulsifier with effective stabilization 
ability. 

The emulsions containing LMD at 0.5% concentration produced the destabi-
lization rate of 0.72 mm/d, implying this emulsion was stable over the time 
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frame (Figure 2(b)). However, with decreased concentrations, such as 0.25% 
and 0.1%, LMD emulsions became less stable with destabilization rates of 1.14 
and 2.16 mm/d, respectively, showing less than the 1.0 mm/d destabilization re-
quired to be an effective emulsifier. 

In Figure 2(c), the average destabilization rates for the LML at concentrations 
of 0.5%, 0.25% and 0.1% were 0.51, 0.84 and 1.79, respectively. LML at concen-
trations of 0.5% and 0.25% were successful at stabilizing emulsions, showing less 
than the 1.0 mm/d destabilization, and thus formed effective emulsions although 
the emulsions formed using 0.1% LML were not stable. The emulsions contain-
ing Ryoto L-1695 (sucrose monolaurate) (Figure 2(f)) at 0.5% and 0.25% con-
centrations produced a destabilization rate of 0.42 and 0.5 mm/d respectively, 
implying these emulsions were stable over the time frame, similar to LML. 

LMM produced less stable emulsions which decreased in stability as the con-
centration decreased (Figure 2(d)). Destabilization rates of 1.11, 1.64 and 2.14 
mm/d at 0.5%, 0.25% and 0.1% LMM concentrations, respectively were ob-
tained. Therefore, LMM is not a suitable O/W emulsifier, based on the destabi-
lization rates. 

3.2. Oil Droplet Size Distribution and Measurement 

The stability of the emulsion for each LFAE was also studied by measuring the 
oil droplet size distribution of each emulsion over 5 days. Figure 3 shows the 
droplet size distribution, as a percent of droplets at a certain volume of the 
emulsions at 0.5% concentration of emulsifier over time. The stability of an 
emulsion is influenced by flocculation and/or coalescence and stable emulsions 
generally have small oil droplets [11] [28]. Using a high-speed blender, oil drop-
lets sizes ranging between 2 and 10 µm can be produced [11]. Even smaller oil 
droplets, less than 0.1 µm, can be generated by microfluidization [11]. In this 
study, high-speed blending followed by microfluidization was used to test emul-
sion stability as influenced by oil droplet size.  

In Figure 3(e) the 20% O/W emulsions stabilized by 0.5% Tween-20, the pos-
itive control, on day 0 shows a monomodal size distribution, with a peak at 15% 
of the oil droplets in the range of 0.8 - 2 µm. After 2 days, a peak at 13% of the 
oil droplets remained in this range, and this droplet size distribution stayed rela-
tively constant over 5 days. Additionally, these peaks stayed narrow, with a small 
range of distribution, without bimodality developing over time. This demon-
strates an effective emulsifier. 

Emulsions containing 0.5% LMO on day 0 show a bimodal drop size distribu-
tion, which peaked at 10% of oil droplets in the range of 0.5 - 1 μm and peaked 
again at 7% of the droplets in the range of 1 - 4 μm (Figure 3(a)). This oil drop-
let size distribution on day 2 remained in the same range. After 4 days, the 
droplet diameters increased to 0.5 - 10 μm, and the droplet size distribution be-
came wider and skewed to the right, meaning the population of large oil droplets 
sizes became the greater percentage of total oil droplets in the emulsion.  
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Figure 3. Oil droplet size diameter (μm) distribution with volume (%) of 
the emulsions at 25˚C. Droplet size diameter distribution with respect to 
percentage of the volume at (a) 0.5% LMO. (b) 0.5% LMD. (c) 0.5% LML. 
(d) 0.5% LMM. (e). 

 
In Figure 3(b), the emulsion containing 0.5% LMD on day 0 has a peak of 9% 

of oil droplets in the range of 1 - 3 μm and another peak of 0.5% in the range of 
6 - 10 μm. On day 2, the smaller oil droplet sizes kept a similar distribution, but 
the 6 - 10 μm range of peaks increased to 3%. At day 4, this trend continued with 
a bimodal skew to larger oil droplets. 

At day 0, the 0.5% LML stabilized emulsion had a significant population of 
droplets in the 0.5 - 5 μm range peaking at 7% with a second right skewed dis-
tribution peak at 1% in the range of 8 - 10 µm Figure 3(c). On day 2, the 0.5 - 5 
µm ranged peak increased to 10% of droplets and the second peak increased to 
2% while widening its range to 5 - 10 µm. This same droplet size distribution 
remained on day 4. At day 0, the 0.5% Ryoto L-1695 stabilized emulsion had a 
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significant population of droplets in the 0.5 - 3 μm range peaking at 13%, and 
this droplet size distribution stayed relatively constant over 5 days (Figure 3(f)). 

Emulsions with 0.5% LMM exhibited noticeable destabilization during the 5 
days of storage (Figure 3(d)). LMM emulsions were characterized by broad 
droplet size distributions with large bimodal peaks. On day 0 and day 2, there 
were a significant number of smaller droplets ranging from 0.1 - 1 µm. By day 4, 
this 0.1 - 1 µm range disappeared and droplet size was shifted to higher values, 
though bimodality remained. A peak of 9% of droplets was in the range of 0.5 - 3 
µm and a peak of 6% of the droplets was in the range of 3 - 10 µm. 

3.3. Surface-Active Properties 

The values of MW, HLB, CMC (mM), and CMC (mM reported from other 
sources) for each LFAE, Tween-20 and Ryoto L-1695 are presented in Table 1. 
The MW of Tween-20 with an ethoxylated sorbitan was greater than Ryoto 
L-1695 and the LFAEs (which where themselves comparable, only differentiated 
by their different bound fatty acid chains). The HLB scale is a basic indicator of 
an emulsifier’s solubility and is the primary criteria for selecting an emulsifier 
in a food system [22]. Typically, the maximum HLB value of non-ionic emul-
sifiers is 20 [11] [27]; with emulsifiers with HLB values ranging from 8 to 18 
are generally used in O/W emulsions [11] [29]. The results in Table 1 show that 
Tween-20, Ryoto L-1695, and all tested LFAEs are greater than 8 but less than 
18, thus all show potential at stabilizing 20% O/W emulsions. All the HLBa val-
ues of the tested emulsifiers are between 14.1 and 16.9 as determined by the 
McClements equation [11]. Using an alternative equation for HLBb calculation 
[24], we still find a very similar HLB value range of 13.4 to 15.8.  
 
Table 1. Emulsifier properties. 

Emulsifier Composition MW1 HLBa2 HLBb3 
CMC4 
(mM) 

Reported 
CMC (mM) 

Tween-20 
Sorbitan laurate 

(C26H50O10) 
1227.5 16.7 15.6 0.07 0.0425 

Ryoto 
L-1695 

Sucrose monolaurate 
(C24H44O12) 

524 16 15 0.44 0.426 

LMO 
Lactose monooctanoate 

(C20H36O12) 
468.54 16.9 15.8 0.96 0.766 

LMD 
Lactose monodecanoate 

(C22H40O12) 
496.55 16 14.8 0.89 0.566 

LML 
Lactose monolaurate 

(C24H44O12) 
524.28 15.7 14.1 0.72 0.316 

LMM 
Lactose monomyristate 

(C26H48O12) 
552.33 14.1 13.4 0.56 NR7 

1MW, molecular weight. 2HLBa, hydrophile-lipophile balance = HLB = 7 + ∑(hydrophilic values) − 
∑(lipophilic values). (McClements, 2005). 3HLBb, hydrophile-lipophile balance = [(L/T) * 20]. (Ritthitham 
(2009). 4CMC, critical micelle concentration. 5Reported in [20]. 6Reported in [1]. 7Not reported. 
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Like HLB values, CMC values are parameters used to characterize the poten-
tial of emulsifiers [1] [26]. As such, the CMC values of the commercial emulsifi-
ers and the LFAEs, as measured by the dye micellization method, were obtained 
(Table 1). Of the compounds tested, Tween-20 and Ryoto L-1695 had lower 
CMC values, 0.07 mM and 0.44 mM, respectively, than the LFAEs. LMO, LMD, 
LML, and LMM had CMC values of 0.96 mM, 0.89 mM, 0.72 mM and 0.56 mM, 
respectively. These results would normally suggest that these LFAEs would be 
expected to underperform as emulsifiers when compared to Tween-20. These 
experimental results on CMC values closely agree with other reported CMC val-
ues except for the values for LML. Patist et al. used the same dye micellization 
method with Tween-20 for the reported CMC value of 0.042 mM [20]. Using a 
surface tension method, Zhang et al. determined CMC values of Ryoto L-1695, 
LMO, LMD and LML at values below the CMC values found in this research [1]. 
It is worth noting that the surface tension method, if used on impure samples, 
would yield a lower CMC than the dye micellization method. As the surface ten-
sion method is very sensitive to the presence of impurities [20]. 

An observed increase in CMC values was seen along with an increased HLB 
values showing the strength of the relationship between these two (Figure 4(a)) 
with a R2 value of 0.975. There is also an increase in both HLB and CMC values 
with a decrease in fatty acid chain lengths in Figure 4(b) (R2 = 0.99) and Figure 
4(c) (R2 = 0.97), respectively. This shows a linear relationship between HLB and 
CMC values related to fatty acid chain length.  

4. Discussion 

Destabilization of emulsions was observed through the change in thickness of 
the clarification layer of the 20% O/W emulsions for LFAEs compared to con-
trols. Tween-20, a sorbitanmonolaurate, is a non-ionic detergent approved by 
the U.S. FDA for food use [30]. Due to its wide current usage in industry and its’ 
relative similarity to the compounds tested in this study, Tween-20 was selected 
as a control for comparative testing. Ryoto L-1695, a sucrose ester, also has sev-
eral physical similarities to LFAEs and so was selected as another control for 
comparative analysis. Out of the 4 compounds tested, LML at a concentration of 
0.5% was the only LFAE to exert an emulsifying activity comparable to 
Tween-20 and Ryoto L-1695 over 5 days. Even though LML produced less stable 
emulsions as the concentration decreased, Tween-20 and Ryoto L-1695 showed 
similar behaviors at lower concentrations.  

While there are a large variety of properties we can use to characterize the 
emulsification stabilities of LFAEs, the HLB values can give an insight into 
emulsion stabilization effectiveness. A well-balanced ratio of hydrophilic head to 
hydrophobic tail allows for oil droplets to be stabilized by the emulsifier result-
ing in low destabilization rates. 

The results are consistent with the limited number of studies which have in-
vestigated the HLB values of SFAEs which concluded that SFAEs made with 
laurate were better emulsifiers with greater emulsion stability than alternative  
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Figure 4. Comparison of HLB, CMC values and fatty 
acid chain length of lactose esters. Influence of the chain 
length of the fatty acid ester on the HLB and CMC value 
at 25˚C, for lactose esters containing octanoate (C8), de-
canoate (C10), laurate (C12) and myristate (C14). (a) 
CMC vs HLB. (b) Fatty acid chain length vs HLB. (c) 
Fatty acid chain length vs CMC. 

 
length fatty acid chains. Piao and Adachi reported that erythritol esterified with 
lauric acid (HLB; 16) resulted in more stable emulsions than lauric esters made 
with glycerol, arabitol, ribitol and xylitol at 0.05% [4]. Zhang et al. prepared sug-
ar monoesters including sucrose, maltose, lactose with fatty acid chain lengths 
from 8 to 12 and showed that lauryl (HLB; 13.1) esters were significantly better 
at stabilizing emulsions compared to octanoyl (HLB; 14.5) and decanoyl (HLB; 
13.8) esters in 20% O/W emulsions [1]. These data demonstrated that the HLB 
values of emulsifiers influenced the stability of emulsions.  

The importance of the HLB values as it relates to the fatty acid chain used to 
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generate an emulsifying ester was investigated in this study. It was evident that 
as LML was the most effective emulsifier tested. While the best result was still 
LML, LMD showed the second lowest emulsion destabilization rates followed by 
LMM and LMO, respectively. This bring up an interesting point, the tested 
LFAEs had comparable HLB values and yet very different emulsification proper-
ties. This does suggest that HLB is not the only property influencing emulsifica-
tion potential.  

The 0.5% LML stabilized emulsion had a significant population of droplets in 
the 0.5 - 5 μm range. Correspondingly, Tween-20 and Ryoto L-1695 showed 
emulsification properties at concentrations of 0.5% with an oil droplet distribu-
tion range of 0.8 - 2 µm and 0.5 - 2 µm, respectively. Emulsifying activity effects 
of Tween-20 were observed in another study in which oil droplet sizes decreases 
from 25 μm to 150 nm as the concentration of the emulsifier increased from 1% 
to 4%; oil droplet sizes then remained constant on further Tween-20 addition up 
to 5% [31]. Emulsions containing 0.5% LML produced narrow distributions in 
ranges comparable to Tween-20 and Ryoto L-1695, though bimodality was 
present and range distributions widened over time, while the commercial emul-
sifiers were consistent over time. However, these widening distributions shifted 
left, suggesting oil droplets were decreasing in size as time progressed. Moreo-
ver, the bimodality was minor; with the large peak remaining small and showing 
the same left shifting change observed in the primary peak. Thus, emulsion des-
tabilization data shows LML is comparable with the commercial emulsifiers 
tested, even with the differences in oil droplet diameters and LML’s bimodality. 
It is also interesting to consider that LML at the 0.5% concentration seems to be 
decreasing oil droplet sizes with only a factor of advancing time, a trend that 
may increase emulsion stability and delay phase separation.  

Not all LFAEs yielded consistent emulsion stability profiles. LMO and LMM 
at 0.5% generated emulsions with oil droplet dispersions that changed greatly 
over time. Emulsions made with 0.5% LMD initially produced a bimodal oil 
droplet distribution with a large narrow peak in a range similar to LML. As time 
elapsed, however, the droplet size distributions became wider and even more 
bimodal due to increased coalescence of the smallest oil droplets. LMD stabilized 
emulsions followed a similar droplet size distribution as LML over 5 days albeit 
more exaggerated, resulting in stable emulsions, though not as stable as those 
made with Tween-20 and Ryoto L-1695. Although LMM at a 0.5% concentration 
initially showed a large portion of very small oil droplet diameters of ≤0.5 μm, a 
bimodal oil droplet distribution remained over time. LMO also showed small oil 
droplets and bimodality. LMO, though, had a very large increase in the propor-
tion of oil droplets between 0.5 and 10 μmat 0.5% concentration during the 
course of the test. There was also a clear bimodal or multi-modal oil droplet size 
distribution growing toward larger droplets suggesting coalescence over time. 
This might be an indicator of the lower hydrophobic moiety of LMO compared 
to its hydrophilic moiety which may result in unfavorable absorption on the 
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O/W interface leading to a loss of stability over time. These similarities suggest 
that while the HLB values of LMO and LMM are similar considering a range of 
HLB values of 8 - 18 are suitable to stabilize O/W emulsions, they do not accu-
rately indicate the ability of each LFAE to interface at the oil and water surfaces 
of oil droplets effectively. It is true that LMM and LMO stabilized emulsions did 
contain small oil droplets initially, however, as previously reported in the desta-
bilization rates study, LMM was not an effective emulsifier, being surpassed in 
all trials by LMD and LML. 

Another explanation of the bimodal oil size distribution in the observed re-
sults for LML (along with other LFAEs tested) might be an artifact of oil droplets 
flocculating and/or coalescing. However, the former is unlikely due to the nature 
of the droplet size analyzer which makes use of agitation to spread out individual 
oil droplets for analysis. Furthermore, as 20% O/W emulsions are continually 
being diluted, thus flocculated oil droplets would be dispersed, breaking the 
flocculate; single coalesced oil droplets would thus be the dominant nature of 
droplets.  

As part of this research, we investigated the effectiveness of CMC values for 
estimating initial emulsifier potential for LFAEs. Of the esterstested, Ryoto 
L-1695 and LML which have different sugar headgroups for a fixed hydrophobic 
group, had CMC values of 0.44 mM and 0.72 mM, respectively. This difference 
is expected, as typically the hydrophobicity of the sugar headgroup of LFAEs can 
be considered to explain the variations observed in the CMC and HLB values as 
well. Giulietti and Bernardo reported that the sugars in order of highest solubili-
ty in water were fructose, sucrose, glucose followed by lactose [32]. Emulsifiers 
having greater hydrophobicity are theoretically more surface-active and thus fa-
cilitate micelle formation, exhibiting low CMC values and greater emulsification 
properties [33 s]. Lactose is the least hydrophilic than the other mentioned su-
gars and may form more stable emulsions via its better ability to influence sur-
face-interface stability. Garofalakis et al. reported that emulsifiers with more hy-
drophobic headgroups, such as lactose, exhibited better surface activity than 
those with greater hydrophilic headgroups, such as sucrose [7]. However, in our 
study, LML showed a higher CMC value than Ryoto L-1695, which has sucrose 
as its headgroup. Zhang et al. reported CMC values of LFAEs containing deca-
noate and laurate as slightly above the CMC values of Ryoto L-1695 (Table 1) 
[1]. Thus, we need to look at the effectiveness of the fatty acid chain lengths with 
lactose and if the resulting emulsification properties are correlated to the CMC 
values.  

This study clearly shows that the increasing chain lengths of the fatty acids in 
the respective esters significantly influences the HLB values with a decrease in 
HLB value due to increasing hydrophobicity. With HLB decreasing, the CMC 
also decreased with the increasing hydrophobicity resulting from the fatty acid 
chain lengths for a fixed hydrophilic group. As expected, LMM showed lower 
HLB and CMC values than LMO, LMD and LML since it has a longer fatty acid 
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chain length. Yanke et al. demonstrated that as fatty acid chain lengths were in-
creased, sucrose monopalmitate was more hydrophobic than sucrose monolau-
rate, exhibiting lower CMC values [3]. It stands to reason that in a like manner 
the hydrophobicity of LMM should make it a better 20% O/W emulsifier than 
the other LFAEs, as it should be more likely to be adsorbed at the O/W interface, 
resulting in lower CMC values as compared with LMO, LMD and LML. Howev-
er, LMD and LML formed more stable emulsions, even with HLB values higher 
than those of LMM which would normally suggest poorer performance. The im-
plication from these findings is that while HLB and CMC values may be an im-
portant characteristic for evaluating the activity of a non-ionic emulsifier; HLB 
and CMC values do not assure suitability for a specific application as an emul-
sifier. It may be that HLB and CMC values do not adequately describe the care-
ful balance of hydrophobicity to hydrophilicity that truly dictate emulsifiers ef-
fectiveness at emulsion stability. 

5. Conclusion 

Results suggest that the chain length of the fatty acid ester significantly influ-
ences the emulsification properties of LFAEs in 20% soybean O/W emulsions. 
While Tween-20 and Ryoto L-1695 are suitable at forming and stabilizing initial 
emulsions, LML may actually be actively working to increase emulsion stability 
over time in addition to its initial stabilization. LMD, with such similar physical 
properties, may also be an effective emulsifier in spite of its observed bimodal 
distribution of oil droplet sizes. It is feasible that the CMC values of LMM indi-
cate favorable absorption during emulsification which leads to positive interac-
tions with the oil droplets and the water phase, however, just because an emul-
sifier has a suitable CMC value that does not guarantee its appropriateness for a 
specific application as an emulsifier. It will be interesting to see how LML and 
LMD behave as emulsifiers in a salad dressing, or other food systems at the con-
centrations tested in this research. Future research can also compare these two 
LFAEs to other commonly used food grade non-ionic emulsifiers to determine 
actually viability of use. 
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