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Abstract

Most synthetic surfactants are harmful to humans and can cause health problems after prolonged exposure or consumption.
This study explores in extensive detail the use of a natural surfactant saponin, extracted from fruit of S. mukorossto syn-
thesise oil in water nanoemulsions and gas—liquid foams. The effects of saponin concentration (0.1-2 wt%), pH conditions
(2-10) and salt concentration (100—-500 mM) on stability and average droplet diameter of sunflower oil-in-water emulsion
were investigated. Emulsions were stable at pH 4—10 and salt concentration 100—400 mM for up to 30 days. Critical micellar
concentration of 0.5 wt% and the average hydrodynamic diameter of saponin micelle of 4.25 nm are observed. A gas induc-
ing impeller-based device was used to generate foam from saponin solution having different gas hold up values ( g: 0.31,
0.45 and 0.62). Average bubble size of foam and its stability (drainage rate and half-life) are measured. 100% of saponin
solution gets incorporated into foam in every trial. Foam drainage rate increased and half-life decreased with increase in
gas holdup. It is shown that saponin can be an effective natural and non-toxic alternative to synthetic surfactants for various

industrial applications.
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Introduction

Surfactants play a crucial part in the formation and long-
term stability of foams and emulsions. Foams and emul-
sions are complex fluids which are binary mixtures of two
phases namely gas-liquid and liquid-liquid respectively.
Such fluids are omnipresent in our daily lives, some of the
examples include milk, yogurt, ice-creams, mayonnaise,
shampoos, creams, cosmetics etc. In almost all the industrial
products synthetic surfactants are utilised for the formation
and stabilisation of foams and emulsions. However, most of
the synthetic surfactants cause health problems after expo-
sure or consumption and might be toxic to consumers after
prolonged administration (Grumezescu 2017). Addition-
ally, several clinical studies showed that the human body's
anionic surfactant binding to proteins and enzymes results
in changes to the structure of proteins and malfunctioning
of the enzymes (Gao et al. 2016). Synthetic surfactants,
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because of their low biodegradability are one of the major
contributing factors for water and land pollution (Wang et al.
2015; Ivankovié¢ and Hrenovi¢ 2010). As a result, industries
are looking to substitute these synthetic surfactants with
natural ones (Unilever 2021). Natural surfactants are chemi-
cal compounds which originate from biological or renew-
able sources. Some of the types of natural surfactants are:
saponins, phospholipids, proteins, biosurfactants, polysac-
charides etc. (McClements et al. 2017; Dammak et al. 2020).
Saponins are non-ionic natural surfactants and can be
found in various parts of the plants (roots, bark and fruits)
in the form of glycosides. They have amphiphilic structure
which comprises of a linkage between glycosides and steroid
aglycone. Surface activity of saponin is dependent on the
aglycone type and number of sugar molecules in glycosides
(Tippel et al. 2017). Some of the plant sources of sapo-
nins include Gypsophila arrostii(roots), Quillaja Sapon-
aria (bark), S. mukorossifruit) etc. (Jurado Gonzalez and
Sorensen 2020). Surface-activity of saponins vary widely
depending on its source and composition. McClements and
Gumus (2016) reported that, saponin extracted from Quil-
laja Saponariais capable of stabilising food grade emul-
sions even at low concentration which are stable at various
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temperatures, pH and salt levels (McClements and Gumus
2016). Number of studies have reported the use of commer-
cially available Q-Naturale® (extracted from quillaja trees)
for stabilisation of emulsions consisting of either soybean
oil, sunflower oil, or orange oil etc. and bioactive compounds
like vitamin E, vitamin D3, quercetin or -carotene etc. (Par-
thasarathi et al. 2016; Ozturk et al. 2014; Luo et al. 2017;
Kaur et al. 2016). The above studies provide useful insight
regarding emulsification capability of quillaja saponin and
its possible application in commercial food/beverage and
pharmaceutical industry for developing nutraceutical deliv-
ery systems. Jurado Gonzalez and Sorensen (2020) have
reported use of saponin extracted from saponaria o cinalis
(soapwort) as a foaming agent for the production of highly
stable foams which showed greater elastic properties and
higher foaming capacity (Jurado Gonzalez and Sorensen
2020). Celik et al. (2006) have successfully used soapwort
extract as a foaming agent to prepare white sponge cake
and concluded that saponin can be a effective alternative
to egg white proteins (Celik et al. 2007). Saponins can also
be an alternative to protein or polysaccharide-based emulsi-
fiers. Bai et al. (2016) used microfluidization technique to
prepare nanoemulsions using whey protein isolate (WPI),
quillaja saponin (Q-Naturale®), soya lecithin (SL) and gum
Arabic (GA) (Bai et al. 2016). Lowest interfacial tension
was observed with Q-Naturale®, followed by WPI, SL
and GA respectively (Bai et al. 2016). Ozturk et al. (2014)
studied stabilisation of Vitamin E based emulsions using
lecithin or Q-Naturale® and reported that, compared to
lecithin very low concentration of Q-Naturale® is required
to produce emulsion with smaller droplet sizes (Ozturk
et al. 2014). Same authors also reported that, Q-Naturale®
showed greater stability over pH (3-8) and salt concentration
(0-300 mM NaCl) compared to lecithin.

In this work, an attempt has been made to check the
effectiveness of saponin glycosides as a natural surfactant.
Systematic study on the use of purified saponin, extracted
from dried fruit of S. mukorosgsoapnut) as a surface-active
agent has not been reported so far. Vast majority of literature
available on the use of saponin as a surfactant is either based
on un-purified extract of saponin from different sources or
commercially available Q-Naturale® as reported above.
Based on our literature search, this is the first time purified
saponin (99.9%) extracted from dried fruit of S. mukorossi
has been used as an emulsifier/surfactant to prepare emul-
sion and foam. Number of experimental parameters are
evaluated to study the effect on emulsion droplet diameter,
emulsion stability at different pH and salt concentrations,
foam stability and foam bubble sizes.
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Materials and methods
Materials

Guar gum and cold pressed sunflower oil were purchased from
local market. Saponin Glycosides (99.9%) extracted from dried
fruit of S. mukorosgisoapnut) was purchased from Carbanio
India. Hydrochloric acid (35%), sodium chloride and sodium
hydroxide were purchased from SRL chemicals, India.

Measurement of critical micellar concentration
(cmc) and micellar size

A known amount of saponin was dissolved in distilled water
and equilibrium surface tension of each sample (0-3 wt%)
was measured by pendant drop tensiometer (Dataphysics, Ger-
many). The cmc was determined by the saponin concentration
above which surface tension remained constant. The average
size of the saponin micelles were analysed using dynamic light
scattering (DLS) protocol. The instrument used was Nano-
Brook Omni, Brookhaven Instruments, USA and measure-
ments were carried out at room temperature.

Synthesis of emulsion

Oil in water emulsions were synthesised by mixing the sun-
flower oil (10%) and aqueous phase (90%). The aqueous phase
consisted of saponin (0.1-2 wt%) dissolved in distilled water.
Macroemulsion is prepared by mixing both the phases using
magnetic stirrer (900 rpm for 5 min). Nanoemulsion was then
prepared by using an ultrasonicator (30 kHz, 250 kW) set to
70% amplitude for 10 min.

Synthesis of foam

The foaming liquid us prepared by mixing 2 wt% saponin
(equivalent to 4 times cmc) and 0.5 wt% guar gum in distilled
water using a magnetic stirrer (500-700 rpm). For comple-
tion of guar gum hydrolysis and degasification, foaming solu-
tion was kept overnight in the refrigerator at 4 °C. Guar gum
was added to replicate the rheology of industrial food foams.
Gas-liquid foam was generated using a gas inducing single
rotor—stator impeller. Details regarding the design and sche-
matic of this gas inducing impeller can be found in our earlier
work (Badve 2021). Foam with varying gas fraction ( : 0.31,
0.45 and 0.62) was produced and was sheared at 5000 RPM
for 10 min.
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Emulsion and foam characterisation
Emulsion droplet size

Droplet sizes of the emulsion were determined via dynamic
light scattering (DLS) protocol (Model: NanoBrook Omni,
Brookhaven Instruments, USA). For better accuracy, all sam-
ples were diluted 400 times with distilled water and intensity
average hydrodynamic diameter was considered to calculate
average droplet size of the emulsion. Average of the three
measurements was used to calculate the effective droplet diam-
eter of an emulsion under varied conditions.

Stability of emulsion

The produced emulsions were tested for stability to various
pH and salt concentrations that could be observed in com-
mercial applications. The pH (2-10) and salt concentration
(100-500 mM) of the emulsion was adjusted using NaOH
and/or HCI and NaCl respectively. Before measuring droplet
size, emulsion samples were kept in a refrigerator for 72 h.
To quantify the emulsion long-term stability, size was again
measured after 30 days.

Foam bubble size

Diluted foam sample was taken on a glass slide and images
were taken using an eye piece camera fitted to digital micro-
scope (model: RM600B, Radical, India). To avoid errors due
to instability of foam, all the images were taken immediately
after the completion of experiment. Open-source image analy-
sis platform ImageJ was used to analyse the images (Eliceiri
et al. 2012). Area of more than 250 bubbles was measured for
each experiment to quantify the average Sauter mean diameter

(dgz).
Foam stability

Stability of the foam was determined by measuring volume of
liquid drained from the foam with respect to time. The drained
liquid volume is normalised with respect to initial liquid vol-
ume present in the foam and is plotted with respect to time to
get foam drainage curves for different gas hold-ups. Time at
which 50% of liquid (compared to initial liquid) drained from
the foam was noted as half-life of the foam (t;)).

Results and discussion
Critical micellar concentration and micellar size

Surface tension of saponin solution (0-3 wt%) was measured
and results are shown in Fig. 1a. As saponin concentration

increased from O to 0.5 wt%, surface tension decreased from
72 to~37 mN m~!. Above 0.5 wt% concentration, surface
tension value remains almost constant, which was consid-
ered as cmc of saponin used. The cmc value observed in
the current work is greater than previously reported con-
centrations of 0.01-0.07 wt% for Q-Naturale®, extracted
from quillaja saponin (Bai et al. 2016; Mitra and Dungan
1997; Jung et al. 2010). The different cmc value in the cur-
rent study, can be due to different saponin source and its
composition. Results also prove that, based on the original
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Fig.1 Measurement of cmc and micelle size: a surface tension of
saponin with respect to log[concentration], where concentration is in
g/ml; b intensity averaged micelle size distribution of saponin
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source of saponin and its purity, the interfacial properties
and therefore its ability as a surfactant will vary.

Figure 1b shows intensity averaged micelles size distri-
bution of 0.5 wt% saponin solution. The hydrodynamic size
of the micelles was found to be in the range of 1-13 nm
(average: 4.25 nm). However, micelle agglomerates were
also observed having particle size up to 46 nm. The polydis-
persity depends on surfactant chemistry and surfactant con-
centration itself. Similar micelles hydrodynamic diameters
(4-6 nm) are reported for synthetic surfactants like Triton
X-100, Brij-35, CTAB, SDS etc. (Danov et al. 2011; Phillies
et al. 1995; Paradies 1980). For quillaja saponin, micelle
diameter in the range of 3—7 nm were reported by Mitra and
Dungan (Mitra and Dungan 1997). Same authors reported
that, micelle size increases with temperature; the increase
has been attributed to possible change is shape of micelles
aggregates and not actual size of the micelles since in the
DLS technique, a non-spherical droplet or particle may seem
to have greater hydrodynamic size compared to the sphere
of same volume (Mitra and Dungan 1997).

It is crucial to comprehend saponin's micelle-forming
characteristics in order to forecast how well it will stabilise
emulsions and foams. At surfactant concentration above
cmc, stability of foams and emulsion is improved due to
saturation of excess surfactant on the gas—water or oil-water
interface. However, after certain concentration above cmc,
excess micelle may induce flocculation between the droplets
result in destabilisation (McClements and Dungan 1997).

Emulsion droplet size

Saponin concentration was varied from 0.1 to 2 wt% to
check its effect on emulsion droplet size. Effect of saponin
concentration on the droplet size of emulsion and surfactant
coverage i.e., amount of surfactant per unit area of a droplet
is shown is Fig. 2. Based on the average droplet diameter,
total amount of oil and saponin concentration, surfactant
surface coverage has been estimated. With increase in sapo-
nin concentration from 0.1 to 2 wt%, average droplet size
decreased from 781 + 16 to 539 +38 nm and surfactant cov-
erage increased from 0.001 to 0.017 g/m?%. As concentra-
tion of saponin increases, interfacial tension at oil-water
interphase reduces. Thus, less energy is needed for droplet
disintegration by ultrasonication. Droplet disintegration pro-
cess results in the formation of smaller size droplets and
adsorption of surfactant on the surface of them. As the con-
centration of saponin increases, sufficient saponin micelles
are available in the system for adsorption on the interphase;
thus, stabilising and reducing the droplet size and increas-
ing surfactant coverage. Effectiveness of any surfactant is
dependent on the rate at which surfactant get adsorbed on the
oil and water interface and their ability to prevent aggrega-
tion between the droplets via repulsive interactions (Ozturk
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Fig.2 Average emulsion droplet size and saponin surface coverage
with respect to various saponin concentrations

et al. 2014; Jafari et al. 2008; Ramisetty et al. 2015; Yang
et al. 2013). For oil-in-water emulsions synthesised via high
pressure homogenization (10,000 psi, 4 passes), Yang et al.
(2013) reported that, with increase in Q-Naturale® concen-
tration from 0.1 to 2 wt%, average droplet size of emulsion
reduced from 2100 to 170 nm. In similar experiments with
high pressure homogenization (12,000 psi, 3 passes), Ozturk
et al. (2014) reported decrease in emulsion droplet size from
900 to 130 nm (~0.5 wt% Q-Naturale®) with increase in
surfactant concentration (Ozturk et al. 2014). Slightly higher
emulsion droplet sizes in the current work can be attrib-
uted to lower ultrasound input energy of ~ 175 W compared
to~5.6 kW for high-pressure homogenizer used in above
reported work. Droplet size of ~785-810 nm was reported
by Jadhav et al. (2020) for castor and Karanja oil emulsion
prepared by saponin extract prepared from dried fruit of
soapnut using ultrasonic bath (30 kHz, Power rating: NA).
Thus, along with the method of preparation, purity of the
saponin based emulsifier and the source from which it is
extracted, may also be playing an important role in its ability
to reduce the droplet size because of the change in interfacial
properties.

Emulsion stability

Emulsion stability was studied by preparing emulsions with
2 wt% saponin concentration in aqueous phase. Prepared
emulsions (pH 7) were subjected to pH conditions of 2-10
and salt concentrations of 0-500 mM and were stored at
4°C.

Figure 3a, b shows the influence of different pH and salt
conditions on the droplet size of emulsion over the period of
30 days. After the initial incubation period of 3 days, droplet
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size slightly increased for pH 4 compared to the original
emulsion (pH 7), it remained almost constant for pH 6-10
and no creaming was seen. For same incubation period,
creaming and phase separation was seen in the emulsion
having pH 2. Attractive interactions between the droplets
predominate over electrostatic repulsions at pH 2 which may
have led to destabilisation via coalescence (Ozturk et al.
2014). For saponin stabilised emulsions, Yang et al. (2013)
reported that zeta potential decreased from — 69 at pH 9
to — 1 mV at pH 2 (Yang et al. 2013). Thus, because of the
near zero surface charge at pH 2, droplet aggregation may
have taken place at a higher rate leading to destabilisation
of emulsion. Because of the higher surface charge above pH
3.5, emulsions were found to be stable for pH 4-10.

The influence of salt conditions on emulsion stability was
examined by adding different NaCl (0-500 mM) to the emul-
sion samples. In 3 days, after addition of 100 nM salt, emul-
sion droplet size marginally increased from 418 to 491 nm
and for remaining salt concentrations (100-500 mM), it
remained almost constant (Fig. 3b). No visible creaming
was observed for all the samples in first 3 days, indicating
stability of the emulsion at all salt concentrations. However,
in emulsion with 500 mM salt concentration, creaming was
observed after about 7 days and complete destabilisation was
observed after 30 days of storage. Electrostatic repulsion in
between the emulsion droplets dominates at lower salt lev-
els, which prevents their agglomeration. However, attractive

interactions start to dominate at higher salt levels which lead
to droplet aggregation (Yang et al. 2013). Thus, creaming
was seen for emulsion samples having 500 mM salt concen-
tration compared to other samples (100-400 mM).

To check the emulsion’s long-term stability, all the sam-
ples (pH 4-10 and salt concentration: 100-500 mM) were
kept at 4 °C in a refrigerator for 30 days. After 30 days of
storage, emulsion droplet size slightly decreased for all the
pH and salt concentrations (Fig. 3a, b). Emulsions produced
were found susceptible to coalescence even after 30 days
of storage, except for the emulsion with pH 2 and salt con-
centration of 500 mM. Smaller droplet size and higher sur-
factant concentration results in better surfactant coverage
over interphase which improves the droplet stability and
prevents coalescence. A slight creaming was seen in all the
emulsion samples (Fig. 3c, d) having creaming index in the
range of 12-15% for pH between 4-8 and 7-8% for salt
concentration between 100 and 400 mM. Above results indi-
cate stability of emulsion against coalescence and gravity
separation for various pH and salt conditions over longer
period. Saponin has shown good promise to be used as an
effective natural surfactant for nanoemulsion synthesis and
can have potential applications in food, pharma and cosmetic
industry. It is possible to improve shelf life of such emul-
sions by decreasing the droplet size further, by changing the
method of emulsion preparation. For our future work, tech-
nologies such as high intensity ultrasound, hydrodynamic
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cavitation or high-pressure homogenisation etc. will be tried
for saponin based nanoemulsion preparation. For oil in water
emulsions prepared using above mentioned methods, droplet
sizes in the range of 50-200 nm were reported by multiple
authors (Freudig et al. 2003; Galvao et al. 2018; Carpen-
ter et al. 2017; Agrawal et al. 2017; Carpenter and Saharan
2017).

Foam stability and bubble size

To study foam stability, foam with different gas hold-ups
( g 0.31, 0.45 and 0.62) was generated. It was observed
that, for all 5 values, 100% of saponin solution was incor-
porated into foam. However, no clear trend in Sauter mean
diameter was observed; for the range of gas hold ups stud-
ied, d3,=0.12+0.01 mm was observed. Bubble sizes in the
similar range were observed in our earlier work for foam
produced in the same gas inducing impeller using non-
ionic surfactant Tween-80 (Badve 2021). Figure 4a shows
foam bubble size distribution for different g values. For
¢=0.31 and 0.45 almost similar bubble size distribution
was observed but for 5=0.62, slightly wider distribution
was observed. Fresh foams tend to have uniform size distri-
bution and older foams show wider distribution because of
coalescence and Ostwald ripening (Sahu et al. 2018).
Figure 4b shows the normalised liquid drainage with
respect to time for different g values. For all g values, foam
drains at the same rate for the first 25 min. After ~25 min,
the drainage rate increased with an increase in . Foam with
lesser gas ( =0.31) drains at a lower rate in comparison
with foam having more gas ( 3=0.45 and 0.62) (Fig. 4b).
The variation in the rate of drainage can be seen till~75%
foam drains; beyond that all the foam samples drained at
the same rate. Half-life (t,,) of foam, decreased from 80
to 57 min with an increase in g from 0.31 to 0.62. Similar
behaviour of increase in drainage rate and decrease in t;),
with increase in g was observed in our earlier work based
on foam produced using non-ionic surfactant Tween-80
(Badve 2021). Also, t;,, values of saponin foam in this work
are comparable with foam produced using tween-80 sur-
factant produced via the same gas inducing impeller. In foam
produced by purging air through frit using soapwort extract
as surfactant, Jurado Gonlalez and Sorensen (2020) reported
that, almost 85% foam remains after 1 h (Jurado Gonzalez
and Sorensen 2020). In a similar work, Bottcher and Drusch
(2016) reported that, for foam produced using extract of sap-
onin obtained from Quillaja saponaria Molina~ 85% foam
remains after 1 h and for foam produced using Saponin-rich
extract from Aesculus hippocastanyri77% foam remains
after 1 h (Bottcher and Drusch 2016). Authors also reported
that, for foam produced using saponin extract from Glycyr-
rhiza glabra foam collapsed in just 20 min after formation.
The difference in the foam stability of different saponin
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sources has been attributed to surface tension reducing abil-
ity of each saponin and its solubility in water. In the cur-
rent work, for the range of  values studied, we observed
that~70% foam remains after 1 h. The difference in the foam
volume after 1 h, compared to other studies, can be due to
the difference in the foaming method and the type of saponin
used. Based on the method of foaming and amount of gas
incorporated in the foam, bubble size distribution will be
different, causing variation in the foam drainage rate and
therefore overall foam stability.

Saponin shows a promise to replace synthetic surfactants
partially or completely. For a particular application in
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industries, in-depth research and development activities are
required to examine the interfacial characteristics of saponin
derived from various sources and its interaction with other
substances.

Conclusions

This study was an attempt to enhance our understanding
of the effectiveness of natural, non-ionic surfactant sapo-
nin extracted from fruit of S. mukorossiThrough already
published reports, we deduced that, interfacial properties of
saponin changes with its source and therefore affect its effec-
tiveness as a surfactant. Observed cmc of saponin was 0.5
wt% and the hydrodynamic diameter (1-13 nm) of saponin
micelle was comparable with synthetic surfactants. Emul-
sion droplet size decreased with increase in saponin concen-
tration from 0.1 to 2 wt% and lowest size (539 nm) observed
for saponin concentration of 2 wt%. High emulsion stability
observed at pH 4-8 and salt concentration 100-400 mM.
The near zero surface charge at pH 2 resulted in droplet
aggregation at a higher rate, which led to the destabilisation
of emulsion at pH 2. For salt concentrations of 100-400 mM,
the dominating electrostatic repulsions exist, which prevents
droplet aggregation. However, at 500 mM salt concentration
strong attractive interactions dominate which led to droplet
aggregation and creaming. With increase in foam gas hold-
up, foam drainage rate increased and half-life decreased and
foam drainage profiles are comparable with the data reported
in the literature for foam produced using various surfactants.
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