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performance as stabilizers for O/W nanoemulsions†

Fangfang Peng, Yangchuan Ke, * Shichao Lu, Yi Zhao, Xu Hu
and Qingchun Deng

A series of anionic amphiphilic random copolymers with sodium p-styrene sulfonate and dodecyl

methacrylate side chains were synthesized via free radical polymerization and their properties in the

formation and stabilization of nano-emulsions were investigated. Using poly(sodium p-styrene

sulfonate)-ran-poly(dodecyl methacrylate) and Brij 30 as a stabilizer to prepare nanoemulsions, we

obtained small droplet size and unimodal distribution nanoemulsions by a low-energy phase inversion

composition (PIC) method. The p(SSS)-ran-p(LMA)-Brij 30 co-stabilized nanoemulsions show

extraordinary long-term stability and heat resistance, there were almost no variations of droplet size after

storing for 35 days and no phase inversion occurred when heating the temperature up to 90 �C. The
influence of salinity on the properties of the nanoemulsions was also discussed.
Introduction

Polymeric surfactants, because of their interesting structures
and special properties, have received signicant attention in the
last few decades. Numerous works concerning synthesis,1–4

micellization,4–11 surface activity,12–15 emulsion stabilization,16–19

and stimuli-response20,21 have been reported and reviewed.22–24

One of the main applications of polymeric surfactants has been
as a stabilizer in emulsion preparation.22 For some polymeric
surfactants, they could adsorb at the solvent interface and be
used as an emulsion stabilizer to prepare emulsions.1,16

Compared with amphiphile block copolymers, the amphiphilic
random molecules potentially allow higher emulsifying effi-
ciency and emulsion stability by dissolving the two types of side
chains in different solvents and forming pseudo-Janus-type
structure at the solvent interface.1,16 Furthermore, they are
easy to synthesize and a high structural complexity could be
achieved by tuning the structural parameters including side
chain sort, hydrophobic/hydrophilic chain ratio, and backbone
length (molecular weight) by free radical polymerization.
Hence, amphiphilic random copolymers are potentially utilized
as emulsion stabilizers in several elds including
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nanoemulsion polymerizations, coatings, biotechnology,
nanotechnology, medicine, pharmacology, cosmetics, and
enhanced oil recovery.23,24

Due to their nanometric scale (typically in the range 20–200
nm) and enhanced stability against sedimentation or cream-
ing, nanoemulsions are in a growing number of applications.
Numerous papers and reviews of nanoemulsions have been
published and the elds cover emulsion polymerization,22

drug delivery,25 cosmetics,26 food industry,27 enhanced oil
recovery.28,29 However, the studies of polymeric surfactants as
emulsier to stabilize nanoemulsions are very limited. Y. K. Li
synthesized amphiphilic double-brush copolymers (DBCs)
and used it as emulsier to prepare nanoemulsion by high-
energy ultrasonication method and obtained high stable
nanoemulsions with diameter about 180 nm.16 Y. S. Nam
prepared O/W nanoemulsions using an amphiphilic block
copolymer, PEO-b-PCL as stabilizers by the phase separation of
copolymers from the organic phase. In this method, a homo-
geneous polymer/oil mixture was dispersed in water at 80 �C to
generate embryonic emulsions, and then the emulsion size
was reduced to a nanometer range through microuidic
homogenization.30 These methods require specic equipment,
and not easy to implement. In contrast, low-energy methods
provide an easy and scalable route to make nanoemulsions
that can be achieved by a magnetic stirrer. The most widely
used low energy method in literature is the phase inversion
composition (PIC). Generally, when using PIC method to
prepare O/W nanoemulsions at constant temperature, water
should be added to a mixture of an oil and surfactant.31 To the
best of our knowledge, the report on using amphiphilic
random copolymers as stabilizer to prepare nanoemulsion by
low energy method hasn't been found.
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 1H NMR of p(SSS)-ran-p(LMA) amphiphilic random copolymers
in D2O. (A) SL57, (B) SL33, (C) SL75, (D) SL42.
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In this paper, we intend to approach a simple route for
preparing O/W nanoemulsion with anion amphiphilic random
copolymers as stabilizers by PIC method. First, we synthesized
a series of anionic p(SSS)-ran-p(LMA) amphiphilic random
copolymers through free radical copolymerization. Then, using
the p(SSS)-ran-p(LMA) together with nonionic Brij 30 as stabi-
lizer, we prepared O/W nanoemulsions by PIC method at
70 �C.32 The droplet size, morphology, stability and interfacial
tension of the nanoemulsions were evaluated. The inuence of
salinity on the properties of the nanoemulsions was also
discussed.

Experimental section
Materials

Sodium p-styrenesulfonate hydrate (SSS, Aladdin Industrial
Corporation, purity, 90%), dodecyl methacrylate (LMA, Aladdin
Industrial Corporation, purity, 96%). AIBN (Xiya Chemical
Industry Co. Ltd), N,N-dimethylformamide (DMF, China
National Pharmaceutical Group Corporation, AR). Lauryl poly-
oxyethylene ether (Brij 30, Aladdin Industrial Corporation).
Liquid paraffin (d4

20 ¼ 0.835–0.855 g cm�3, cp, Tianjin Fuchen
Chemical Reagents Factory). NaCl (China National Pharma-
ceutical Group Corporation, AR). All chemicals were used as
received. Water used in this work was deionized water. Crude oil
is produced in Panyu, Guangdong (r ¼ 0.846 g cm�3, and
equilibrium interfacial tension of O/W was 6.558 mN m�1, as
seen in Fig. S1 in ESI†). Water used in this work was deionized
water.

Synthesis

A 250 mL three-necked ask was charged with sodium p-styrene
sulfonate (4 g, 19.4 mmol), dodecyl methacrylate (2 g, 7.87
mmol) and DMF (80mL). The ask was lled with nitrogen, and
AIBN (0.24 g, 1.4 mmol) was quickly added to the reaction
mixture. The ask was sealed, and backlled with nitrogen and
then allowed to reach 80 �C and was stirred for 36 h. The
reaction was stopped by exposing the solution to air and cooling
to room temperature. The solvent was removed by rotary evap-
orators and the product was washed with ethanol before dried
under vacuum.

To achieve a general understanding of the effect of
hydrophilic/lipophilic ratio on the polymer properties, hydro-
philic (SSS) and lipophilic (LMA) monomers were added into
Table 1 Sample information of p(SSS)-ran-p(LMA) amphiphilic random

Samples
Hydrophilic/lipophilic
[wt], feed ratio bHydrophilic/lipophilic [mo

SL57 2.5/3.5 5/6
SL33 3.0/3.0 7/6
SL75 3.5/2.5 13/8
SL42 4.0/2.0 7/3

a SL-xy; (1) S represents p-styrene sulfonate, L represents dodecyl methacr
methacrylate, respectively. (3) Molecular weight was measured by water G
lipophilic [wt] feed ratio was the actual amount of feed for clarity, hydroph

This journal is © The Royal Society of Chemistry 2019
the reaction solution with different feed ratios as shown in
Table 1.

Nanoemulsion preparation

Before emulsication, surfactants (Brij 30 and p(SSS)-ran-
p(LMA)) were dissolved into the oil phase under magnetic stir-
ring. The surfactant–oil mixture and water were placed sepa-
rately in a water bath at 70 �C. The dosage of Brij 30 was 0.54 g,
and p(SSS)-ran-p(LMA) was 0.24 g. The surfactant to oil ratio was
xed at 1 : 1. Then 20 mL water phase was added dropwise to
the surfactant–oil (paraffin) solution in the water bath. Aer the
emulsication, the samples were cooled at ambient tempera-
ture (�20 �C).

Characterization

The chemical structure of the copolymers was conrmed by 1H
NMR analysis (AVANCE II, 400 MHz, Bruker) with D2O as
a solvent. The molecular weight distributions were determined
by GPC (Malvern Instruments Ltd.) equipped with a Viscotek
TDA305max detector, using H2O containing 0.1 M NaNO3 as the
eluent. The surface tension of the random copolymer aqueous
solutions was measured with BZY-2 surface tensiometer
copolymersa

l], feed ratio Mn kDa Mw kDa Mw/Mn Yield%

6168 7322 1.187 83.0
1555 2689 1.729 84.5
790 1376 1.741 91.0
636 928 1.460 92.3

ylate. (2) xy is the weight feed (ratio) of p-styrene sulfonate and dodecyl
PC calibrated using PEO standards. b It's worth noting that hydrophilic/
ilic/lipophilic [mol] feed ratio were calculated removing the impurities.

RSC Adv., 2019, 9, 14692–14700 | 14693
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Fig. 2 Surface tension of p(SSS)-ran-p(LMA) solutions as a function of
concentration.

Fig. 3 Particle size and distribution of nanoemulsions measured by
DLS (prepared with p(SSS)-ran-p(LMA) and Brij 30).

Fig. 4 Average diameter and polydispersity index(PDI) of nano-
emulsion prepared with various copolymers.

Fig. 5 Zeta potential of nanoemulsion prepared with various
copolymers.

Fig. 6 TEM image of nanoemulsions (a) SL57 NE, (b) SL33 NE, (c) SL75
NE, (d) SL42 NE. The scale bar was 50 nm.
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(Shanghai Microtech Precision Instrument Co., Ltd.) via plat-
inum plate method at 25 �C. Transmission electron microscopy
(TEM) measurement was taken using a Tecnai F20(FEI) trans-
mission electron microscope. In order to facilitate the obser-
vation of the nanoemulsion droplets, 3 wt% phosphotungstic
acid salt solution was dropped on the dried TEM samples for
negative dyeing. The size and the zeta potential of nano-
emulsion droplets were measured by dynamic light scattering
using the Malvern Zetasizer Nano ZS, with the laser wavelength
633 nm and the scanning angle 173� at 25 � 0.1 �C. The zeta
potential was calculated from the electrophoretic mobility by
Smoluchowski's equation. The Turbiscan Lab Expert (For-
mulaction, France) was used to evaluate the stability of the
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 TSI values of nanoemulsions stabilized by p(SSS)-ran-p(LMA)
and Brij 30 as a function of time. (SL33 NE(2c) was the nanoemulsions
samewith SL33 NE except the internal phase content (4) is twice of the
latter.) Inset photo are the appearances of nanoemulsion stored at
room temperature for 7 days.
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nanoemulsions at room temperature. The conductivity of the
nanoemulsion was measured as a function of temperature
using a Leici DDS-307A conductivity meter and a Pt/platinized
electrode with a cell constant of 1.007 cm�1 (9.433 cm�1 for
testing nanoemulsions with 0.05 M NaCl). Interfacial tensions
of interfaces between crude oil and nanoemulsions were
determined by pendant drop experiments at 45 �C using TX-
500C interface tensiometer (Shanghai Zhongchen Digital
Technology Equipment Co., Ltd., China).
Fig. 8 Diameter variation of nanoemulsions stabilized by p(SSS)-ran-p(L

This journal is © The Royal Society of Chemistry 2019
Results and discussion
Polymer characterization

The chemical composition, molecular weight and yield of the
poly (sodium p-styrene sulfonate)-ran-poly(dodecyl methacry-
late) copolymers are illustrated in Table 1. 1H NMR spectra
signals of p(SSS)-ran-p(LMA) in D2O are shown in Fig. 1. p(SSS)
(–ph(H)–SO3Na, 7.0–8.0 ppm; (H)C–ph–SO3Na, 6.0–7.2 ppm),
p(dodecyl methacrylate) (–CH2–, 1.0–1.5 ppm, –CH3, 0.6–1.0
ppm). GPC charts of the copolymers are shown in Fig. S2 (see in
ESI†). With an increase in the hydrophilic/lipophilic [wt] feed
ratio, Mn and Mw declined dramatically, and the yield of
copolymers increased.

Surface tension

The dependence of surface tension on polymer concentration in
aqueous solutions is shown in Fig. 2. The decline trend of
surface tension–concentration curve is similar to classic low-
molecular weight surfactants. At low concentrations, the
surface tension decreases signicantly with the surfactants
concentration increasing, and the downward trend slows down
at higher concentration. From Fig. 2 we can observe the surface
tension of SL57 (with lower hydrophilic/lipophilic ratio and
higher molecular weight) solution is higher than other copoly-
mers at the same concentration, which is different with their
low molecular-weight counterparts. This may be attributed to
the adsorption process of polymeric surfactants at the air/water
interface is inuenced by molecular weight of the polymers.13,22

As we all know, the hydrophile–lipophile balance (HLB) number
is relevant for the relative molecular mass of the hydrophilic/
lipophilic group in the molecule.33 While herein the polymer
surfactant has a wide molecular weight distribution and
MA)-Brij 30 storing for 2 and 35 days.

RSC Adv., 2019, 9, 14692–14700 | 14695
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Fig. 9 Conductivity of nanoemulsions as a function of temperature. (A) SL57 NE, (B) SL33 NE, (C) SL75 NE, (D) SL42 NE (left). The photo of
nanoemulsions at different temperature (right).

Fig. 10 Interfacial tension of crude oil/nanoemulsions as a function of
time at 45 �C.

Fig. 11 Effect of salinity on interfacial tension (a) and conductivity (b) of

14696 | RSC Adv., 2019, 9, 14692–14700
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uctuation in hydrophilic/lipophilic ratios due to the free
radical polymerization, thus make it inappropriate to use the
hydrophilic/lipophilic ratio to estimate the HLB numbers.
Moreover, it was reported that the surface activity of the poly-
meric surfactant can hardly be predicted by the hydrophilic–
lipophilic balance (HLB) due to the adsorption process of
polymeric surfactants at the air/water interface is inuenced by
many factors, i.e., pH, block structure and length, concentra-
tion, and topology.22
Particle size and image of O/W nanoemulsion

The droplet size and distribution of nanoemulsions were
measured by dynamic laser scattering (DLS). As shown in Fig. 3,
nanoemulsion stabilized by mixed Brij 30 and p(SSS)-ran-
p(LMA) has narrow unimodal distribution. With the
hydrophilic/lipophilic ratio of polymer increasing, the average
(Z-Ave) diameter of the nanoemulsion droplets slightly
increases from 47 to 65 nm, and the corresponding PDI
decreases from 0.21 to 0.14, as seen in Fig. 4. Herein due to the
the nanoemulsions.

This journal is © The Royal Society of Chemistry 2019
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radical polymerization method was conducted, the molecular
weight distribution is wide and the hydrophilic/lipophilic ratio
in the polymer molecule is not xed, thus the hydrophilic/
lipophilic ratio is a statistics data. The DLS results show that
when amphiphilic random copolymer was used as a nano-
emulsion stabilizer, a narrowly distributed nanoemulsion can
be obtained even though the polymer surfactant has a wide
molecular weight distribution and uctuation in hydrophilic/
lipophilic ratios.

The zeta potential of the nanoemulsion as a function of
hydrophilic/lipophilic ratio is shown in Fig. 5. The result shows
that all the nanoemulsion samples are negatively charged.
Interestingly, the value of zeta potential gradually changes from
�56.1 mV to �13.8 mV with hydrophilic/lipophilic ratio
increase, which was opposite of what we expected. This
phenomenon have also been reported and discussed in
previous reports.34–36 According to the literatures, the hydro-
philic surfaces would lower the electrophoretic mobility, thus
affect the value of zeta potentials. In this work, the surface of the
nanoemulsions stabilized with higher hydrophilic/lipophilic
ratio may behave more hydrophilic than of lower hydrophilic/
lipophilic ratio ones. Thus make the zeta potential value
inconsistency with surface charge occurred.

The morphology of the nanoemulsion was measured by
transmission electron microscopy (TEM). As seen in Fig. 6, it
was consistent with the DLS result that the droplet sizes of the
nanoemulsion in the TEM images were narrowly distributed
and the particle size increase with hydrophilic/lipophilic ratio
increasing. While discrepancy also exist, the average diameter
of the nanoemulsion determined by DLS was 47 to 65 nm, while
in the TEM images, the diameter of the nanoemulsions were all
smaller than DLS results, this can be explained by the hydration
shell of the nanoemulsions exist during the DLS
measurement.10

It was reported that due to the formation of the nano-
emulsion droplets by nucleation at a low spontaneous curva-
ture, the bimodal size distribution is a fundamental property of
the nanoemulsion when preparing nanoemulsion with PIC
method.37 In this work, using our p(SSS)-ran-p(LMA)-Brij 30 co-
stabilizers, we obtained unimodal distribution size nano-
emulsions with PIC method, breaking down the argument of
bimodal size distribution property of the nanoemulsion by PIC
method. To gure out the reason of this phenomenon, we rst
catch on the reason of unimodal distribution size nano-
emulsions being obtained by (sub-) PIT emulsication. When
preparing nanoemulsions with (sub-) PIT method, it was
proposed that due to the best geometric compromise between
the volume of dispersed phase and the area that can be covered
by surfactant molecules, no surfactant is wasted, thus result in
the formation of unimodal distribution size nanoemulsions.38

In this present situation, it may attribute to the amphiphilic
random molecules forming pseudo-Janus-type structure by
dissolving the two types of side chains at the oil/water interface
and could solubilize all of the oil into swollen micelles, and also
no surfactant is wasted just like the (sub-) PIT method, result in
unimodal distribution size nanoemulsions obtained in the PIC
process.
This journal is © The Royal Society of Chemistry 2019
Emulsion stability

Stability as a function of time. Emulsifying characterization
of nanoemulsions stabilized by p(SSS)-ran-p(LMA)-Brij 30 was
evaluated by multiple lights scattering using Turbiscan (For-
mulaction, France). Turbiscan has been commonly used in the
petroleum, pharmaceuticals and food elds for studying
stability and phase separation tendency of disperse and
colloidal systems.39–42 The nanoemulsion stability can be esti-
mated by the variation of transmission scattering (or Back
scattering) values, through which one can calculate the Tur-
biscan Stability Index (TSI). TSI is a parameter to estimate the
stability of the nanoemulsions. A high value of the TSI indicates
instability and high probability of phase separation, whereas
a low TSI value indicates stability and low probability of phase
separation. The index value is given by the following equation:39

TSI ¼
X

j

��scan ref

�
hj
�� scan i

�
hj
���

where scanref and scani are the initial transmission scattering
value and the transmission scattering value at a given time,
respectively, hj is a given height in the measuring cell and TSI is
the sum of all the scan differences in the measuring cell.

The TSI values of the nanoemulsions as a function of time
are shown in Fig. 7. The result shows that the TSI of SL33 NE
and SL75 NE were lower than the other SL57 NE and SL42 NE.
Moreover, increase the internal phase content 4(ex, 4(SL33 NE)
¼ 4.5%; 4(SL33 NE (2c)) ¼ 9.0%), the TSI of nanoemulsion
remained at a very low value. Observe the transmission-
scattering value of the nanoemulsion and its variation with
time, we can evaluate the transparency quantitatively and judge
the stability of the nanoemulsion intuitively and qualitatively
(Fig. S3 and S4, see ESI†).

Diameter variation of nanoemulsions was also measured by
DLS to evaluate their stability, as seen in Fig. 8, S5, and S6 in
ESI.† Test the diameter aer storing for 35 days, the result
shows that the diameter and size distribution almost have no
variation compering with the original data. The DLS result
indicates that all the p(SSS)-ran-p(LMA)-Brij 30 co-stabilized
nanoemulsions have an extraordinary stability. While a doubt
has arisen when we compare the result of DLS with the Tur-
biscan result, the SL57 NE and SL42 NE seems not so stability as
seen in the result of the Turbiscan method. Before explaining
this phenomenon, we should stress a fact that the samples for
Turbiscan measurement were the original concentrated
samples, while the samples for DLS measurement were diluted
about 100 times. From the TEM image (Fig. 6) of the nano-
emulsions, we can see that the SL57 NE and SL42 NE respec-
tively possess the thinnest and thickest of the hydration shell
among the four nanoemulsions. The variation of transmission-
scattering value with time may reect a occulation of the
droplets, no coalescence occurred because of the strong repul-
sive interactions (such as steric repulsion) among the droplets
when place for 35 days. When the nanoemulsions were diluted,
the droplets disperse again.

Conductivity of the nanoemulsions. The conductivity of the
nanoemulsions as a function of temperature was measured
RSC Adv., 2019, 9, 14692–14700 | 14697
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under constant stirring, as shown in Fig. 9. The nanoemulsions
are insensitivity to temperature at the range of 25–90 �C (To
prevent water evaporation, the conductivity of nanoemulsions
above 90 �C was not measured). This result was veried by the
appearances of nanoemulsions (see the right photo). Even
heated up to 90 �C, there was no phase inversion observed. The
insensitivity to temperature nanoemulsions has also been
studied in previous reports.43,44 It was adjudged that with
temperature raise, the nonionic surfactants become more
lipophilic, while the ionic surfactants become more hydro-
philic, and the opposite temperature effects of the two types of
surfactants cancel out. It should be pointed out that the test
temperature range of conductivity is actually about 15–90 �C.
Between 15–25 �C, the conductivity of all the nano-emulsions
have experienced a slightly decline at the start of the measure-
ment, which is not shown in this paper. The reason for this
phenomenon needs further investigation.

Interfacial tension of nanoemulsions. Interfacial tension is
a very important property of emulsion in some application such
as enhanced oil recovery. The dynamic interfacial tension of
crude oil/nanoemulsions was measured by pendant drop
experiments at 45 �C (Fig. 10). The equilibrium interfacial
tension of crude oil/water was 6.558 mN m�1, as seen in
Fig. S1.† The four nanoemulsions can divide into two groups
according to their interfacial tension of 3100 s of pendant drop
formation. The one group was SL75NE and SL33NE, their
interfacial tension are close to each other and the value was
approximately 3.1 mN m�1. The other group was SL57NE and
SL42NE and their interfacial tension was approximately 3.5 mN
m�1.

Effect of salinity on nanoemulsion. To determine the effect
of salinity on nanoemulsions, four different NaCl concentration
solutions (0, 0.01, 0.02, and 0.05 M) were used to prepare
nanoemulsions, as shown in Fig. 11. From Fig. 11a, we can see
that the interfacial tension of oil/nanoemulsions reduced
gradually aer adding NaCl from 0 to 0.02 M. When adding
NaCl concentration up to 0.05mol L�1, the interfacial tension of
nanoemulsions showed no more reduction comparing with
nanoemulsions of 0.02 M NaCl. We deduce that the decrease of
interfacial tension is due to the reduction of the kinetic repul-
sive adsorption barrier between like-charged emulsiers and oil
droplets by salt addition.45 Fig. 11b presents the curves of the
conductivity vary with temperature of nanoemulsions per-
formed with different NaCl concentration solutions. Even
heated up to 90 �C, there have no phase inversion occurred.
Indicating a good heat resistance was maintained when the
salinity of NaCl was up to 0.05 mol L�1.

Conclusions

By adjusting the hydrophilic/lipophilic ratios, a series of anionic
p(SSS)-ran-p(LMA) amphiphilic random copolymers were
synthesized through free radical copolymerization. Using the
p(SSS)-ran-p(LMA) together with nonionic Brij 30 as stabilizer,
small droplet sizes and unimodal distribution nanoemulsions
were prepared by phase inversion composition (PIC) method.
The stability of the anion–nonionic mixed surfactant stabilized
14698 | RSC Adv., 2019, 9, 14692–14700
nanoemulsions was evaluated by multiple light scattering and
dynamic light scattering. Results show that the p(SSS)-ran-
p(LMA)-Brij 30 co-stabilized nanoemulsions show extraordinary
long-term stability and heat resistant, there were almost no
variations of droplet size aer storing for 35 days and no phase
inversion occurred when heating up to 90 �C. Adding a small
amount of salt (i.e. less than 0.05 M NaCl) will reduce the
interfacial tension and have not signicant inuence on their
heat resistance property. Because of narrow droplet size distri-
bution and excellent stability properties of their stabilized
nanoemulsions as well as they are easy to be synthesized, the
amphiphilic random copolymers have signicant potential
applications in the industrial areas such as nanoemulsion
polymerizations, coatings, nanotechnology, and enhanced oil
recovery.
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