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Novel non-ionic surfactants synthesised through the reaction of CO2 with 
long alkyl chain epoxides 
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a Chemical Engineering Group, Engineering and Technology Institute Groningen (ENTEG), University of Groningen, Nijenborgh 4, 9747 AG Groningen, the Netherlands 
b King Abdulaziz City for Science and Technology (KACST), Riyadh, Saudi Arabia   
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A B S T R A C T   

Two long alkyl chain cyclic carbonates, 1,2-hexadecene carbonate (HDC) and 1,2-dodecene carbonate (DDC), 
were synthesised via a green catalytic approach from CO2 and the corresponding epoxide, achieving nearly 
complete conversion with full selectivity. After purification, the two cyclic carbonate products were studied for 
application as non-ionic surfactants through different tests, including interfacial tension, emulsion stability and 
droplet size measurements. HDC demonstrated to be suitable for application as a non-ionic surfactant, as it was 
able to reduce the interfacial tension between water and hexane in an inverse emulsion (i.e. water-in-oil, w/o) at 
different HDC concentrations (0.5–2.5 wt.%). HDC allowed reaching a similar surface activity compared to a 
benchmark surfactant as sodium dodecyl sulphate (SDS), although the latter for an oil-in-water (o/w) emulsion, 
in the concentration range from 1.5 to 2.5 wt.%. On the other hand, DDC was not an efficient emulsion stabiliser, 
yielding only a slight decrease in the interfacial tension when compared to the results obtained with HDC under 
the same conditions. This underlined the role of the hydrophobicity of the longer alkyl chain in HDC on the 
performance of these carbonates as surfactants. For HDC, the optimum ratio of water to hexane for preparing an 
inverse emulsion was 50/50 vol %, which showed the highest colloidal stability at 2.0 % (w/v) concentration of 
the surfactant. Increasing the HDC concentration from 1.0 to 2.0 % (w/v) resulted in a significant decrease in 
average droplet size from 170 to 72 nm, in addition to a decrease in the droplet polydispersity of the dispersion. 
A further decrease in droplet size and a narrowing in the size distribution, leading to nearly monodisperse 
nanoemulsions, was achieved upon the addition of CaCl2. The combination of the results obtained in this study 
reveals a new, promising class of sustainable surfactants consisting of long alkyl chain cyclic carbonates syn-
thesised from CO2.   

1. Introduction 

The utilisation of carbon dioxide as a building block for the synthesis 
of valuable chemicals is a highly attractive topic from the point of view 
of green chemistry and sustainability, since CO2 is a non-toxic, abundant 
and renewable raw material [1–3]. Various routes have been proposed 
for the fixation of CO2 into chemical products. Among them, the syn-
thesis of cyclic carbonates through the reaction of CO2 with epoxides has 
received increasing attention over the last decades [4–6]. The several 
reported cyclic carbonate products have found relevant applications, as 
they can be used as green solvents in chemicals synthesis, as electrolytes 
in Li-ion batteries or as intermediates in polymer synthesis [7–10]. A 
variety of catalytic systems have been developed to enable the cyclo-
addition of CO2 to epoxides to be performed under mild conditions 

[11–15]. In this context, it is relevant to design tailored cyclic carbon-
ates for new, specific potential applications. Inspired by the high po-
larity of one of the most common cyclic carbonates, i.e. propylene 
carbonate, we reasoned that preparing cyclic carbonates with a long 
alkyl chain (Fig. 1) would yield compounds with amphiphilic behaviour, 
where the carbonate group would provide the hydrophilic head and the 
alkyl chain would act as hydrophobic tail [16,17]. As a consequence, 
such long alkyl chain cyclic carbonates could act as a new class of 
non-ionic surfactants, i.e. as compounds that lower the interfacial ten-
sion between two phases by adsorbing on a liquid–liquid interface or a 
surface. Surfactants find a broad range of applications as foaming and 
wetting agents or as emulsifiers in detergents, cosmetics, food, phar-
maceuticals and paints [16,18,19]. With the purpose of investigating 
our idea of using long chain cyclic carbonates as surfactants, two 
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epoxides with long alkyl chain groups were selected (1,2-epoxyhex-
adecane and 1,2-epoxydodecane) and were converted into the corre-
sponding cyclic carbonates by reaction with CO2. The reaction was 
carried out employing a straightforward yet highly efficient catalytic 
system recently reported by our group, consisting of tetrabutylammo-
nium iodide (Bu4NI) in combination with water as a green, inexpensive 
hydrogen bond donor (HBD) [20]. This catalytic system was shown to 
effectively promote the cycloaddition of CO2 to a variety of epoxides 
into their corresponding cyclic carbonates with excellent selectivity 
under very mild conditions and, therefore, is promising for the prepa-
ration of the long chain cyclic carbonates that are the target of this work 
(Scheme 1). 

The potential application of these cyclic carbonates as novel sur-
factants was evaluated through a combination of tests that allowed 
measuring the interfacial tension (IFT) and stability of the correspond-
ing w/o emulsions as well as their droplet size. This study indicated that 
1,2-hexadecene carbonate (HDC) is a more suitable candidate for 
application as emulsifier compared to 1,2-dodecene carbonate (DDC), as 
the former showed comparable results with a commercially available 
benchmark surfactant as sodium dodecyl sulphate (SDS) at 1.5 wt.% 
concentration. To the best of our knowledge, this is the first report of the 
tailored application of cyclic carbonates as surfactants. 

2. Experimental section 

2.1. Materials 

1,2-Epoxyhexadecane (EHD, technical grade, ~85 % purity, with 
1,2-hexadecanediol as main impurity, see 1H-NMR spectrum in Fig. S1), 
1,2-epoxydodecane (EDD, ~90 % purity), tetrabutylammonium iodide 
(Bu4NI, 99 % purity), Sodium dodecyl sulphate (SDS, ACS reagent ≥ 99 
%), deuterated chloroform (CDCl3, > 99.6 atom %, used as solvent for 
1H-NMR), were purchased from Sigma-Aldrich. Diethyl ether (99 % 
purity) and n-hexane (99 % purity) were purchased from Macron fine 
chemicals, and ethanol (99.9 % purity) was purchased from J.T. Baker. 
All these chemicals were used without further purification. 

2.2. Synthesis of 1,2-hexadecene carbonate and 1,2-dodecene carbonate 

In a typical experiment, the selected epoxide (20 mmol), Bu4NI 
(2 mol % loading relative to the epoxide) and deionised water (0.02 ml) 
were added to a closed glass vial containing a silicon rubber cap pierced 
with two needles allowing the CO2 gas to go through the cap, and a 
magnetic stirring bar. Then, the vial was placed into a batch reactor with 
a visualisation window (which is part of a reactor unit manufactured by 
Integrated Lab Solutions (ILS) and located at the University of Gronin-
gen), and then the reactor block was closed. After this step, a LabVIEW 
control software (developed on purpose for this reactor unit) was used to 
control all protocols to reach the chosen reaction conditions. In order to 
remove air, the reactor was first pressurised with 10 bar of N2, depres-
surised, pressurised again with 10 bar of CO2 and depressurised. After 
this, the reactor was pressurised with 10 bar of CO2, after which the 
pressure decreased to ca. 8 bar due to absorption of CO2 into the liquid 
phase. Then, the reactor was heated up to the desired reaction temper-
ature (90 ◦C), leading to an increase of the pressure to ca. 10 bar. Next, 
the reactor was kept at this temperature for 48 h, under stirring at 
900 rpm. After 48 h, the stirring was turned off and the reactor was 
cooled down in 20 min (using an external water-cooling system) and 
depressurised to ambient pressure. Finally, the lid of the reactor was 
opened, the glass vial was removed, and an NMR sample was prepared 
by adding approximately 50 mg of the reaction mixture to 600 mg of 
CDCl3. The epoxide conversion, carbonate yield, and selectivity were 
determined by 1H-NMR spectroscopy on a Varian Oxford 300 MHz or a 
Varian Mercury 400 MHz. 

2.3. Purification of 1,2-hexadecene carbonate (HDC) 

After the synthesis of the cyclic carbonate, the reaction mixture was 
transferred into a 250 ml one-neck round bottom flask. Then, 100 ml of 
ethanol was added to the reaction mixture and the sample was stirred for 
30 min. During this step, a white solid was separated, which was iden-
tified as 1,2-hexadecanediol, which was present as impurity in 1,2-epox-
yhexadecane, as indicated by 1H-NMR (Fig. S1). After removing the 

Fig. 1. Chemical structures of 1,2-hexadecene carbonate (HDC) and 1,2-dode-
cene carbonate (DDC) prepared from CO2, and of the commercially available 
sodium dodecyl sulphate (SDS), which were investigated as surfactants in 
this work. 

Scheme 1. Synthesis of cyclic carbonates from CO2 and epoxides using tetrabutylammonium iodide (Bu4NI, 2 mol % relative to the epoxide) as a catalyst, in the 
presence of water (0.02 ml) as a hydrogen bond donor co-catalyst. 
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white solid by flitration on a Büchner funnel, followed by washing three 
times with ethanol (3*20 ml) to achieve full recovery of the soluble 
cyclic carbonate product (HDC), the solution was collected and the 
solvent was removed by rotary evaporation, to yield a white-yellowish 
solid, which consisted of 1,2- hexadecane carbonate and the Bu4NI 
catalyst, as proven by 1H-NMR (Fig. S2). Next, this solid was dissolved in 
100 ml of diethyl ether and left under stirring for 1 h, leading to the 
precipitation of the Bu4NI catalyst (this step was repeated twice). Then, 
the catalyst was removed by filtration on a Büchner funnel, the solution 
was collected and the solvent was removed by rotary evaporation. 
Finally, the obtained product was placed into a vacuum oven for 24 h at 
70 ◦C, to obtain purified 1,2-hexadecene carbonate (see 1H-NMR, 13C- 
NMR and FT-IR spectra in Figs. S3–5) as a white solid. 

2.4. Purification of 1,2-dodecene carbonate (DDC) 

The procedure was the same as the one described for the purification 
of 1,2-hexadecene carbonate, although in the case of 1,2-dodecene 
carbonate the washing step with ethanol was not necessary, due to the 
higher purity of the epoxide, and was omitted. The final drying step was 
carried out in a vacuum oven at 70 ◦C for 48 h, to obtain purified 1,2- 
dodecene carbonate (see 1H-NMR spectrum in Fig. S6) as a light green 
liquid. 

2.5. Emulsion preparation 

An emulsion of water-hexane was prepared using a previously re-
ported emulsification method, employing an ultrasonic bath [21,22]. 
The procedure for the preparation of the emulsion was tuned based on 
the type of surfactant used. In the case of 1,2-hexadecene carbonate 
(HDC), the solution was prepared by dissolving the HDC surfactant in 
hexane in the selected concentration. Then, water was added to the 
solution. This procedure stems from the insolubility of HDC in water. On 
the other hand, when sodium dodecyl sulphate (SDS) was used as the 
surfactant, the solution was prepared by dissolving SDS in water, after 
which hexane was added to the solution. With both HDC and SDS, the 
emulsion was obtained by sonicating for 5 min in an ultrasonic bath. 

2.6. Interfacial tension test 

Interfacial tension (IFT) was measured using a spinning drop tensi-
ometer SVT 20 N (DataPhysics). In this test, the IFT between water and 
hexane was measured for each of the cyclic carbonates (HDC and DDC) 
and for the SDS surfactant (Fig. 1). Before the measurement, the two 
prepared cyclic carbonates were dissolved in hexane based on the 
desired concentrations (since they are not soluble in water), whereas 
SDS was dissolved in water. In each measurement, a drop of the liquid 
with lower density (i.e. hexane) was injected into the liquid with higher 
density (i.e. water) which was horizontally enclosed in a glass tube. 
Then, the glass tube was rotated at a speed between 9000 and 
10,000 rpm (20− 25 ◦C). After that, a formed hexane droplet in cylin-
drical shape was selected, and the IFT was automatically recorded five 
times. For each test, the average of the obtained values was taken. This 
procedure was followed for all tested concentrations. The measurements 
were repeated twice for each sample. 

2.7. Emulsion stability test 

In this study, the stability of the emulsion was investigated by 
recording the relative volume of emulsion (%) after the sonication was 
stopped, for every 5 min up to 30 min. Additionally, a picture for each 
emulsion was taken after 5 min and 2 h during the measurement (Fig. 6 
and Figs. S7–9). The same procedure was employed in all tested emul-
sions. Following a literature method [23,24], the relative volume of 
emulsion (%) was calculated as the ratio between the volume of the 
emulsion (turbid phase) and the total volume of the sample including 

water, hexane and surfactant that were used to prepare the emulsion, as 
indicated in the following formula: 

Relative volume of emulsion (%) =
Vemulsion

Vtotal
100%  

2.8. Droplet size test 

The droplet size distributions of selected emulsions were determined 
by dynamic light scattering (DLS) using a Malvern Zetasizer Ultra 
(Malvern instruments, UK) and utilising a Non-Invasive Back-Scatter 
(NIBS) detector at 13◦ and 173◦. The analysis was performed at room 
temperature. The equilibration time was set at 2 min prior to the mea-
surements. All measurements were performed in triplicate. The poly-
dispersity index (PDI) for the droplet size distribution was calculated 
from the standard deviation of the hypothetical Gaussian distribution (i. 
e. PDI = σ2/ZD

2, where σ is the standard deviation and ZD is the intensity- 
weighted average hydrodynamic size of the droplets). Six samples were 
analysed by DLS. Three samples with different HDC surfactant concen-
tration (1.0, 1.5 and 2.0 wt.%) were prepared. The other three samples 
contained different CaCl2 concentrations (0.1, 1.0 and 4 wt.%) for the 
emulsion with 2.0 wt.% HDC surfactant, which showed the best stability 
(vide infra). All the samples analysed by DLS were 50/50 vol % water 
dispersed in hexane. The water phase was added dropwise to the hexane 
continuous phase while stirring. The CaCl2 was weighed and dissolved 
in the aqueous phase. In this test, we used a high-frequency ultrasonic 
probe sonicator instead of an ultrasonic bath in order to prepare more 
stable emulsions. 

3. Results and discussion 

The synthesis of two long alkyl chain cyclic carbonates through the 
cycloaddition of CO2 to either 1,2-epoxyhexadecane or 1,2-epoxydode-
cane was carried out using our recently reported catalytic system con-
sisting of Bu4NI and water, at 90 ◦C and 10 bar CO2 (Table 1). The results 
showed that when 1,2-epoxyhexadecane was used as a substrate, full 
conversion of this epoxide into 1,2-hexadecene carbonate was reached, 
as indicated by 1H-NMR (Fig. 2): three new signals were observed after 
the reaction in the characteristic region for the protons on the carbonate 
ring at chemical shifts of 4.1, 4.5 and 4.7 ppm, whereas the signals of the 
protons on the epoxide ring in the range 2.6–3.0 ppm disappeared. The 
signals in the range 3.33.8 ppm correspond to the diol impurities of the 
epoxide (see Fig. S1). Additionally, the selectivity was excellent (> 99 
%), with the cyclic carbonate being the only observed product. The HDC 
product was purified to remove the Bu4NI catalyst and the diol, as 
monitored by 1H-NMR and 13C-NMR (Figs. S2–4), and was characterised 
by FT-IR spectroscopy, which confirmed the formation of the cyclic 
carbonate (peak of the C=O vibrational mode at 1780 cm− 1, which is in 
the typical range for cyclic carbonates though on the low wavenumber 
side [25], see Fig. S5). In the case of the reaction between 1,2-epoxydo-
decane and CO2, nearly complete conversion of the epoxide (98 %) into 
1,2-dodecene carbonate was achieved, as shown by 1H-NMR analysis 
(Fig. 3): the three signals corresponding to the protons of the carbonate 
ring of DDC were observed at 4.0, 4.5 and 4.7 ppm, and the three signals 
corresponding to the protons of the epoxide ring of the unreacted sub-
strate were observed at 2.3, 2.65 and 2.83 ppm. Also for this reaction, 

Table 1 
Synthesis of long chain cyclic carbonates (HDC and DDC) from CO2 and epoxides 
using a catalytic system consisting of Bu4NI and water as HBD.  

Entry Epoxide Catalyst Yield % Selectivity % 

1 1,2-epoxyhexadecane Bu4NI/H2O > 99 > 99 
2 1,2-epoxydodecane Bu4NI/H2O 98 > 99 

Reaction conditions: 20 mmol of epoxide, 2 mol % of Bu4NI catalyst relative to 
the epoxide, 0.02 ml of water as hydrogen bond donor, 90 ◦C, 10 bar CO2, 48 h. 
Yield and selectivity were determined by 1H-NMR. 
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complete selectivity towards the cyclic carbonate product was achieved 
(> 99 %). The DDC product was purified to remove the Bu4NI catalyst, 
as shown by 1H-NMR (Fig. S6). These results prove that the catalytic 
system consisting of Bu4NI as nucleophile source and water as hydrogen 

bond donor is effective in the synthesis of these two long alkyl chain 
cyclic carbonates, achieving (nearly) full conversion of the epoxide with 
complete selectivity towards the desired product in both cases. 

The obtained two cyclic carbonate products were then purified by a 

Fig. 2. 1H-NMR spectrum of the untreated reaction mixture containing 1,2-hexadecene carbonate (HDC) obtained by reaction of 1,2-epoxyhexadecane with CO2 [the 
peaks characteristic of the 1,2-hexadecanediol impurity are visible in the insert (3.3-3.8 ppm) and partially overlap with those of the -CH2- connected to N in the 
Bu4NI catalyst]. 

Fig. 3. 1H-NMR spectrum of 1,2-dodecene carbonate obtained by reaction of 1,2-epoxydodecane with CO2.  

Fig. 4. Interfacial tension between water and hexane using three different surfactants as a function of surfactant concentration. HDC: 1,2-hexadecene carbonate 
surfactant, DDC: 1,2-dodecene carbonate, SDS: Sodium dodecyl sulphate. CMC: critical micelle concentration. 
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simple procedure (see experimental section for details). Before investi-
gating the potential use of these compounds as non-ionic surfactants, it 
is important to study the solubility of these carbonates in water and 
hexane, which are the selected phases for the testing the emulsifying 
properties of HDC and DDC in this work. Both cyclic carbonates were 
insoluble in water and soluble in hexane, due to their large non-polar 
hydrophobic tail. 

The main role of a surfactant is to lower the interfacial tension be-
tween two immiscible liquids by adsorbing at the interface. Therefore, 
the first step of this study consisted in investigating the effect of using 
these cyclic carbonates as surfactants on the interfacial tension (IFT) 
between water and hexane at different concentrations. The performance 
was compared to that of a benchmark surfactant such as sodium dodecyl 
sulphate (SDS, Fig. 4). It is worth mentioning that the IFT between water 
and hexane was measured before each test without using the surfactant, 
and the average value was 51 mN/m, which is in agreement with pre-
vious reports [26]. The results of this test proved that DDC is not effi-
cient in stabilising the emulsion, as shown by the minor decrease in the 
IFT even at high concentration of this cyclic carbonate. Conversely, HDC 
showed high surface activity, leading to a significant decrease in the IFT 
value from 51 to 6 mN/m at 1.5 wt.%. The significantly better perfor-
mance of HDC as surfactant is ascribed to its longer hydrophobic alkyl 
chain compared to DDC, which is expected to enhance the amphiphilic 
character of the cyclic carbonate and thus its surface activity. Addi-
tionally, based on these results we identified the critical micelle con-
centration (CMC) for HDC to be 1.5 wt.%. 

These promising preliminary results achieved with HDC led us to 
compare its performance with a benchmark surfactant as SDS. Notably, 
HDC could reach competitive results with the SDS surfactant by reaching 
nearly the same values of IFT in the concentration range from 1.5 to 
2.5 wt.% (Fig. 4). At the same time, it must be noticed that the different 
solubility of the two surfactants (SDS mainly in water, HDC mainly in 
hexane) results in emulsions that are inherently different according to 
Bancroft rule, namely o/w for SDS and w/o for HDC. In this context, a 

comparison of the CMC values does not allow any further insight since 
the two molecules aggregate in different phases generating direct (SDS) 
and inverse (HDC) micelles. However, a comparison of the IFT values at 
different concentrations still allows estimating the surface activity of 
both surfactants [27]. It is concluded that HDC, though requiring a 
relative high concentration (1.5 wt.%) to lead to a significant decrease in 
the interfacial tension, is an attractive, green surfactant owing to the use 
of CO2 in its preparation and the straightforward, efficient synthesis 
method. Due to the interesting results obtained with HDC in terms of 
interfacial tension, its behaviour as surfactant was evaluated further. 

The nature of the emulsion obtained with HDC was investigated 
further by classifying the emulsion type based on Griffin’s method, 
which involves the calculation of the hydrophile–lipophile balance 
(HLB) for a given surfactant [29]. The HLB provides a measure of the 
balance between the hydrophilic head and the hydrophobic tail of a 
surfactant, and for a non-ionic surfactant as HDC can be calculated from 
the following formula: 

HLB = 20 ×
Mh

M  

where Mh is the molar mass of the hydrophilic portion of the molecule 
and M is the molar mass of the whole molecule. The calculated HLB 
value for HDC is 6.1, which is in the range for surfactants for w/o 
emulsions (i.e. inverse emulsions) [28], in agreement with the behav-
iour suggested by Bancroft rule [27]. For comparison, we also calculated 
the HLB value for DDC (7.6), which is in the range for wetting and 
spreading agents (7–9) and outside the ranges for non-ionic surfactants 
acting as emulsifiers for either w/o (3–6) or o/w (8–16) systems [28], in 
line with the worse performance of DDC as emulsifier compared to HDC. 

The behaviour of HDC in stabilising a water/hexane emulsion was 
also monitored by visual observations. In emulsions, the dispersion of 
one liquid (the dispersed phase) into another, immiscible liquid (the 
continuous phase) is thermodynamically metastable and tends to evolve 
into two separate phases [24,29]. The use of a surfactant is not only 

Fig. 5. Emulsion stability of water-hexane systems with different ratios in v/v (%) using either HDC (A-C) or SDS (D) as surfactant, at three different concentrations 
in w/v % (1.0 %, 1.5 % and 2.0 %). 
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limited to a IFT decrease (with consequent advantages in terms of en-
ergy input during the emulsion formation), but also necessary for pre-
venting the separation of the two phases in the emulsion. The adsorption 
of the surfactant at the interface hinders the contact between droplets, 
thus preventing coalescence and aggregation of the internal dispersed 
phase through Ostwald ripening. The stability of the w/o emulsions 
obtained using HDC as surfactant was investigated by visually moni-
toring a series of emulsions of water/hexane prepared via sonication in 
an ultrasonic bath using three different water-to-hexane ratios (50:50, 
25:75 and 60:40 in volume). For each ratio, three different concentra-
tions of HDC (1.0, 1.5 and 2.0 % in weight/volume) were employed 
(Fig. 5A–C). The stability of the emulsions was measured by monitoring 
the relative volume of emulsion (%) as a function of time from 5 min up 
to 30 min. The relative volume of emulsion (%) was calculated as the 
ratio between the emulsion volume (turbid phase) and the total volume 
[23,24,30]. Many factors can affect the stability of an emulsion, such as 
the surfactant concentration, the water/hexane ratio, or the type of 
emulsification (homogeniser) used to prepare the emulsion (e.g. ultra-
sonic frequency). In line with the role of HDC as surfactant, the stability 
of the water in hexane emulsion increased from 5 min up to 30 min by 
increasing the concentration of HDC from 1.0 to 2.0 % (Fig. 5, A–C). 

The most stable emulsions were achieved with 2.0 % HDC concen-
tration with 50:50 and 60:40 water-to-hexane ratios, and this trend was 
confirmed also after 2 h (Table S1, Figs. 6 and S8). In line with logical 
expectations, the emulsion stability was the highest when using 2.0 % 
HDC, as more surfactant molecules are available to stabilise the emul-
sion. Although the emulsion with 60:40 water-to-hexane ratio had a 
similar behaviour to that with 50:50 ratio when a 2.0 % loading of HDC 
was used (Fig. 5B and C; Table S1), it was less stable at lower surfactant 
concentrations (1.0 and 1.5 %), as indicated by the more significant 
phase separation after 2 h (Fig. S8 vs. Fig. 6; Table S1). From the results 
above, we conclude that the optimum ratio between water and hexane 
for an emulsion stabilised by HDC is 50:50 in volume, as under these 
conditions the highest relative volume (68 %) was reached at 2.0 % HDC 
after 2 h (Table S1). On the other hand, when we used less than 2.0 % of 

surfactant concentration, some emulsions were not stable and within 
minutes they displayed phase separation (see Fig. 6 and Figs. S7–8 for 
pictures of the emulsions taken after 5 min and 2 h with different 
water–hexane ratios). It is worth mentioning that this study was carried 
out by using a low energy emulsification method (ultrasonic bath), and 
this could explain the fast phase separation observed in all tested 
emulsions even with the optimum ratio of 50:50. It is expected that if a 
high energy emulsification method such as probe-type sonication (ultra- 
high sonication) were employed, emulsions with enhanced stability 
could be obtained. 

Finally, the stability of the emulsions obtained with HDC was 
compared to the counterparts prepared using SDS as surfactant at 50:50 
ratio between water and hexane. Highly stable emulsions were obtained 
employing SDS as surfactant (Fig. 5D) and the relative volume of 
emulsion was 97 % after 30 min at 2.0 % loading of surfactant, 
compared to the 78 % value obtained with HDC as surfactant under the 
same conditions (Fig. 5, B vs. D). Since SDS is a water-soluble surfactant, 
an o/w emulsion is formed based on Bancroft rule, and thus hexane is 
the dispersed phase and water is the continuous phase in this case. As a 
consequence, the phase separation behaviour of the emulsions prepared 
using SDS surfactant was different from those prepared with HDC 
(Fig. S9 vs. Fig. 6). It can be concluded that SDS displayed a better 
performance as surfactant than our HDC in stabilising water/hexane 
emulsions. However, the emulsion formed with HDC (water in hexane) 
was different compared to that obtained with SDS as surfactant (hexane 
in water), which is a consequence of the different behaviour of the two 
surfactants in these systems. While SDS displays an ionic group and 
stabilises the oil droplets in the o/w systems by electrostatic repulsion, 
HDC is expected to stabilise the water droplets in the w/o systems by 
steric hindrance. These differences in chemical structure and in-
teractions, and thus in the kind of emulsion formed, imply that it would 
not be meaningful to compare these two surfactants other than at the 
general level of the effect of their concentration on IFT and emulsion 
stability (vide supra). 

The effect of the concentration of the HDC surfactant on the droplet 

Fig. 6. Pictures of the emulsions taken after 5 min and 2 h for water-to-hexane ratio of 50:50 in volume, using HDC as surfactant with different concentrations.  
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size was investigated by DLS using the 50:50 emulsion of water and 
hexane at three different concentrations of HDC (Table 2, entries 1–3, 
and Fig. 7). The results show that there was a clear decrease (almost to 
half of the value) in droplet size from 170 nm when using 1.0 % HDC to 
80 nm when using 1.5 % HDC. This indicates that increasing the sur-
factant concentration from 1.0 to 1.5 % enhanced the emulsion stability 
by decreasing the droplet size. This result is in good agreement with 
Fig. 4, which shows that the interfacial tension decreased markedly 
when increasing the HDC concentration from 1.0 to 1.5 %, whereas a 
further increase did not lead to a significant decrease in the interfacial 
tension. Similarly, the average droplet size did not change significantly 
when increasing the HDC from 1.5 to 2.0 % (Table 2, entries 2 and 3). 
The droplet size distribution was unimodal in all the tests (Fig. 7). 
Increasing the HDC concentration from 1.0 to 1.5 % narrowed the 
droplet size distribution in the emulsion (i.e. the PDI decreased from 
0.50 to 0.32). 

One of the main advantages of non-ionic surfactants like HDC with 
respect to the ionic ones as SDS is that with the latter the stability of the 
corresponding emulsions decreases in the presence of salts dissolved in 
the aqueous phase. This effect stems from the decreased electrostatic 
repulsion (and thus worse emulsion stability) for ionic surfactants 
caused by the added salts. To investigate the effect of the presence of 
salts in HDC-containing systems, the average droplet diameter for the 
water/hexane inverse nanoemulsions was measured at different CaCl2 
contents (wt.%) with the HDC concentration fixed at 2.0 % (w/v). The 
addition of an inorganic salt (CaCl2) significantly enhanced the nano-
emulsion stability. This is demonstrated by the reduction in droplet size 
and droplet polydispersity (Table 2, entries 4–6). Nearly monodisperse 

droplets were formed (i.e. PDI < 0.2) and the droplet size decreased 
from 62 to 42 nm upon increasing CaCl2 concentration from 0.1 to 
4.0 wt.%. These results are in agreement with previous reports, which 
showed that the stability of w/o emulsions can be improved by the 
addition of inorganic salts such as CaCl2, NaCl, MgCl2 or MgSO4 to the 
aqueous medium [31–33]. This effect has been attributed to a decrease 
in the attractive forces (van der Waals interactions) between water 
droplets caused by the dissolved salt, which diminishes the tendency of 
the water droplets to coalesce [32]. 

4. Conclusions 

In this work, we demonstrated that 1,2-hexadecene carbonate (HDC) 
prepared through the cycloaddition of CO2 to 1-epoxyhexadecane has 
the potential to be used as a novel non-ionic, green surfactant for the 
stabilisation of water/hexane emulsions. This long chain cyclic car-
bonate was prepared with full conversion and selectivity in the presence 
of a catalytic system consisting of Bu4NI and water. The behaviour of 
this cyclic carbonate as surfactant was investigated by analysing the 
interfacial tension, emulsion stability, and droplet size of water/hexane 
emulsions. The HDC surfactant was able to decrease the interfacial 
tension (IFT) between water and hexane at different concentrations 
(0.5–2.5 wt.%), allowing to obtain similar results compared to the 
benchmark surfactant sodium dodecyl sulphate (SDS) at high concen-
trations (1.5–2.5 wt.%). The hydrophobic effect of the length of the alkyl 
chain of the cyclic carbonate was evaluated by comparing the behaviour 
of HDC as surfactant with another cyclic carbonate (1,2-dodecene car-
bonate, DDC) prepared by the same route. HDC showed much better 
properties as emulsifier compared to DDC, which was not efficient in 
stabilising the emulsion. The most stable emulsion between water and 
hexane was achieved with 50:50 % in volume at 2.0 % (w/v) of HDC, 
and allowed the formation of a nanoemulsion with an average droplet 
size of 72 nm. Besides, the stability of the nanoemulsion was enhanced 
by adding CaCl2 salt, which led to a decrease in droplet size and poly-
dispersity. This work opens the prospect of a new, promising application 
for green cyclic carbonates prepared from CO2 and long alkyl chain 
epoxides. 
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Table 2 
Droplet size for water/hexane inverse emulsions (50:50) using HDC as a sur-
factant, at different HDC concentrations and at different CaCl2 salt 
concentrations.  

Entry Concentration of 
surfactant (w/v %) 

Concentration of 
CaCl2 salt (wt.%) 

Average 
droplet 
diameter 

PDI 

1 1.0 – 170 (± 4) 0.50 
2 1.5 – 80 (± 2) 0.32 
3 2.0 – 72 (± 4) 0.35 
4 2.0 0.1 62 (± 3) 0.21 
5 2.0 1.0 45 (± 2) 0.05 
6 2.0 4.0 42 (± 3) 0.05 

Conditions: the emulsion was prepared by following the same method used for 
the emulsion stability tests. In each measurement, the prepared emulsion was 
kept for 5 min, and then a sample was prepared and analysed by DLS at 25 ◦C. 
The uncertainty range for each droplet size was calculated from the standard 
deviation of three measurements and is provided in brackets. 
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