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A nanosheet-based combination emulsifier system for bulk-scale production 
of emulsions with elongated droplets and long-term stability 
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A B S T R A C T   

In this study, we investigate the emulsion type, droplet morphology and emulsion stability that can be achieved 
using a novel combination emulsifier system which consists of water-soluble α-zirconium phosphate tetrabutyl 
ammonium (α-ZrP-TBA) nanosheets as the particulate emulsifier and Span 80 as the oil-soluble emulsifier, with 
the two emulsifiers present in distinct phases. We find that water-in-oil emulsions were formed for water volume 
fractions < 0.3, and oil-in-water (O/W) emulsions were formed for water volume fractions > 0.3. This phase 
inversion point was found to be the same irrespective of whether the emulsifier was only Span 80 or only 
nanosheet or their combination. Varying the concentrations of either surfactant or the nanosheet did not alter the 
phase inversion point. The emulsions with the greatest stability against creaming were formed using the com
bination emulsifier and were found to be the O/W type, that were stable for 3 months. Interestingly, we find that 
droplets in these stable emulsions were nonspherical, with the aspect ratio of droplets increasing with nanosheet 
and Span 80 concentration, suggesting a synergistic interaction between the two emulsifiers to create elongated 
droplets. We perform capillary neck thinning experiments to show that the combination emulsifier system offers 
unique interfacial properties that are different from either emulsifier alone, suggesting that interfacial jamming 
could occur to produce elongated droplets. Taken together, our results suggest a novel route to bulk-scale pro
duction of O/W emulsions that have long-term emulsion stability with unique droplet morphology.   

1. Introduction 

Emulsion is a thermodynamically unstable system in which the 
dispersed phase can be stabilized by conventional molecular surfactants 
or particulate emulsifiers [1,2]. Particle-stabilized emulsions, also 
known as Pickering emulsions [3], tend to provide enhanced emulsion 

stability compared to surfactant-stabilized emulsions due to the irre
versible adsorption of particles at the interface. The high energy of 
particle adsorption to the interface relative to thermal energy leads to 
the formation of densely packed particle layers providing stability for 
the emulsion [2,4]. Despite the distinct advantages of particulate 
emulsifiers for emulsion stabilization, limitations can exist in terms of 
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the wettability of the particles at the interface or being prone to ag
gregation. These limitations are addressed by coating/grafting treat
ment [5,6] to modify the surface properties of particles. It is also 
common practice to modify wettability through adsorption of surfac
tants [7–11], where the ratio of surfactants and particles needs to be 
tuned in order to avoid flocculation. In fact, many commercial emulsions 
such as drilling fluids [12], paints [13], food [14] contain both surfac
tants and particles. 

Two possibilities exist for using a combination of surfactants and 
particulate emulsifiers depending on the phase in which they are 
dispersed. In the first case, surfactants and particles are mixed into the 
same phase (typically aqueous phase), and several studies have inves
tigated emulsion stability with such mixtures [7–10,15–21]. Because 
both the surfactant and the particles were dispersed in the same phase, it 
is expected that the surfactants can adsorb on the particles to tailor the 
wettability even before emulsification. In the second case, the surfactant 
and particles are present in different phases, with typically the surfac
tant being in the oil phase and the particles being in the water phase 
[22–29] (for example, see Table 1). Here, the interaction between both 
emulsifiers does not occur before emulsification since they are in 
different phases. This second case has been less studied in the context of 
emulsion stability and is the focus of our investigation. 

With respect to particulate emulsifiers, their size, shape, and surface 
chemistry become important factors for determining the stability of 
emulsions against coalescence [30,31]. Nonspherical particles with a 
high aspect ratio such as disk-like laponite clay [32–34], rod-like chitin 
nanocrystals [35],single-walled carbon nanotubes (SWNTs) [36,37], 
and graphene oxide (GO) nanosheets [38–41] have been used as emul
sion stabilizers. The atomically thin two-dimensional (2D) materials are 
more efficient than spheres due to strong adsorption at the interface 
[31]. Additionally, nanosheets provide more surface area per unit mass 
compared to equivalent spheres, making 2D nanomaterials attractive for 
emulsion stabilization [42]. 

Among the available nanomaterials, layered nanomaterials are 
unique because single nanosheets can be obtained by chemical exfolia
tion due to electrostatic repulsion between the layers. Examples include 
inorganic materials such as clay, α-zirconium phosphates (α-ZrP), nio
bates, titanates, or organic materials, such as graphite [43]. Among 
these, nanosheets made from α-ZrP have several advantages. First, the 
aspect ratio of the nanosheet can be altered easily by varying phosphoric 
acid concentration, reaction time, and reaction temperature, resulting in 
layered α-ZrP crystals of different lateral sizes and polydispersity [44, 
45]. The thickness of the nanosheet can also be modified by different 
adsorbed counterion layers. Second, due to the counter cations present 
on the particle surface such as tetrabutyl ammonium (TBA) ions (that 
comes from the tetrabutyl ammonium hydroxide used in the exfoliation 
process), the α-ZrP-TBA nanosheet dispersion is less prone to aggrega
tion at neutral pH conditions, unlike clay, graphene, or graphene oxide 
(GO). Finally, unlike graphene nanosheet, which is difficult to obtain 
due to complex chemical processes [46,47], the synthesis of α-ZrP 
nanosheet is a simple process involving easy synthesis along with 

complete exfoliation. 
There has been limited work on using α-ZrP nanosheets for emulsion 

stabilization. Meija et al. [48] investigated the stability of emulsions 
with amphiphilic α-ZrP-TBA nanosheets, which were chemically modi
fied with octadecyl isocyanate (ODI). It was found that compared to 
non-modified nanosheet (α-ZrP-TBA), modified nanosheet (α-ZrP-ODI) 
was a better stabilizer forming stable oil-in-water (O/W) emulsions with 
spherical droplets that lasted for a month. However, they only investi
gated the stability of O/W emulsion within a small range of volume 
fraction of oil (0.082 < φo < 0.12) as a function of nanosheet concen
tration. Guevara et al. [49] stabilized the Pickering foam with the high 
aspect ratio nanosheet (α-ZrP-PA) where α-ZrP crystals were exfoliated 
with propylamine (C3H7NH2, PA). The impact of the aspect ratio of 
nanosheets, concentration, and hydrophobicity on the stability of 
air-water interfaces was studied. They discovered that high aspect ratio 
nano-sheets with high and intermediate hydrophobicity were the most 
effective for achieving stable foam, lasting for 36 days, and formed 
nonspherical bubbles. 

A survey of literature reveals that although emulsion studies with 
nanosheets from α-ZrP crystals have been conducted, none were con
ducted using a combination of these nanosheets and surfactants. Like
wise, as shown in Table 1, although several studies have been conducted 
with 2D nanomaterials and surfactants, but no studies exist using the 
α-ZrP-TBA nanosheets and a lipophilic surfactant. Moreover, some of 
these studies did not systematically investigate emulsion type that can 
be achieved by varying the volume fraction over a wide range. 

Another emerging research frontier involving particulate emulsifiers 
is the ability to create emulsions containing non-spherical droplets since 
nanoparticles and surfactants can produce jammed interfaces. One class 
of methods uses nanoparticle surfactants in combination with external 
fields to produce nonspherical droplets, as pioneered by Russell and co- 
workers [50–52]. In this case, the electric or magnetic fields deform the 
interface promoting interfacial adsorption and jamming of the nano
particle surfactants, thereby preventing relaxation to spherical shape. 
The other class of methods uses crystallizable oils along with geometric 
confinement and temperature shift to produce rod-shaped emulsion 
droplets [53–55]. Here, the elasticity of the solidifying droplets over
comes the Laplace pressure to retain the elongated shape, which van
ishes when the droplet is liquified. In both classes, the throughput is 
limited since droplets are made one-by-one. Importantly, there is a need 
to evaluate the long-term stability of the emulsions containing 
non-spherical droplets with respect to phase separation, and such 
studies are lacking. 

In this study, we employ the combination emulsifier approach using 
nanosheets derived from α-ZrP crystals as water-soluble particulate 
emulsifiers and Span 80 as the oil-soluble surfactant and study the type 
of emulsions that can be formed and their stability. Unlike, the common 
strategy of mixing nanoparticles and surfactants in bulk in the same 
phase, here the two emulsifiers do not come into contact except at the 
interface when the droplets are formed. Initially, we characterize the 
interfacial activity of nanosheets in the presence of Span 80. We then 

Table 1 
Studies that investigated emulsion stability with particulate emulsifiers (2D Nanomaterials) in the aqueous phase and an oil-soluble surfactant in the dispersed phase.  

Study Oil phase Oil-soluble surfactant 2D nanomaterial Water or oil volume 
fraction, φ 

Lagaly et al. [24] paraffin 
oil 

glycerol monostearate, deca(ethylene glycol) hexadecyl ether, alkyl 
polyglucoside lecithin 

bentonites, montmorillonite, 
hectorites 

0.1 < φ ≤ 0.5 

Whitby et al. [25] dodecane octadecyl amine octadecanoic acid laponite 0.5 
Wang et al. [27] paraffin 

oil 
Span 80 laponite, layered double 

hydroxide 
0.5 

Zhang et al. [28] paraffin 
oil 

Span 80 laponite 0.5 

Nallamilli and Basavaraj 
[29] 

n-decane Span 80 kaolinite 0.1 ≤ φ ≤ 0.9 

This work mineral 
oil 

Span 80 α-ZrP-TBA nanosheets 0.1 ≤ φ ≤ 0.9  
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systematically vary the surfactant and nanosheet concentrations, and 
investigate the critical volume fraction at which phase inversion occurs. 
We evaluate the stability of these emulsions against creaming/sedi
mentation and find that the combination emulsifier system can stabilize 
O/W emulsions upto 3 months. Intriguingly, the droplet morphology in 
these stable emulsions was found to be elongated with an aspect ratio 
that increases with increasing concentration of nanosheet and Span 80. 
Finally, we conduct capillary breakup experiments and find supporting 
evidence that the nanosheet and Span 80 synergistically interact to 
create a solid-like interface that promotes the formation of elongated 
droplets. Taken together, our study highlights a novel route for the bulk- 
scale production of stable emulsions with unique droplet morphology. 

2. Materials and methods 

2.1. Materials 

Zirconyl chloride octahydrate (ZrOCl2⋅8H2O, 98+%, ACROS Or
ganics, NJ, USA), Phosphoric Acid (H3PO4,85 wt%, Fisher Scientific, 
NH, USA), Tetrabutylammonium hydroxide (TBAOH, 40 wt% (1.5 M) 
solution in water, ACROS Organics, NJ, USA), Span 80 (Sigma-Aldrich, 

MO, USA), Mineral Oil, Light (Fisher Scientific, NH, USA), Nile red 
(Fisher Scientific, NH, USA) and Fluorescein (Fisher Scientific, NH, USA) 
were used as received. Deionized water (DI) was obtained from Milli-Q 
(Millipore Sigma, MA, USA) system. 

2.2. Synthesis and characterization of α-ZrP-TBA nanosheets 

Crystalline α-zirconium phosphate (α-ZrP) particles were synthesized 
using hydrothermal method [44,45]. 6 g of Zirconyl chloride octahy
drate was mixed with 12 mL of water and added dropwise in 48 mL of 
15 M phosphoric acid solution under vigorous stirring for 24 h to yield a 
final concentration of 12 M phosphoric acid. The resulting homogenous 
solutions were poured into a 100 mL PTFE container and put in an 
autoclave for 24 h at 200 ◦C to make the α-ZrP particles. 

The α-ZrP particles were washed with DI water three times and 
collected by centrifugation. The crystals were dried in the oven at 60 ◦C 
overnight and ground with mortar and pestle into fine powder. Fig. 1a 
shows the scanning electron micrographs (obtained using the S-4300 E/ 
N (FESEM), Hitachi, Tokyo, Japan operated at 5.0 kV) of the pristine 
layered α-ZrP crystals. 

The nanosheets were prepared through intercalation and exfoliation 

Fig. 1. Synthesis and characterization of nanosheets exfoliated from α-ZrP particles using TBAOH. (a) Scanning electron microscopy (SEM) images of pristine α-ZrP 
particles. The crystal structure is shown on the right side. (b) Schematic showing the intercalation and exfoliation process of nanosheets from the α-ZrP layered 
particles. (c) Transmission electron microscopy (TEM) micrographs of nanosheets after exfoliation. (d) The size distribution of nanosheets. 
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of layered α-ZrP crystals (Fig. 1b). A known amount of particle powder 
was combined with TBAOH at an equal molar ratio. For instance, 2 g of 
ZrP powder was dispersed in 24.67 mL of DI water and charged with 
4.33 mL of TBAOH. The mixture was then vortexed extensively at 
10,000 rpm and subjected to sonication in an ice bath for 30 min. The 
suspension was equilibrated for 48 h at room temperature. The exfoli
ated nanosheets were collected through centrifugation and re-dilution 
with water three times to remove the sedimented non-exfoliated parti
cles. The α-ZrP-TBA nanosheet concentration was determined by drying 
a known amount of sample. 

Transmission Electron Microscope (H-8100 Scanning/Transmission 
Electron Microscope (STEM) Hitachi, Tokyo, Japan) operated at 200kv 
was used to image the α-ZrP-TBA nanosheets. A drop of the nanosheet 
suspension was dried on a carbon-coated copper grid at room temper
ature. From the TEM micrographs, the hexagonal shape of nanosheets 
was confirmed after the exfoliation of pristine ZrP crystals (Fig. 1c). 

The size distribution of nanosheets was obtained using dynamic light 
scattering analysis (NanoBrook Omni, Brookhaven Instruments Corpo
ration, NY, USA), shown in Fig. 1d. The zeta potential of non-exfoliated 
α-ZrP particles and the α-ZrP-TBA nanosheets was also determined using 
phase analysis light scattering. The zeta potential of non-exfoliated 
α-ZrP particles was − 56.69 ± 2.12 mV, whereas that of the α-ZrP-TBA 
nanosheets was − 26.72 ± 3.06 mV. The zeta potential of the nanosheets 
is lowered due to the presence of positively charged TBA+ ions. 

2.3. Preparation and characterization of emulsions 

Different concentrations of α-ZrP-TBA nanosheets were suspended in 
DI water and mixed with mineral oil containing Span 80 surfactant at 
different volume fractions of water by vortex mixing at 2000 rpm for 
2 min. The emulsion type was determined by visual phase separation 
and fluorescence micrographs. The emulsion was deemed as oil-in-water 
(O/W) if there was a clear water phase at the bottom with a creamed 
emulsion layer. The emulsion was deemed water-in-oil (W/O) if there 
was a clear oil phase at the top and a sedimented emulsion layer at the 
bottom [56]. Photographs of vials containing emulsion were taken with 
iPhone 6splus after 24 h and 3 months. The height of the separated 
emulsion layers was determined using ImageJ (version 1.5) software as 
a measure of the emulsion stability. 

Fluorescence imaging was used to identify the emulsion type when 
there was no visibly clear creaming/sedimentation. The oil-soluble 
(0.02 wt%) nile red and the water-soluble (0.01 wt%) fluorescein was 
used to determine whether it was an O/W emulsion or a W/O emulsion 
after observation of droplet images under the microscope. (Nikon 
Eclipse Ts2, Nikon Instrument Inc. NY, USA). 

2.4. Interfacial tension using the pendant drop 

The interfacial tension (IFT) was measured by a custom-built 
pendant drop apparatus [57]. A 27-gauge needle connected to a 1 mL 
syringe on a syringe pump (Chemyx Inc Fusion 200, Fisher Scientific, 
NH, USA) was used to form a pendant drop. The water containing 
different concentrations of α-ZrP-TBA nanosheets was loaded into sy
ringes. The X-Y-Z translational control knob was used to insert the 
needle into a 1 cm x1cm plastic cuvette containing mineral oil with Span 
80. Illumination was achieved using a lamp (QTH10, Thorlabs, NJ, USA) 
along with a diffuser. A series of time sequence images were captured for 
1800 s at a frame rate of 6 images per minute using the camera (DMK 
23UP1300, The Imaging Source, NC, USA) with the software IC Capture 
(version 2.3). All the experiments were performed at 22 ± 2 ◦C. The 
interfacial tension was then calculated in Image J (version 1.5) using the 
drop analysis plug-in by fitting the contour of the drop with the Young 
Laplace equation. 

2.5. Neck thinning dynamics during drop breakup in a microcapillary 
device 

The co-flow geometry was built in a glass-based capillary device 
[58]. The inner capillary tube was cylindrical with a circular cross-
section—the tapered tip with an inner diameter of dtip = 60 µm and an 
outer diameter of 95 µm. The outer diameter of the untapered portion of 
the inner capillary was D = 1 mm, which matched the inner dimensions 
(1.00 × 1.00 mm2) of the hollow square glass capillary, facilitating 
co-axial alignment. The glass capillaries were purchased from VitroCom, 
NJ, USA. 

The α-ZrP nanosheet exfoliated with TBAOH (α-ZrP-TBA nanosheet) 
was dispersed in de-ionized water at 5 wt% concentration and its vis
cosity was measured to be ≈ 11 mPa.s. The oil-soluble surfactant sor
bitan monooleate (Span 80) was dissolved at 1 wt% in mineral oil. The 
viscosity of mineral oil was measured to be 50 mPa.s. The viscosities 
were measured using TA Discovery HR-2 rheometer (TA instruments, 
DE, USA) with cone and plate geometry (25 mm plate diameter, 10 cone, 
gap of 0.05 mm) at 250 C. 

The dispersed phase (mineral oil or mineral oil containing 1 wt% 
Span 80) was injected through the cylindrical capillary into the square 
capillary containing the continuous phase (de-ionized water or 5 wt% 
nanosheet dispersion). The hydrophilic tip was used to produce an oil- 
in-water (O/W) emulsion. The flow rates of the continuous phase 
(Qout = 80 mL/h) and the dispersed phase (Qin = 0.5 mL/h) were varied 
using syringe pumps (Fusion 200 and Nexus 3000 Chemyx Inc, TX, 
USA). The droplet formation was recorded at the capillary tip using a 
high-speed camera (Phantom VEO-E 310 L, Vision Research, NJ, USA) 
attached to an inverted microscope (ECLIPSE Ts2, Nikon Instrument Inc. 
NY, USA). 

The images in the dripping regime were acquired at 20,000 fps with 
20X magnification to examine the thinning dynamics of the neck during 
dripping. Images of size 512 × 256 pixels were acquired with each pixel 
corresponding to 1.22 µm. A custom-written image processing code in 
MATLAB (R2021a, (Mathworks, USA) was used to process the images to 
extract the neck thinning information. First, the region of image analysis 
was selected based on where the neck thinning was observed. Next, a 
background image of the viewing area was acquired before the pinch-off 
experiment. The experimental frames and background image were 
inverted prior to background subtraction since neck borders are dark 
pixels. The subtracted images were then transformed to a binary image 
with a noise-removal threshold. The borders of the thinning neck were 
detected based on the transition from black to white pixel. The neck 
diameter was determined by the minimum value between the two edges 
at the time that images were taken. Finally, a Savitzky-Golay filter was 
used to smooth the data of neck thinning. The filter fits a polynomial to a 
window of data as the window passes over the data. Here, a window size 
of 11 data points was used to fit a first-order polynomial at each window. 

3. Results 

3.1. Interfacial activity of ZrP-TBA nanosheets and Span 80 

To assess the ability of α-ZrP-TBA nanosheets to make emulsions, we 
determined their interfacial activity. Even though the nanosheet itself is 
hydrophilic due to their water-soluble nature, the tetrabutyl groups on 
the nanosheet surface can provide some liphophilic character, making 
the α-ZrP-TBA nanosheets potentially amphiphilic. The interfacial ac
tivity of the α-ZrP-TBA nanosheets was determined by measuring the 
equilibrium interfacial tension (IFT) at several different concentrations 
of α-ZrP-TBA nanosheets in the range of 0–5 wt%. As shown in Fig. 2a, in 
the absence of nanosheets the equilibrium IFT was 57.43 ± 0.89 mN/m. 
With increasing nanosheet concentration, the equilibrium IFT decreased 
to as low as 30.82 ± 2.04 mN/m at 5 wt% concentration; thus, reducing 
the IFT to ≈47% of its original value. 

The amphilic nature of α-ZrP-TBA nanosheets and its adsorption to 
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the oil-water interface could be due to the surface cations TBA+ which 
are hydrophobic nature. The explanation of particle attraction to the 
interface is supported by the measurement of ion hydrophobicity in the 
literature: Octanol-water partition coefficient of TBA+ is 0.7726 [59]. 
The TBA+ ion concentration affected the interfacial tension as well. A 
decrease in surface and interfacial tension with increasing concentration 
of tetrabutylammonium halides has been reported [60] similar to our 
result. 

In Fig. 2a, we show the equilibrium IFT data in the presence of Span 
80 alone. The interfacial activity of the surfactant was determined by 
measuring the equilibrium interfacial tension (IFT) at several different 
concentrations of Span 80 in the range of 0–5 wt%. After adding Span 
80, the interfacial tension decreased with increasing concentration until 
the critical micelle concentration (CMC~0.01 wt%) and then reached a 
plateau value of 3.58 ± 0.29 mN/m. Thus, compared to α-ZrP-TBA 
nanosheets which lowered the interfacial tension of the bare interface by 
about ≈2 times, Span 80 lowered the interfacial tension by about ≈16 
times suggesting that Span 80 has higher interfacial activity and there
fore a better emulsifier. 

Next, we investigated changes in IFT over time in the combination 
system of α-ZrP-TBA nanosheets and Span 80 and compared the data to 
the individual systems. As shown in Fig. 2b, we find that in all three 
cases, equilibrium IFT is reached in less than 10 s. Interestingly, we find 
that the IFT data for the combination system is closer to the IFT data for 
the Span 80 system indicating that the interfacial activity in the com
bination case is dominated by Span 80. Nevertheless, including α-ZrP- 
TBA nanosheets along with Span 80 led to a small but significant 
reduction in IFT of ≈ 40% compared to the Span 80 alone system. 

It appears that in the combination system, the Span 80 molecules 
present in the oil phase are able to occupy the interface and are more 

effective at reducing the interfacial tension. The molecular. 
size of Span 80 is ≈1.1 nm [61], and that of α-ZrP-TBA nanosheets is 

≈1000 nm. The calculated Stokes-Einstein diffusivities for these two 
emulsifiers in their respective solvents are ≈3.96 × 10− 12 m2/s and 2.18 
× 10− 13 m2/s suggesting that Span 80 is able to diffuse ≈18 times faster 
than the nanosheets and dominate the interfacial activity of the com
bination system. 

3.2. Emulsion type and stability of α-ZrP-TBA-nanosheet-stabilized 
emulsions 

The IFT studies showed that α-ZrP-TBA nanosheets can lower the 
interfacial tension of the bare oil-water interface by about half. So, we 
tested the type of emulsions that can be made using 5 wt% nanosheet 
dispersion and assessed the emulsion stability. Fig. 3a shows microscopy 
images of droplets from emulsions that were made and visualized right 
after their production. The emulsions were made with volume fraction 
of water φw varying from 0.1 to 0.9. We find that for φw < 0.3, the 
emulsions are W/O type since the water-soluble fluorescent dye was 
found in the droplets. Likewise, we observe that for φw > 0.3 the 
emulsions are O/W type. Thus, the catastrophic phase inversion 
occurred at a critical volume fraction of φcw = 0.3. Additionally, from 
the brightfield images we found that the droplets from the W/O emul
sion were partially wetting the glass slide indicating poor emulsion 
stability, while the O/W emulsion droplets were non-wetting due to the 
retention of their spherical shape. 

Next, we evaluated the stability of the emulsions by examining their 
phase separation at 24 h after preparation, as shown in Fig. 3b. We found 
that the W/O emulsions were more susceptible to phase separation than 
the O/W emulsions as evident by the clear oil layer in emulsions with φw 
< 0.3. This suggests that the nanosheet as a particulate emulsifier is 
better at stabilizing O/W emulsions than W/O emulsions, although the 
O/W emulsions do not retain 24-h stability since some degree of phase 
separation is observed in all the O/W emulsions. 

Interestingly in Fig. 3b, we find that beyond the phase inversion 
point in the O/W emulsions, the height of the phase separated layer 
increases with an increase in water fraction. Thus, the creamed layer 
height decreases with the increase in water fraction (Fig. 3c) in O/W 
emulsions suggesting that droplet-droplet interactions or crowding 
inhibit creaming. In addition to the experiments in Fig. 3b, where 5 wt% 
nanosheet was used, we also tested creaming in the O/W emulsions 
(with φw = 0.8, 0.9 i.e. oil fraction of 20% and 10% respectively) by 
increasing the nanosheet concentration from 0 to 5 wt% (Fig. 3d). We 
found that irrespective of the nanosheet concentration, the creamed 
layer height was the same indicating that the concentration of nanosheet 
does not strongly influence the creamed layer thickness but is more 
dominated by the concentration of oil droplets in the O/W emulsion. 

3.3. Emulsion type and stability using the combination emulsifier system 

We tested the effect of the combination emulsifier system with the 
nanosheets in the aqueous phase and 1 wt% Span 80 in the oil phase. As 
shown in Fig. 4a, b for all the tested nanosheet concentrations, the phase 
inversion occurs at a critical water fraction of φcw = 0.3. Thus, similar to 
the nanosheet-alone system, in the combination emulsifier system as 
well, we find that W/O emulsions are formed at φw < 0.3 and O/W 
emulsions are formed at φw > 0.3. Another important observation is that 
in the presence of Span 80 alone, stable W/O emulsions are formed 
initially since the O/W emulsions cream, although 24-h emulsion sta
bility is not conferred. Hence, neither surfactant nor exfoliated nano
sheets alone do not offer 24-h stability against coalescence. 

When we explored the effect of nanosheet concentration, from 
Fig. 4a,b it is evident that for φw < 0.3, the W/O emulsions are stable at 
all the tested nanosheet concentrations. However, for φw > 0.3, the 
stability depends on the nanosheet concentration, with O/W emulsions 
being more stable at higher nanosheet concentration. To quantitate this 

Fig. 2. Effect of α-ZrP-TBA nanosheet and Span 80 concentration on interfacial 
tension in the mineral oil and water system. (a) Equilibrium interfacial tension 
due to the presence of only α-ZrPTBA nanosheets or only Span 80. (b) Inter
facial tension as a function of time due to 5 wt% α-ZrPTBA nanosheets or 1 wt% 
Span 80 or their combination at these respective concentrations. 
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Fig. 3. Effect of α-ZrP-TBA nanosheet alone on emulsion stability and droplet morphology. (a) Optical micrographs of emulsion stabilized by 5 wt% α-ZrP-TBA 
nanosheet alone under fluorescence and bright field immediately after preparation. (b) Emulsion stabilized by α-ZrP-TBA nanosheet alone at 24 h after preparation. 
(c) The fraction of O/W emulsion as a function of volume fraction of water (ϕw) at 24 h after preparation. The volume fraction of water is displayed below the figure. 
(d) Depletion experiment for α-ZrP-TBA nanosheet system. The volume fraction of water (ϕw) = 0.8 and 0.9 are selected for this experiment (included in the left side 
of figure). The volume fraction (ϕw=0.8, 0.9) of nanosheet is increased from 1% to 5% at fixed total volume of solution (= 2 mL), indicated below the figure. The 
pictures of vials and optical images were taken after preparation at 24 h and immediately, respectively. The line indicates the height of α-ZrP-TBA nanosheet 
dispersion. The scale bar is 80 µm. 
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stability, the emulsion fraction was plotted as a function of the volume 
fraction of water for different α-ZrP-TBA concentrations after 24 h of 
preparation, as shown in Fig. 4c. The emulsion fraction was calculated as 
the ratio of the height of the emulsion layer (from either creaming or 
sedimentation) to the total height of the solution. A large value of 
emulsion fraction indicates high emulsion stability. The 24-h stability of 
W/O emulsion is independent of the volume fraction of water and 
nanosheet concentration. In contrast, the O/W emulsion stability de
creases with the increase in volume fraction of water. However, as the 
nanosheet concentration increases, the emulsion fraction increases, 
suggesting ZrP-TBA nanosheets at high concentration enhanced the 
stability of O/W emulsion. 

In addition to the 24-h stability, we also evaluated long-term emul
sion stability when using the combination emulsifiers by monitoring the 
creaming/sedimentation over a period of 3 months (Fig. 5a). Even 
though the W/O emulsions were stable for 24 h, they lacked long-term 
stability despite high particle loading. Similar to the W/O emulsions, the 
O/W emulsions also lacked long-term stability except when the 

combination emulsifier contained 5 wt% α-ZrP-TBA. The creaming ki
netics were monitored at different nanosheet concentrations at a fixed 
volume fraction of water (φw = 0.7) (Fig. 5b). The fraction of emulsion 
increases with an increase in nanosheet concentration. Emulsion seems 
stable when using 5 wt% α-ZrP-TBA for at least 1 month with a slight 
creaming after this period. We also compared the long-term stability (up 
to 1 month) of emulsions (φw =0.9) with Span 80 concentrations of 0.1, 
0.5 and 1 wt%, while keeping the nanosheet concentration at 5 wt%. We 
found that the creaming stability improved with increasing Span 80 
concentration. Thus, the synergistic effect between the lipophilic 
nonionic surfactant and the hydrophilic ZrP-TBA nanosheet is required 
for the long-term stability of O/W emulsions. 

We also evaluated whether the enhanced viscosity of nanosheet 
dispersion at 5 wt% could contribute to the long-term stability. 
Compared to low nanosheet concentration such as 2 wt% α-ZrP-TBA, 
whose viscosity is 4 mPa.s, the viscosity of the highest nanosheet con
centration of 5 wt% is ≈11 mPa.s, which is almost 2.5x higher. If it was 
purely a viscosity effect, this enhanced viscosity should lead to a 

Fig. 4. Type and stability of the emulsion when 
using the combination system of α-ZrP-TBA 
nanosheet and Span 80. (a) Images showing the 
phase separation of emulsions stabilized by 
surfactant and particulate emulsifier for 
different volume fraction of water at 24 h after 
preparation. (b) Emulsion state diagram indi
cating the type of emulsions formed and their 
stability at 24 h. The open and filled symbols 
correspond to stable (no separation at 24 h) and 
unstable (separation at 24 h) emulsion, whereas 
circle and square correspond to W/O emulsion 
and O/W emulsion, respectively. (c) Emulsion 
fraction as a function of volume fraction of 
water at 24 h after preparation. Lines are a 
guide to the eye.   
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proportionally enhanced stability against creaming. However, as shown 
in Fig. 5 we observe that the 2 wt% α-ZrP-TBA (and 1 wt% Span 80) 
destabilizes within 1 day of preparation, whereas the 5 wt% α-ZrP-TBA 
(and 1 wt% Span 80) is stable for at least 1 month, which is much more 
than the 2.5x factor based on enhanced viscosity. Therefore, the 
enhanced viscosity of the high concentration nanosheet dispersion is not 
responsible for the long-term stability. 

3.4. Droplet morphology and aggregation in emulsions stabilized by 
combination emulsifiers 

Emulsion stability is determined by the size, shape, and aggregation 
state of droplets. We, therefore, used optical microscopy to qualitatively 
examine the droplet morphology and extent of aggregation in emulsions 
stabilized by the combination emulsifiers with Span 80 being fixed at 
1 wt% and varying amounts of α-ZrP-TBA nanosheets (Fig. 6). The mi
croscopy images were taken just after the preparation of the emulsion. 

In the absence of a nanosheet (i.e., in the Span 80 alone system), the 
droplets are spherical for both W/O and O/W emulsions, as shown in 
Fig. 6a. The W/O droplets appear aggregated, and larger O/W emulsion 
droplets were observed after the inversion point, φw > 0.3. However, the 
oil droplets become smaller at a high volume fraction of water. After 
adding the α-ZrP-TBA nanosheets, in the W/O emulsions, small droplets 
are formed with less aggregation compared to the Span 80 alone system, 
as shown in (Fig. 6(b(1− 3)) -(e(1− 3))). 

A striking finding is that we observe nonspherical or elongated oil 
droplets after the phase inversion point (Fig. 6(b(5− 7))-(e(5− 7))) when 
combination emulsifiers are used, and not when just the Span 80 or the 
nanosheet is used during emulsification. Thus, the addition of nanosheet 
appears to facilitate the formation of rod-shaped oil droplets. This 

nonspherical droplet morphology is most prominent in the O/W emul
sions with less oil content (i.e. φw = 0.8, 0.9). With increasing nanosheet 
concentration, the nonspherical character of droplets was enhanced, and 
less aggregation was observed. 

The above observations on the microstructure of the emulsion inform 
on emulsion stability observed for O/W emulsions at high nanosheet 
loading. It appears that the less aggregation and nonspherical character 
inhibit creaming in the O/W emulsions at high water fraction, pro
moting stability over a period of month. We also checked whether the 
rod-shaped droplets persist over long-term storage and found that non- 
sphericity is still present even after a month of storage. 

3.5. Nanosheet and Span 80 interact synergistically to promote non- 
sphericity in emulsion droplets 

Next, we considered the role that Span 80 plays in promoting 
nonspherical droplets in O/W emulsions. We varied the Span 80 con
centration (0.1, 0.5, 1.0 wt%) and fixed the nanosheet concentration at 
5 wt%. From the optical micrographs, it was observed that the droplet 
size decrease with increasing Span 80 concentration (Fig. 7a). The non- 
sphericity of oil droplets increases with increasing Span 80 concentra
tion. We measured the aspect ratio (AR) of the droplets with AR ≈ 1 
indicating spherical droplets and AR > 1 indicating rod-shaped droplets. 
At 0.1, 0.5 and 1 wt% Span 80 concentrations, we observe AR values 
predominantly lie in the range of 1–1.5, 2–3.5, 2.5–6 respectively. Thus, 
increasing Span 80 concentration increases the elongational character of 
the droplets formed by using the combination emulsifier system. 

Our results thus far show that increasing both the nanosheet con
centration and the Span 80 concentration promotes the non-sphericity of 
the droplets indicating that they interact synergistically at the interface 

Fig. 5. Long-term (at 3 months) stability of the emulsion when using the combination emulsifier system of α-ZrP-TBA nanosheet and Span 80. (a) Images showing 
phase separation for different volume fraction of water at 3 months after preparation. (b) Creaming kinetics for a fixed volume water fraction of φw = 0.7, evaluated 
upto 3 months after preparation. Lines are a guide to the eye. 
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to potentially create jammed interfaces that are difficult to relax once 
the emulsions are made. To verify that the formation of the rod-shaped 
droplets is not sensitive to the details of our vortex-based emulsification 
technique, we also tested simple hand-shaking based technique. From  
Fig. 8, it is observed that both vortex mixing (Fig. 8a) and hand-shaking 
(Fig. 8b) emulsification produce non-spherical droplets of similar shape, 
i.e. we only observed rod-shaped droplets, and no other types of non- 
spherical droplets. With longer mixing times, we observe smaller elon
gated droplets in both cases. Additionally, the hand-shaking appears to 
produce larger non-spherical droplets than vortex-based mixing prob
ably due to lower energy input. These results suggest that the interaction 
between nanosheet and Span 80 to promote non-spherical droplets is not 
sensitive to the details of the emulsification procedure. Furthermore, 
they highlight the simplicity, robustness, and scalability of our combi
nation emulsifier approach to produce rod-shaped O/W emulsions. 

3.6. Mechanism of formation of non-spherical droplets 

An important finding from our combination emulsifier system is the 
production of anisotropic shaped droplets, particularly at high water 
fraction and nanosheet loading. Prior studies that have used 2D nano
materials as emulsifiers in addition to surfactants did not report such a 
finding (see Table 1). The emulsion stabilized by surfactant alone forms 

a spherical shape in the absence of external force since the fluid-like 
interface can relax to minimize surface energy [1]. Emulsion droplets 
of nonspherical geometry have been observed in Pickering emulsions, 
where exposing droplets to external fields, stretches the interface and 
induces jamming to form a solid-like interface that prevents relaxation 
to spherical shape [62]. In our case since we do not observe nonspherical 
droplets when emulsions are made with a single emulsifier (Span 80 or 
α-ZrP-TBA nanosheets) indicating that the adsorbed surfactant and 
nanosheet work together to create stable elongated droplets. 

Our proposed mechanism is shown in Fig. 9. During bulk emulsifi
cation, due to elongational stresses, the coarse droplets deform and 
undergo breakup. Span 80 has higher diffusivity (3.96× 10− 12 m2/s) 
compared to the nanosheet (2.18× 10− 13 m2/s) due to its small size. As a 
result, we hypothesize that Span 80 adsorbs at the interface reducing the 
interfacial energy that allows more nanosheets to adsorb and jam the 
interface creating non-spherical droplets. Consistent with this hypoth
esis, we observe that both increasing Span 80 and nanosheet concen
tration promotes nonsphericity. Interestingly, we also observe tiny 
spherical droplets of diameter < 10 µm in these emulsions (Fig. 8), 
suggesting that strong interfacial jamming is not occurring at these 
length-scales to overcome the Laplace pressure. Thus, our combination 
emulsifier system produces non-sphericity in droplets beyond length 
scales of approximately 10 µm. 

Fig. 6. Effect of α-ZrP-TBA nanosheets concentration on droplet morphology. Optical micrographs of emulsion stabilized by combination of α-ZrP-TBA nanosheet 
and Span 80 at different nanosheet concentrations, which were taken immediately after preparation. The volume fraction of water is indicated below the figure. The 
concentration of the α-ZrP-TBA nanosheet is indicated on the left side of the figure. The Span 80 concentration (1 wt%) in mineral oil is fixed for all systems. The scale 
bar is 50 µm. evaluated upto 3 months after preparation. Lines are a guide to the eye. 
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An important premise underlying our proposed mechanism is that 
the interfacial properties resulting from the combination emulsifier 
system are rather different than those from Span 80 or nanosheet alone. 
To investigate the nature of interface resulting from these emulsifiers, 
we performed capillary breakup experiments as shown in Fig. 10. A co- 
flow capillary microfluidic device [58], was used to generate oil droplets 
in water (Fig. 10a), similar to our stable bulk emulsions. Four emulsifier 
conditions were tested that included (i) no-emulsifier (ii) 1 wt% Span 80 
(iii) 5 wt% α-ZrP-TBA nanosheet, and (iv) the combination emulsifier 
5 wt% α-ZrP-TBA nanosheet and 1 wt% Span 80. Neck thinning kinetics 
was obtained at the same dispersed phase and continuous phase flow 
rates for the four emulsifier conditions. In contrast to bulk emulsifica
tion, we note that the formed droplets in the co-flow device do not 
exhibit nonspherical shape probably due to weak elongational stresses 
or differences in kinetics of emulsifier adsorption. 

Fig. 10b shows the images during the final stages of neck thinning 
and pinch-off. In Fig. 10c, we quantify the minimum neck diameter as a 
function of time. We observe that the neck diameter decreases very fast 
in the absence of emulsifiers. Both Span 80 or α-ZrP-TBA nanosheet 
systems slow down the neck thinning in a similar fashion compared to 
the no-emulsifier case. Most strikingly, the combination emulsifier case 
shows that the neck thinning is significantly delayed, with the formation 
of thin cylindrical filaments that persists for much longer period that the 
single-emulsifier cases. This persistence of thin filament during capillary 

pinch-off is a signature of a viscoelastic interface [63,64] that could be 
resulting from the solid-like interface promoted by nano-sheet jamming 
in the presence of Span 80. 

In summary, these neck thinning results provide support to our 
proposed mechanism that interfacial resistance is strengthened by the 
combined effect of nanosheet and Span 80, probably due to enhanced 
adsorption of nanosheet mediated by Span 80. 

4. Discussion 

4.1. A combination emulsifier system that provides long-term emulsion 
stability 

Layered 2D nanomaterials offer the potential to be used as particu
late emulsifiers to stabilize emulsions. Among these the α-ZrP-TBA 
nanosheets are unique as they are as easy to synthesize, aggregation-free 
in solution and the sheet geometry can be modified. Studies have pre
viously used chemically modified nanosheets made from α-ZrP particles 
to stabilize emulsions [48], but no studies have explored the role of 
combination emulsifiers where the α-ZrP-TBA nanosheets were present 
in the aqueous phase and a liphophilic surfactant was present in the oil 
phase. 

We found that the nanosheet or surfactant itself does not stabilize the 
emulsion. However, the inclusion of both the emulsifiers resulted in 
stable O/W emulsions for up to 3 months. Thus, there is a synergistic 
mechanism by which nanosheet and surfactant have ensured long-term 
stability against creaming. The emulsification process involves simul
taneous events of droplet rupturing and re-coalescence [65]. Initially, 
there are available naked interfaces for emulsifier adsorption during 
emulsification. As surfactants are smaller in size (~2–3 nm) compared 
to the size of nanosheets (~1 µm), their higher diffusivity might cover 
the newly formed interface resulting in delayed re-coalescence phe
nomena. This will further increase droplet breakup and produce smaller 
droplets. The reduced interfacial tension due to surfactant adsorption 
may allow the α-ZrP-TBA nanosheets to assemble at the oil/water 
interface and ensure enough particle coverage providing long-term 
stability. 

The adsorption rates of the surfactant and the nanosheets are ex
pected to be dependent on their concentration which is consistent with 
our observations that the emulsion stability was found to be dependent 
on the concentrations of both Span 80 and α-ZrP-TBA nanosheets, 
similar to some literature on mixed systems [26]. The droplet size was 
also affected by both the nanosheet and the surfactant concentration. 
The increase in surfactant concentration may promote the droplet 
breakup phenomena due to a more rapid reduction in interfacial tension 
and may also reduce re-coalescence events due to more efficient surface 
coverage. The higher concentration of nanosheets may also reduce 
re-coalescence events producing smaller droplets and stabilizing them. 

4.2. Phase inversion occurs at a critical volume fraction 

In our experiments, we found that at low water fractions, W/O 
emulsions are formed, and at high water fractions, O/W emulsions are 
produced. Phase inversion was found to occur at a critical water fraction 
ϕcw = 0.3 and was independent of the hydrophilic nanosheet and the 
lipophilic surfactant concentration. According to the Ostwald [66] 
model, the phase inversion occurs when the internal phase volume 
fraction (ϕw) of an emulsion reaches the close-packing volume fraction 
of hard spheres, i.e., ϕcw = 0.7. It is clear that the Ostwald model does 
not support our observations. Vaessen et al. explained that the cata
strophic phase inversion is better understood with a kinetic approach 
based on droplet breakup and coalescence [67]. According to this 
model, the droplet size diverged above a critical volume fraction of 
26.4%, indicating phase inversion without considering growth in the 
effective volume fraction of the dispersed phase. This meant that all 
droplets coalesced long before reaching the close packing point. 

Fig. 7. Effect of surfactant concentration on the droplet morphology when 
emulsions are stabilized by the combination system of Span 80 and α-ZrP-TBA 
nanosheets. (a) Optical micrographs of emulsion stabilized by 5 wt% α-ZrP-TBA 
nanosheet and varying amounts of Span 80. Images were taken immediately 
after preparation. The volume fraction of water is indicated below the figure. 
The concentration of Span 80 is indicated on the left side of the figure. The scale 
bar is 50 µm. (b) Aspect ratio of O/W emulsion droplets (φw=0.9) at different 
Span 80 concentrations and at a fixed α-ZrP-TBA nanosheet concentration of 
5 wt%. 

N. Anjum et al.                                                                                                                                                                                                                                  



Colloids and Surfaces A: Physicochemical and Engineering Aspects 640 (2022) 128403

11

In other experimental systems, studies show that the phase inversion 
volume fraction depends on the HLB value of the surfactant [68,69] and 
dispersed phase viscosity [70], stirring intensity [71]. For example, 
Galindo-Alvarez et al., [70] showed that for HLB > 10, phase inversion 
occurs at ϕcw = 0.06 or ϕcw = 0.125 depending on whether the dispersed 
phase viscosity was 12.5 Pa.s, or 1 Pa.s respectively. Likewise, when the 
HLB value < 10, the emulsions are W/O, with ϕcw = 0.25–0.35 
depending on the viscosity. Mira et al. [71] also showed that at HLB 
< 10, increasing the stirring speed from 600 rpm to 1500 rpm shifted 
the inversion point to the low volume fraction of water, resulting in ϕcw 
= 0.19–0.35. A further increase in stirring speed from 1500 rpm to 
6000 rpm could reduce the inversion point. In the case of HLB > 10, the 
increase in the stirring energy shifted the dynamic inversion line toward 
a higher volume fraction (ϕcw = 0.7–0.9). Just like in surfactants, Binks 
et al. [72] investigated the phase inversion in Pickering emulsions using 
hydrophilic and hydrophobic silica particles. The phase inversion point 
for hydrophobic silica occurred at ϕcw = 0.7, whereas for hydrophilic 
silica, the point was ϕcw = 0.3. 

In our case, for the Span 80 alone system (which has HLB = 4.3 [73]), 
we also observed W/O emulsions form with phase inversion occurring at 
ϕcw = 0.3, which is similar to that found by Galindo-Alvarez et al. [70] 
and Mira et al. [71]. With the α-ZrP-TBA nanosheets, which are hy
drophilic, we also found ϕcw = 0.3, similar to hydrophilic silica. With 

the combination emulsifier system, we observe phase inversion also 
occurring at ϕcw = 0.3. 

4.3. Bulk-scale production of stable non-spherical droplets 

Emulsions under quiescent conditions typically contain spherical 
droplets due to their interfacial energy. The ability to produce emulsions 
containing anisotropic shaped droplets might lead to novel functional 
properties including enhanced stability, unique rheology and drug de
livery performance. Prior works to generate non-spherical droplets 
involved application of electrical or magnetic fields to deform droplet 
interface that promotes adsorption of nanoparticle surfactants to the 
interface [50–52]. The jammed particle-laden interfaces resist relaxa
tion to spherical shape enabling production of non-spherical droplets. 
Although, elegant, these methods are inherently low throughput, 
motivating the need for alternative methods. 

In this work, we show that the combination of nanosheet and Span 
80 leads to the formation of elongated droplets, with an aspect ratio that 
is tunable by altering the concentrations of both these emulsifiers. We 
observe production of non-spherical droplets of size typically 10 µm or 
larger with these droplets retaining their shape at least for a month. This 
contrasts with prior works, where non-spherical droplets of ~ 1 mm 
were made [50,52], and moreover information on their long-term 

Fig. 8. Effect of emulsification method on non-sphericity of droplets. Optical micrographs of emulsion stabilized by combination of 5 wt% α-ZrP-TBA nanosheet in 
water and 1 wt% Span 80 in mineral oil. Two different emulsification methods (a) vortex mixer @2000 rpm and (b) hand- shaking were used while mixing for 
different times. The images were taken immediately after preparation. The oil-in-water emulsion (O/W) is formed at volume fraction of water φw = 0.9. The scale bar 
is 50 µm. 

Fig. 9. Schematic of the mechanism of formation of nonspherical droplets in the presence of α-ZrP-TBA nanosheet and Span 80.  
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stability is lacking. Importantly, these non-spherical droplets can be 
made using bulk emulsification that is insensitive to the precise details 
of the flow during emulsion production. 

We find that the degree of droplet aspect ratio depends on both the 
Span 80 and nanosheet concentration and therefore the anisotropic 
shape is tunable to some extent. The mechanism underlying the non- 
spherical shape appears to be increased interfacial resistance offered 
by the a jammed particle interface. The capillary breakup experiments 
indicate a significantly delayed neck thinning in the presence of Span 80 
and nanosheet, supporting the hypothesis of enhanced interfacial 
resistance. 

5. Conclusions 

A systematic investigation of emulsion type, stability and droplet 
morphology has been performed using Span 80, α-ZrP-TBA nanosheets 
and their combination. The emulsion type was determined as a function 
of the volume fraction of water and nanosheet concentration. The 
catastrophic phase inversion was observed at φcw = 0.3 for all systems 
and is independent of nanosheet concentration. 

The stability of emulsions against phase separation was investigated 
as a function of nanosheet and Span 80 concentration for 24 h and upto 3 
months. The emulsions creamed within 24 h when only Span 80 or 
nanosheet was used as the emulsifier. However, when the combination 
emulsifier system was used the O/W emulsions were resistant to 
creaming for upto 3 months. Increasing the α-ZrP-TBA nanosheet and 
Span 80 concentration made the O/W emulsions resistant to creaming 
suggesting that the combination emulsifier system promotes long-term 
emulsion stability. 

Intriguingly, the morphology of the O/W emulsion droplets was 
found to be rod-shaped. Increasing the nanosheet and Span 80 

concentrations increased the aspect ratio of the droplets suggesting that 
the emulsifier concentration could be used to tune the shape anisotropy. 
The morphology of O/W emulsion droplets further explains the syner
gistic effect. More nonspherical droplets are observed with increasing 
nanosheet concentration, indicating the nanosheet adsorption at the 
water-oil interface. The effect of Span 80 concentration on the 
nonspherical geometry of droplets was also studied and found that 
nonsphericity is enhanced by increasing the Span 80 concentrations. The 
synergistic effect of α-ZrP-TBA nanosheet and Span 80 improved the 
emulsion stability, which was not possible to achieve with only the 
nanosheet or Span 80 as emulsifiers. The findings from this study suggest 
that a combination emulsifier approach that involves surfactants and 
particulate emulsifier in different phases could be a novel means to 
achieve long-term stability of emulsions. 
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Fig. 10. Neck pinch-off kinetics in the dripping regime. (a) Hydrophilic co-flow geometry in glass-based capillary.(b) Time-stamped images of droplet breakup for 
no-emulsifier, Span 80, α-ZrP-TBA nanosheet and combination of α-ZrP-TBA nanosheet and Span 80. (c) Minimum neck diameter (Dmin) as a function of time where t 
is the time before the pinch-off at which the images were taken and t0 is the pinch-off time of the neck. Span 80 is in mineral oil which is a dispersed phase and α-ZrP- 
TBA nanosheet in water phase as continuous phase. Dispersed phase flow rate Qin = 0.5 mL/h; Continuous phase flow rate Qout = 80 mL/h for all systems. The scale 
bar is 30 µm. 
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