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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Novel procedure for modification of 
rheological properties of lipid disper-
sions is proposed.

• It involves formation of non-spherical 
lipid particles upon cooling of spherical 
droplets.

• Non-flowing, gel-like samples can be 
produced with ca. 11 vol% hexadecane 
drops.

• The optimal initial drop size for 
maximum viscosity increase is between 
ca. 4 and 13 μm.

• The process is applicable to a variety of 
lipids, incl. alkanes, alkenes and 
triglycerides.
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A B S T R A C T

The rheological properties of disperse systems play a crucial role in the production of foods, cosmetics, and 
pharmaceuticals with desired characteristics. Emulsion viscosity can be increased through various methods, incl. 
increasing the oil volume fraction, incorporating rheological modifiers, or inducing partial coalescence between 
the droplets. It is well known that suspensions containing inorganic non-spherical particles often exhibit 
significantly higher viscosities when compared to those with spherical particles. The spontaneous drop self- 
shaping phenomenon in emulsions, first reported in detail by Denkov et al. (Nature, 2015, 528, 392–395), en-
ables the formation of fluid and frozen lipid particles with regular non-spherical shapes, including platelets, rods 
and fibers. In this study, we utilize this approach to prepare emulsions containing non-spherical frozen particles 
of various shapes and investigate their rheological properties. The effects of oil volume fraction, surfactant type, 
initial drop size and polydispersity are investigated. The results reveal that non-flowing, gel-like samples can be 
prepared at ca. 11 vol% oil fraction when the emulsion contains polydisperse droplets which acquire non- 
spherical shapes upon cooling. For comparison, more than ca. 65 vol% oil is needed to obtain similar rheolog-
ical characteristics in samples containing spherical particles. Additionally, we demonstrate that the optimal drop 
size for gel preparation is d32 ≈ 4–13 μm. The obtained results are explained mechanistically, and guiding 
principles are provided for preparing emulsions with increased viscosities using this new approach.

* Correspondence to: Department of Chemical and Pharmaceutical Engineering, Sofia University, 1 James Bourchier Ave., Sofia 1164, Bulgaria.
E-mail address: dc@lcpe.uni-sofia.bg (D. Cholakova). 

Contents lists available at ScienceDirect

Colloids and Surfaces A: Physicochemical and  
Engineering Aspects

journal homepage: www.elsevier.com/locate/colsurfa

https://doi.org/10.1016/j.colsurfa.2025.136284
Received 22 October 2024; Received in revised form 20 January 2025; Accepted 25 January 2025  

Colloids and Surfaces A: Physicochemical and Engineering Aspects 710 (2025) 136284 

Available online 30 January 2025 
0927-7757/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

https://orcid.org/0000-0001-8091-7529
https://orcid.org/0000-0001-8091-7529
https://orcid.org/0000-0001-6654-6418
https://orcid.org/0000-0001-6654-6418
https://orcid.org/0000-0003-1118-7635
https://orcid.org/0000-0003-1118-7635
mailto:dc@lcpe.uni-sofia.bg
www.sciencedirect.com/science/journal/09277757
https://www.elsevier.com/locate/colsurfa
https://doi.org/10.1016/j.colsurfa.2025.136284
https://doi.org/10.1016/j.colsurfa.2025.136284
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


1. Introduction

One of the key characteristics that must be carefully optimized in the 
production of foods, cosmetics, pharmaceuticals, liquid detergents, and 
other fluid products, used in our everyday life, is their rheological 
response. The flow behavior of all fluid products is essential not only for 
consumers perception but also for their manufacturing, visual appear-
ance, stability, and overall performance [1–5]. Many of these products 
are essentially oil-in-water (o/w) emulsions, with typical examples 
being the mayonnaise, salad dressings, sauces, creams, moisturizers, 
lotions, paints, many pharmaceuticals, etc. [6–8].

Various approaches can be used to control the rheological properties 
of emulsions. For example, the increase of the oil fraction above the 
close packing fraction leads to the formation of deformed droplets and 
significant increase in the dispersion viscosity [9–11]. At low oil frac-
tions, however, usually thickening agents are added into the aqueous 
phase to enhance its viscosity and provide the yield stress needed to 
suppress the gravitational separation (creaming) of the 
micrometer-sized oily droplets. Widely used thickeners include poly-
saccharides, such as xanthan gum, guar gum, agar and carrageenan; 
proteins, such as gelatin; or synthetic polymers [12–16]. Although 
generally considered as safe for consumers, the dietary intake of most of 
these substances should remain within a certain limit [17,18].

An alternative mechanism leading to significant increase in the vis-
cosity of the emulsions is the appearance of partial coalescence upon 
drop crystallization [19–22]. Even though undesired for the long-term 

stability of emulsions, the partial coalescence instability, occurring in 
systems with semi-solid particles when a crystal from one particle pro-
trudes and pierces another particle, can lead to the formation of a 
network of partially fused lipid particles. This process contributes 
significantly to the structure formation, sensory perception (fattiness, 
creaminess) and physicochemical properties (firmness, hardness, sta-
bility) of the final products. This approach is widely used in whipped 
toppings, ice cream and butter [20,23].

In the present study, we explore a different approach for preparing 
emulsions with non-Newtonian rheological properties. This approach 
relies on the preparation of emulsions containing non-spherical lipid 
frozen particles of various shapes, including hexagonal, triangular and 
tetragonal platelets, elongated rod-like particles (diameter ≈ 1–5 μm) 
and long thin fibers (diameter < 1 μm), see Fig. 1a. To produce these 
particles, we used the spontaneous drop self-shaping phenomenon 
which was studied in detail by our group in the last several years 
[24–27]. Briefly, the self-shaping process occurs upon cooling of oily 
drops composed of molecules capable of organizing into intermediate in 
stability phases. These phases should form between the completely 
disordered liquid phase and the fully ordered crystalline phase. Such 
phases are known to exist for most of the lipid molecules, for example – 
rotator phases in alkanes, Fig. 1c [28], and the α-polymorphic phase in 
triglycerides (TAGs) [29].

A second, equally important requirement for formation of non- 
spherical particles upon cooling, is that the surfactant adsorption layer 
should crystallize before the crystal nucleation inside the droplets’ 

Fig. 1. (a) General drop shape evolutionary sequence followed by drops undergoing spontaneous shape changes upon cooling. (b) Schematics of the self-shaping 
mechanism showing deformed triangular platelet and its cross-section. The surface of the particle is covered by adsorbed surfactant molecules. To observe de-
formations upon cooling the surfactant molecules should be able to freeze before the bulk nucleation of the oil begins. Therefore, the frozen surfactant adsorption 
layer serves as a template for formation of ordered phase situated next to the drop surface (shown in red). This phase possesses the necessary mechanical strength to 
counteract the inner capillary pressure of the liquid oil (shown in yellow) remaining inside the deformed particle. (c) Schematic representation of the phase tran-
sitions exhibited by long-chain alkane molecules during cooling. Adapted from Refs [25,26,28].
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interior begins [27]. Depending on the crystalline structure adopted by 
the lipid molecules, this requirement translates to different chain length 
differences (Δn) between the lipid molecule and the surfactant tail. For 
linear alkanes, drop shape deformations upon cooling are observed 
whenever Δn ≤ 3 C-atoms and Δn = z – x, where z is the number of 
C-atoms in the alkane molecule and x is the number of C-atoms in the 
surfactant tail [27].

When both these requirements are fulfilled and the surfactant con-
centration is sufficiently high to allow the formation of a dense 
adsorption layer on the drop surfaces [30,31], the formation of 
numerous different drop shapes in fluid state is possible, despite the 
increased surface energy upon drop deformation. The self-shaping pro-
cess has been demonstrated to be applicable for droplets containing 
various lipids, incl. alkanes, alkenes, long chain alcohols, triglycerides, 
mixtures thereof and other chemical substances [24,25,27,32,33]. 
Further details about the mechanism of the observed process can be 
found in the original papers, see also Fig. 1b [24–27,31]. We note that in 
a separate series of studies, Sloutskin et al. [34–36] proposed that 
similar deformations may occur also in systems having ultra-low inter-
facial tension which does not lead to energetic penalty once the surface 
area of the drops increases.

Although the self-shaping phenomenon has been widely studied with 
respect to its mechanism and application to numerous systems, a little is 
known about the bulk properties of the dispersions with non-spherical 
particles. In the pioneering work of Golemanov et al. [19] it was 
shown that the consistency of the dispersions containing 30 vol% hex-
adecane (C16H34), dispersed in aqueous solutions of different surfac-
tants, depend significantly on the type of the surfactant included. For 
example, fluid samples were obtained with Brij 35 (polyoxyethylene 
lauryl ether), whereas gel-like samples were obtained with SDS (sodium 
dodecyl sulfate) and Brij 58 (polyoxyethylene hexadecyl ether). While 
the gelation in the sample stabilized by SDS was attributed to the 
presence of partial coalescence between the droplets, the significant 
increase in the viscosity of the Brij 58 containing sample was related to 
the appearance of non-spherical particles [19]. Note that the chain 
length differences for Brij 35 and Brij 58 are Δn = 4 and 0, respectively. 
Hence, drop deformations are not expected for Brij 35, whereas they 
appear for the emulsion containing Brij 58. No further studies were 
performed at that time to clarify the effects of the oil volume fraction, 
initial drop size and other relevant parameters on the rheological 
properties of the prepared emulsions.

In a more recent study by Reiner et al. [37], the authors used the 
self-shaping phenomenon to produce octadecane (C18H38) emulsions 
with non-spherical droplets stabilized by Brij S20 (polyoxyethylene 
octadecyl ether). The authors demonstrated that the viscosity of the 
10 wt% octadecane emulsion decreased upon isothermal storage at 
temperatures below the bulk melting temperature of the octadecane. 
This result was related to the change in the shape of the frozen particles 
upon storage, namely – the initially long rod-like particles were argued 
to become shorter and more spherical over time. This result was inter-
preted as an appearance of drop recrystallization upon storage [37]. 
However, it was not explained why such recrystallization may appear in 
these systems and what is the mechanism behind it. Furthermore, the 
gravitational stability of the samples upon storage was not discussed.

These two previous studies, along with the numerous studies avail-
able in the literature about the role of the particle shape on the rheo-
logical properties of suspensions [38–46], demonstrate the significant 
role of the particle shape in the overall rheology response of the disperse 
systems. However, as seen from the short literature overview above, it 
remains unclear how the drop size distribution and the oil volume 
fraction in the initial emulsions, containing spherical non-interacting 
micrometer drops, would affect the rheological properties of the same 
emulsions after they are cooled to temperature, at which the drops ac-
quire different non-spherical shapes. Note that the frozen lipid particles 
in our study are formed in-situ upon cooling of the emulsions. Therefore, 
the specific shape and aspect ratio of the frozen particles can change 

significantly, depending on the initial drop size and polydispersity, 
surfactant used for emulsion stabilization, and oil volume fraction. The 
current study aims to answer the following related questions: (1) what is 
the minimal oil volume fraction required to obtain emulsions with 
non-zero yield stress after changing the drop shape upon cooling, (2) 
what is the effect of the initial drop size and polydispersity on the 
rheological properties of the dispersions containing non-spherical lipid 
particles, obtained in-situ upon emulsion cooling. Furthermore, this 
study aims to provide some guiding principles for utilization of this 
approach to modify the rheological properties of emulsions. With this 
aim in mind, we investigated the role of the oil fraction, surfactant type, 
initial drop size and polydispersity for the rheological properties of the 
cooled emulsions. Additionally, the long-term stability of the prepared 
gels was also monitored.

The obtained results are described in Section 3 below, after pre-
senting the materials and methods in the following Section 2. The final 
Section 4 summarizes all main conclusions and proposes directions for 
future research.

2. Materials and methods

2.1. Materials

In the emulsions studied, we used hexadecane (C16H34, denoted as 
C16 throughout the text), a linear alkane with a purity of ≥ 99 %, pur-
chased from Sigma-Aldrich, as the dispersed oily phase. The hex-
adecane, had a melting temperature Tm = 18 ◦C, and was used as 
received without further purification.

To stabilize the emulsions, we used nonionic surfactants from two 
main groups polyoxyethylene glycol alkyl ethers (trade name Brij, 
denoted as CnEOm) with n = 12 or 16 C-atoms and m = 2, 4, 20 or 23; 
and polyoxyethylene glycol (20) sorbitan monopalmitate (trade name 
Tween 40, denoted as C16SorbEO20). All surfactants were purchased 
from Sigma-Aldrich and used as received.

The concentration of the water-soluble surfactants in the aqueous 
phase was varied between 0.55 wt% and 2.2 wt% (with respect to the 
water), while the concentration of the oil-soluble surfactants in the oily 
phase ranged from 0.45 wt% to 1.8 wt% (with respect to the oil). These 
concentrations were selected to be sufficiently high, well above the 
critical micelle concentrations of the respective surfactants, to prevent 
drop-drop coalescence during the experiments and to ensure that suffi-
cient amount of surfactant is available to cover the entire newly created 
surface area during the drop self-shaping upon cooling.

In some of the experiments we also added ethylene glycol (purchased 
from Valerus, Bulgaria). All aqueous solutions were prepared with 
deionized water purified by Elix 3 module (Millipore, USA).

2.2. Methods

2.2.1. Preparation of the studied emulsions
The hexadecane-in-water emulsions were prepared using three 

different emulsification procedures, depending on the desired drop size 
and polydispersity. In all cases, the water-soluble surfactants were dis-
solved into the aqueous phase, and the oil-soluble surfactants were 
dissolved into the oily phase prior to emulsification. Emulsification was 
performed at room temperature (T ≈ 25 ± 2◦C), which is sufficiently 
high to ensure that the hexadecane will remain in a liquid state during 
the emulsification.

To obtain polydisperse emulsions with a mean Sauter droplet 
diameter d32 ≈ 4 µm, we used a rotor-stator homogenizer (Ultra-Turrax 
T25, IKA, Germany). Note that d32 =

∑
id

3
i /d2

i .The emulsions were 
prepared by first adding the required amount of the aqueous surfactant 
solution into a glass beaker. The oily phase was then gradually intro-
duced in small portions while homogenizing with the rotor-stator de-
vice. Emulsification was carried out at 24,000 rpm for 5 minutes. Note 
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that we are working in the surfactant rich regime for emulsification, 
which ensures production of drops with similar sizes, irrespectively of 
the oil volume fraction [47]. The polydispersity of these samples, 
calculated as dV84/dV50 [48], was approximately 1.46 ± 0.13, where dVX 
represents the drop diameter at which X % of the oil volume is contained 
in drops smaller than dVX. To check for possible influence of poly-
dispersity on the results, we also studied samples with varying oil vol-
ume fractions prepared by diluting a more concentrated emulsion to the 
desired lower oil volume fraction. The results obtained from emulsions 
initially prepared at a specific oil volume fraction and those derived by 
dilution of a more concentrated sample were consistent within the frame 
of our experimental accuracy.

To prepare samples with smaller initial droplet sizes, dini, we used a 
high-pressure homogenizer (Panda Plus 2000, GEA Lab, Germany). 
First, the premix was homogenized using an Ultra-Turrax for 3 minutes 
at 13,500 rpm. The resulting emulsion was then passed once through the 
high-pressure homogenizer at a pressure of 200 bar. This method 
enabled us to prepare emulsions with a mean drop diameter below 1 µm 
[49].

The effect of drop size and polydispersity was also studied using 
monodisperse emulsion samples. These samples were prepared through 
membrane emulsification, using a laboratory microkit emulsification 
module from Shirasu Porous Glass Technology (SPG, Miyazaki, Japan). 
The emulsions were prepared by passing the oily phase through a porous 
glass membrane with a working area of approximately 3 cm2 and a mean 
pore diameter of 2, 3 or 5 µm. Typically, this method produces droplets 
with diameters around three times larger than the pore diameter [50]. 
Further details about this emulsification technique can be found in Refs. 
[24–26]. The polydispersity for the monodisperse samples was ≈ 1.16 
± 0.06. The exact oil content of the emulsions prepared using this 
technique was determined through differential scanning calorimetry 
(DSC) analyses, see Section 2.2.4 below. If necessary, the emulsions 
were concentrated before the DSC measurements, by removing part of 
the aqueous phase after the drops creamed to the top of the container 
due to buoyancy. Samples with the desired oil content were then pre-
pared by diluting the concentrated emulsions with the appropriate 
amount of aqueous phase, containing pre-dissolved surfactant, and used 
for further investigation.

2.2.2. Cooling of the bulk samples and long-term stability monitoring
After preparing the emulsion samples, approximately 10 g from each 

emulsion was transferred into glass bottles with a diameter of ca. 2 cm 
and a total volume of 20 ml. Typically, at least two bottles containing 
identical samples were prepared. To ensure reproducibility, two or three 
independent samples with the same compositions were prepared and 
studied separately. The results were with excellent agreement with one 
another.

Тhe cooling of the bulk samples proceeded in the following way: the 
prepared samples with a temperature ≈ 25 ± 2◦C were placed in the 
refrigerator at T ≈ 5◦C. During the first hour of cooling, a gentle ho-
mogenization was applied by periodically shaking the bottles slightly 
(every 15–20 minutes) to prevent gravitational separation of the still- 
fluid droplets. The estimated average cooling rate of the emulsions 
was around 0.15 ◦C/min. The samples containing frozen hexadecane 
particles were then stored statically in the refrigerator until further 
inspection.

2.2.3. Rheological measurements
To characterize the rheological properties of the formed dispersions, 

we measured their yield stress, and their storage and loss moduli. These 
characteristics are determined in oscillatory experiments, in which the 
initial structure of the formed dispersions with non-spherical drops are 
weakly affected during the rheological test (in the linear regime and 
close to it). In addition, the apparent shear viscosities and the dynamic 
yield stress are determined in steady flow experiments.

The rheological tests were carried out using a Discovery Hybrid 

Rheometer HR-20 (TA Instruments, USA) with a parallel-plate geome-
try. The upper plate had a diameter of 40 mm, and the gap between the 
plates was set to 300 µm. Preliminary experiments were performed also 
with larger gaps and the obtained results were within the frame of our 
experimental accuracy, see Supplementary Figure S1. To prevent a 
possible wall slip between the sample and the plates during the exper-
iments, ultra-fine sand paper of grade P1500 was glued to both the lower 
and upper plates (characteristic grain size ≈ 12 μm) [51]. All rheological 
measurements of the emulsions were conducted at 5◦C after the samples 
had been stored for at least 24 hours at this temperature, unless other-
wise noted explicitly. The samples were carefully transferred to the 
pre-cooled rheometer while maintaining the 5◦C temperature. Addi-
tionally, before each rheology measurement, the samples were allowed 
to equilibrate for 3 minutes at 5◦C. Note that the use of cone-plate ge-
ometry is not recommended for measuring the properties of such 
emulsions, because one cannot glue a sand paper on the cone surface to 
create appropriate roughness. Without surface roughness, the wall slip 
would affect strongly the results and it would be problematic to analyze 
them. In the current study we discuss mostly the yield stress and the 
rheological properties of the emulsions before they start flowing. 
Therefore, the non-homogeneous shear rate distribution, when parallel 
plate geometry is used, does not affect the final conclusions of the cur-
rent study.

The storage and loss moduli, G′ and G′′, of the emulsions were 
measured as a function of oscillation strain in amplitude sweep experi-
ments. The applied strain was varied between 0.01 % and 1000 % at a 
fixed frequency of 1 Hz. From these measurements, we determined the 
viscoelastic properties of the samples, as well as its yield stress as the 
maximum point on the elastic stress vs oscillation strain curve [52]. The 
elastic stress was calculated as the product of the absolute oscillation 
strain (γ) and the storage modulus (G′).

The viscosities of the samples were measured as a function of the 
applied shear rate at 5◦C in a flow ramp experiment. The shear rate was 
varied logarithmically in a stepwise manner from 0.1 to 100 s− 1, with a 
total of 31 data points recorded.

The error bars on the graphs throughout the text represent the 
standard deviation calculated from measurements performed on inde-
pendently prepared samples, as well as from multiple measurements 
performed on a given sample.

2.2.4. Differential scanning calorimetry (DSC)
DSC experiments were conducted using a Discovery DSC 250 appa-

ratus (TA Instruments, USA). A small amount of the sample (5–30 mg) 
was placed in an aluminum hermetic pan, carefully weighted, and her-
metically sealed with an aluminum hermetic lid using a TZero sample 
press. The sealed sample was then placed in the DSC oven for the 
thermal measurements. Unless otherwise noted explicitly, the experi-
mental protocol involved cooling the emulsion from 30◦C to − 5◦C at a 
constant rate of 5 ◦C/min. Note that only the dispersed hexadecane (C16) 
undergo freezing transition, while the aqueous phase remains in a fluid 
state. After cooling, the samples were held isothermally for 5 minutes at 
− 5◦C, and then heated from − 5◦C to 30◦C at a rate of 2 ◦C/min. The 
obtained thermograms were analyzed using the build-in functions of the 
Trios data analysis software (TA instruments, USA) [53].

The DSC experiments were used to examine the crystallization pro-
file of the studied samples and to determine the oil fraction in the 
emulsions prepared by the membrane emulsification technique, see 
Supplementary Figure S2. This was achieved by comparing the melting 
enthalpy of pure hexadecane (ΔHm ≈ 230 J/g) with the melting 
enthalpy obtained from the emulsion samples. To validate this method, 
experiments were also performed on emulsion samples with known 
hexadecane volume fractions. The measured enthalpies showed excel-
lent agreement with the expected values.

2.2.5. Optical microscopy observations and drop size measurements
Optical observations were performed with an AxioImager.M2m 
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microscope (Zeiss, Germany). Long-focus objectives with magnifications 
of × 20, × 50 and × 100 were used in transmitted cross-polarized white 
light with an included compensator plate positioned after the sample 
and before the analyzer at a 45◦ angle relative to both the polarizer and 
analyzer. Under these conditions, isotropic fluid objects exhibit a char-
acteristic magenta color, while birefringent objects display bright colors 
[24,25]. The samples were placed in glass capillaries with a rectangular 
cross-section, 100 μm in height and 2 mm in width (CM Scientific, 
Ireland) which were enclosed in a custom-made aluminum thermostatic 
chamber. The temperature of the chamber was controlled by a 
cryo-thermostat (Julabo CF-30). Further details can be found in Refs. 
[24–26]. Deformations of the drops in the bulk samples were inspected 
at 5◦C using a small amount of the already frozen concentrated sample. 
For better visualization, usually we pre-diluted the cooled bulk samples 
using a pre-cooled aqueous phase with identical composition as the one 
used for emulsion preparation.

The drop size distribution in the studied emulsions was determined 
from microscope images taken after emulsion preparation with × 50 
objective. For part of the samples, we also studied drop size distributions 
obtained after freezing and subsequent re-heating to temperature above 
the melting temperature of hexadecane. Microscopy images were taken 
at T = 25◦C from the studied samples and analyzed using Image Analysis 
Module of Axio Vision software. The sizes of more than 10 000 indi-
vidual droplets were measured and analyzed. For the samples with 
submicrometer droplets (prepared with the high-pressure homogeniz-
er), we used laser diffraction equipment (Laser particle sizer Analysette 
22 NanoTec, Fritsch, Germany) to determine the drop size distribution.

3. Experimental results and discussion

3.1. Effect of particle shape

To demonstrate the significant impact of the shape of frozen lipid 
particles on the viscosity of the prepared emulsions, we compared the 
viscosities of samples prepared with 40 vol% hexadecane, but stabilized 
by different emulsifiers, see Fig. 2a. The viscosities are measured at 5◦C, 
which is well below the bulk melting temperature of hexadecane, Tm 
≈ 18◦C. Both samples contained polydisperse droplets with initial 
average sizes d32 

––– dini ≈ 4 ± 0.2 μm, see Supplementary Figure S3. One 
of the samples was stabilized with C12-chain surfactants, C12EO23 and 
C12EO4, whereas the other sample was stabilized with longer-chain 
surfactants: the C16-chain water-soluble surfactant C16EO20 and oil- 
soluble surfactant C16EO2. The combination of a water-soluble surfac-
tant added to the aqueous phase and an oil-soluble surfactant pre- 
dissolved in the oily phase was employed to ensure the formation of a 
dense adsorption layer that prevents partial coalescence during the 
freezing of droplets. As shown in the optical microscopy pictures and 
drop size distributions in Supplementary Figure S3, the droplets stabi-
lized by the shorter-chain surfactants retained their sizes after one 
freeze-thaw cycle, while those stabilized by the C16-chain surfactants 
even decreased in size, d32,1 ≈ 1.9 μm after one freeze-thaw cycle. This 
decrease is result from the action of different spontaneous self- 
emulsification mechanisms studied before [48,54].

In the emulsion stabilized by C12-chain surfactants, the chain length 
difference between the surfactant and the oily molecules is Δn = 4. 
Therefore, no drop shape deformations upon cooling are expected, see 
Introduction section above [25,27]. Indeed, no shape transformations 
were observed, and all droplets preserved their spherical shape after 

Fig. 2. (a) Apparent viscosity as a function of shear rate for 40 vol% C16 emulsions stabilized with different nonionic surfactants. Red empty circles: samples where 
drops freeze into spherical shapes, stabilized by 1.8 wt% C12EO4 and 2.2 wt% C12EO23. Blue filled triangles: samples where drops acquire non-spherical shapes upon 
cooling, stabilized by 1.8 wt% C16EO2 and 2.2 wt% C16EO20. Inset: images of the bulk emulsions taken after 24 h storage at 5◦C. (c,d) Optical microscopy images of 
solid particles observed in the two different emulsions with Φ (C16) = 40 vol%. Spherical particles are seen in C12-chain stabilized C16 drops (c), whereas non- 
spherical particles are resent in C16-chain stabilized drops (d). Scale bars = 10 µm. (b) Viscosity of emulsions with spherical particles prepared with varying hex-
adecane volume fractions as denoted on the figure. The samples are stabilized by 1.8 wt% C12EO4 and 2.2 wt% C12EO23 surfactants. Viscosity increases with the oil 
content, but even at 70 vol% C16 it remains lower compared to the viscosity of the 40 vol% sample with non-spherical particle. (e) Macroscopic images of the samples 
shown in (b), T = 5◦C. Gravitational instability (creaming) is observed in the 7 vol% sample. The studied samples are prepared by Ultra-Turrax homogenization and 
contain polydisperse droplets with an average drop diameter dini ≈ 4 ± 0.2 µm (measured at 25◦C, before freezing), see also Supplementary Fig. S3.
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freezing, see Fig. 2c. In contrast, the emulsion stabilized by C16EO2 and 
C16EO20 (where Δn = 0) contained non-spherical frozen particles with 
various shapes, including rods and fibers, triangular and hexagonal 
platelets, and other non-spherical forms, Fig. 2d. This variety in shapes is 
due to the polydispersity in droplet sizes within these emulsions (poly-
dispersity = dV84/dV50 ≈ 1.46 ± 0.13). Depending on the initial droplet 
diameter, the transformations progressed through different stages of the 
general drop shape evolutionary sequence before freezing [24,25].

The significant difference in the shape of the frozen lipid droplets has 
a profound impact on the viscosities of the two samples, as illustrated in 
Fig. 2a. The emulsion stabilized by surfactants that do not induce shape 
transformations of the droplets upon cooling remains completely liquid 
after 24 hours of storage at 5◦C with a viscosity remaining practically 
the same as the one measured when the drops are in a liquid state, see 
Supplementary Figure S4a. In contrast, the sample with non-spherical 
particles transforms into a non-flowing gel. The viscosities measured 
at a shear rate of 0.03 s− 1 reveal a difference of over four orders of 
magnitude between the two samples, η ≈ 2000 Pa.s for the sample with 
non-spherical particles, whereas η ≈ 0.16 Pa.s for the sample with 
spherical particles. Both samples exhibit shear-thinning behavior.

To further demonstrate the effect of non-spherical drops on sample 
viscosity, we prepared emulsions using C12-chain surfactants at varying 
oil volume fractions. Samples containing spherical frozen particles with 
60–65 vol% hexadecane appeared as viscous liquids after storage at low 
temperature, whereas 70 vol% oil concentration was required to pro-
duce a non-flowing gel-like sample, see Fig. 2b,e. Note that 70 vol% C16 
is very close to the close packing volume fraction of polydisperse spheres 

[8]. However, even in this case, the measured viscosity was still over 10 
times lower compared to the viscosity of the 40 vol% sample stabilized 
by C16EO20 and C16EO2, which exhibited non-spherical particles upon 
cooling. The yield stress τy, calculated as the maximum in the elastics 
stress (G’γ) vs. oscillation strain curve, for the 40 vol% sample with 
spherical particles was negligible, τy < 1 Pa, whereas for the sample 
with non-spherical particles it was τy ≈ 325 Pa, see Supplementary 
Figure S4.

These results demonstrate clearly the primary role of the shape of 
frozen particles in viscosity buildup. Next, we investigated the effect of 
oil volume fraction on the viscosity of emulsions containing non- 
spherical frozen particles.

3.2. Role of hexadecane content

To study the effect of oil volume fraction on the rheological behavior 
of emulsions undergoing drop shape deformations upon cooling, we 
prepared a series of samples, stabilized by C16EO20 and C16EO2 surfac-
tants with varying oil concentrations. The samples were prepared with 
rotor-stator homogenizer and contained polydisperse droplets with 
initial average diameter dini ≈ 4 μm. The results of these experiments are 
presented in Fig. 3.

Relatively low viscous, freely flowing samples were obtained when 
the C16 volume fraction was Φ ≤ 7 vol%. A significant increase in vis-
cosity was observed for samples containing 8 vol% C16. Increase in oil 
concentration 11 vol% resulted in the formation of highly viscous, non- 
flowing samples (note that 11 vol% corresponds to 8.7 wt%). The 

Fig. 3. Rheological properties of hexadecane-in-water emulsions stabilized by 1.8 wt% C16EO2 and 2.2 wt% C16EO20. (a) Apparent viscosity as a function of shear 
rate for samples with different C16contents as denoted on the graph. Empty blue triangles: measurement for 40 vol% sample, performed at 25◦C. All other mea-
surements (filled symbols) are performed at 5◦C with samples stored for 24 h period at 5◦C. (b) Yield stress as a function of the oil concentration. Inset – pictures of 
the bulk samples stored at 5◦C. (c) Storage (filled symbols) and loss (empty symbols) moduli measured at 5◦C in amplitude sweep experiments for 8 vol% (green 
diamonds), 13 vol% (blue circles) and 50 vol% (red stars) samples. (d) Microscopy image showing non-spherical frozen particles present in the sample with 11 vol% 
C16 at 5◦C. The sample has been diluted in a cold C16EO20 solution before the imaging. The image is obtained at 5◦C. Scale bar = 10 µm. The average initial drop size 
of the studied emulsions (measured at 25◦C before the freezing) is dini ≈ 4 μm.
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viscosities of the samples increased further as the hexadecane volume 
fraction increased. A similar trend was observed for the yield stresses of 
these samples, see Fig. 3a,b.

The emulsions with Φ ≥ 8 vol% exhibited viscoelastic behavior, with 
the storage modulus G’ exceeding the loss modulus G’’ even at high 
strain values (up to ca. 100 %), see Fig. 3c. This rheological behavior is 
governed by the crowding effect of non-spherical particles capable of 
trapping the entire liquid phase, effectively transforming the sample into 
a non-flowing gel-like sample. Numerous threads, fibers and platelets 
were observed in the frozen samples, as shown in Fig. 3d.

The threshold concentration for the observed significant increase in 
sample viscosity is related to the number of structures with anisotropic 
shape formed within the sample. Once this threshold concentration is 
exceeded (≈ 11 vol%), the particles become jammed which results in the 
gelation of the dispersion. Note that this concentration is significantly 
lower than that required to form gel-like samples with spherical frozen 
particles, which occurs when the critical close packing fraction of 
polydisperse spheres is reached, i.e. at Φ ≈ 70 vol% as shown in Fig. 2e. 
Similar decrease in the maximal packing fraction has been previously 
shown in the literature for monodisperse suspensions of solid particles 
[55]. It is important to note that this threshold differs from the perco-
lation threshold commonly used for colloidal gels, which denotes the 
point at which most particles interconnect to form a space-spanning, 
infinite-size cluster [56]. In the systems studied here, the particles 
retain their individuality, with no evidence of aggregation or partial 
coalescence.

Moreover, the presence of frozen non-spherical particles is critical 
for the increased viscosity of the emulsions. When samples are investi-
gated at temperatures above the bulk melting temperature of the hex-
adecane, Tm ≈ 18◦C, they behave as freely flowing liquids, with 
viscosities several orders of magnitude lower than those measured at 
5◦C. As an illustration, the empty triangular symbols in Fig. 3a present 
the viscosity of the 40 vol% C16 emulsion measured at 25◦C. All other 
measurements were performed at 5◦C, where the oily droplets are frozen 
in non-spherical shapes. Note that the viscosity measured for the sample 
with fluid spherical drops is identical to the viscosity measured with the 
C12-chain stabilized samples containing either frozen spherical particles 
or fluid spherical droplets, see Supplementary Figure S4a. Furthermore, 
the coincidence of viscosities values obtained for the 7 vol% sample with 
frozen non-spherical particles and 40 vol% sample with fluid spherical 
droplets further show the excellent structuring ability of the deformed 
droplets.

The thixotropic behavior of the studied systems was also investi-
gated, see Supplementary Figure S5. For the 30 vol% emulsion, a sig-
nificant decrease in the apparent viscosity was observed after shear at 
high rates. Initially, the viscosity at a shear rate of 0.18 s− 1 was 1330 Pa. 
s. Upon increasing the shear rate to 100 s⁻¹ and subsequently reducing it 
back to 0.18 s⁻¹ , the viscosity dropped to 120 Pa⋅s. A further 10-fold 
reduction occurred after a second up-and-down cycle, bringing the vis-
cosity to ≈ 13 Pa.s, Supplementary Figure S5a. In contrast, the 40 vol% 
sample exhibited more robust viscoelastic properties. Its initial apparent 
viscosity measured at 0.18 s− 1 was ≈ 6130 Pa.s, decreasing to 
≈ 2500 Pa.s after one up-down ramp, with no significant changes after a 
second ramp, Supplementary Figure S5b. The oscillation experiments 
performed with consecutive up-and-down ramps revealed consistent 
elastic and viscous moduli, provided the strain remained within the 
linear viscoelastic region, i.e. up to approximately 1 %, Supplementary 
Figure S5c,d. However, when the applied strain was increased to 
1000 %, a pronounced decrease in both G’ and G’’ values was observed, 
particularly in the 30 vol% sample, Supplementary Figure S5e. Notably, 
the trend of the storage modulus exceeding the loss modulus persisted 
under low oscillation strain conditions.

The experimental data obtained from the flow curves (stress vs shear 
rate) were used to determine the dynamic yield stress [57,58]. The ob-
tained experimental results are shown in Supplementary Figure S6. As 
can be seen, the data for the yield stress, τy, determined from the flow 

curve followed the same trend as those determined in the oscillatory 
experiments. However, the absolute values of the yield stress from the 
flow curves are slightly lower than those determined in the oscillatory 
experiments. The latter comparison is in a good agreement with the 
results reported in Ref. [57] where it was shown that the value of the 
yield stress, determined from Herschel-Bulkley fit to a shear-rate sweep 
experiments, consistently gave the lowest yield stress among all methods 
compared. However, it is also shown in Ref. [57] that, independently of 
the used method for determination of the yield stress, its dependence on 
the oil volume fraction is very similar. Therefore, the absolute value of 
the yield stress can change depending on the method used for its 
measuring, but the specific experimental method would not affect the 
main conclusions in our study.

The critical oil volume fraction of 11 vol%, above which the emul-
sions have sufficiently high yield stress to prevent their flow under 
gravity, is caused by the drop elongation upon emulsion cooling. To 
estimate the aspect ratio of the frozen drops we can apply the equation 
given in Ref. [59] for the lower bound of the glass region of a homo-
geneous network of rods, which can be written as r = 0.7/Φglass, where r 
is the aspect ratio of the rods and Φglass is the minimum percolation 
volume fraction. For our system, Φglass ≈ 0.11, which means that the 
aspect ratio of the non-spherical drops is ≈ 6.7 – a value which is in a 
good agreement with the image shown in Fig. 3d. Therefore, we can 
conclude that the observed gel formation in our systems is related to the 
formation of rod-like particles which are sufficiently crowded to provide 
a yield stress, due to the excluded volume interactions. There is no need 
to invoke attractive interactions between the frozen particles to explain 
the measured yield stress.

3.3. Effect of the initial drop size and polydispersity

The initial drop size determines the non-spherical shapes formed 
during the spontaneous deformations preceding drop freezing. Typi-
cally, smaller droplets evolve more easily, reaching the final stages of 
the evolutionary sequence and predominantly form elongated rod-like 
particles and thin fibers. In contrast, larger droplets tend to evolve 
into platelet shapes before reaching the freezing temperature [25]. This 
trend is illustrated in Fig. 4, which shows images of the fluid (top row) 
and frozen (middle row) non-spherical shapes obtained during the 
cooling of diluted samples in capillaries at 0.5 ◦C/min. The experiments 
were performed with diluted samples containing monodisperse droplets 
with initial diameters of ca. 9.5 μm and 18.5 μm (Fig. 4b,c), as well as 
with small droplets prepared with a high-pressure homogenizer, dini 
≈ 0.35 μm (Fig. 4a). As seen from the images, all the small droplets 
evolved into thin fibers upon cooling. The intermediate-sized drops also 
progressed through the final stages of the shape evolutionary sequence, 
while the larger 18.5 μm droplets primarily formed elongated tetragonal 
platelets under these conditions.

The shapes formed after freezing in bulk batches (approximately 
10 ml per sample in a glass bottle, cooling rate ≈ 0.15 ◦C/min) with 
these samples were also investigated, see the third row of Fig. 4. The 
most significant difference between the shapes observed in the capillary 
experiments and those in the bulk samples were seen for the 18.5 μm 
drops. In the bulk samples, part of the drops acquired hexagonal non- 
spherical shapes, while others froze earlier in the drop shape evolu-
tion, forming bulkier polyhedral shapes. This variation is most probably 
related to the limited space available in the concentrated bulk samples, 
which restricts the development of regular non-spherical shapes. 
Nevertheless, the trend that smaller drops evolve more easily than larger 
ones was also observed in the bulk samples.

Next, we compared the rheological properties of the emulsion sam-
ples prepared with different initial droplet sizes, see Fig. 5 and Supple-
mentary Figure S7. As expected, the yield stresses of all samples 
increased with the increase of the hexadecane content, see Fig. 5d. 
However, the absolute values of viscosity and yield stress for a given 
hexadecane content were strongly dependent on the initial drop size. 
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Samples containing the smallest droplets, dini ≈ 0.35 μm, had the lowest 
viscosities. A sharp increase in their viscosity and yield stress was 
observed when the hexadecane content exceeded 25 vol%, Fig. 5a. 
However, even at 35 vol% C16, the emulsion remained a highly viscous 
liquid, with its yield stress approaching the critical one for transitioning 
into a non-flowing, gel-like state. In contrast, the sample with mono-
disperse droplets of intermediate sizes, dini ≈ 9.5 and 12.8 μm exhibited 
rheological properties identical to those of samples with 4 μm poly-
disperse droplets.

The increase of the drop size to dini ≈ 18.5 μm leto somewhat un-
expected result. The yield stress of the sample containing 15 vol% oil 
was comparable to that of samples with 4–13 μm droplets. Further in-
crease of the hexadecane content, however, did not result in a corre-
sponding rise in yield stress, instead it remained almost unchanged, and 
even slightly decreased, in the emulsions with Φ (C16) between 15 and 
35 vol%, Fig. 5d. This result was attributed to the limited space available 
in more concentrated samples, which prevented the droplets from 
adopting highly deformed, non-spherical shapes before their freezing. 
Note that the aspect ratio, defined as the ratio between the longest 
dimension of the non-spherical particle and the initial drop size can 
reach values between 10 and 100 when there is sufficient space avail-
able for drop deformations, see Fig. 4c and Figure 9 in Ref. [25]. In the 
bulk concentrated samples, the close proximity of individual droplets 
constrained these deformations, leading many droplets to freeze in 
near-spherical shapes with minimal deformations. The fraction of 

minimally deformed frozen particles appeared to increase upon increase 
of the hexadecane content, see Supplementary Figure S8. As a result, 
these frozen near-spherical particles did not significantly contribute to 
the viscosity increase, which remained nearly constant, see Fig. 5c.

The conclusions about the 18.5 μm drops were in good agreement 
with the rheological properties of samples containing drops of identical 
size, but stabilized by C16SorbEO20 and C16EO2 surfactants instead of the 
C16EO20 and C16EO2 combination, see Fig. 6. Replacing the nonionic 
alcohol ethoxylated surfactant with linearly connected ethylene oxide 
units (C16EO20) with another nonionic surfactant, where the EO groups 
are attached at multiple positions to a sorbitane ring in the hydrophilic 
head (C16SorbEO20), has been shown to result in more constrained 
hexadecane drop deformations [25]. This is attributed to the formation 
of thicker plastic rotator phase layer in presence of C16SorbEO20 [53], 
which hinders the easy rearrangement of alkane molecules and drop 
deformations. Considering these trends, it was easy to explain why the 
yield stresses and viscosities of the samples with dini ≈ 18.5 μm, stabi-
lized by C16SorbEO20 and C16EO2, were even lower than those for 
samples stabilized by C16EO20 and C16EO2, see Fig. 6a. A higher number 
of nearly-spherical particles were observed in samples stabilized by 
C16SorbEO20 and C16EO2, which did not contribute for the viscosity 
increase, Fig. 6b. In contrast, when emulsions were prepared with 
smaller drop sizes, the drops were able to deform into rod-like particles 
and the bulk samples behaved similarly to those stabilized by C16EO20 
and C16EO2 surfactants, see Fig. 6c,d.

Fig. 4. Non-spherical fluid (top row) and frozen (middle row) particles obtained upon 0.5 ◦C/min cooling of hexadecane drops stabilized by C16EO2 and C16EO20 
surfactants. The experiments were performed in glass capillaries with diluted samples, Φ ≈ 0.1 vol%. Drops evolve into different shapes depending on their initial 
drop size: (a) Thin fibers, dini ≈ 0.35 μm. (b) Fibers, rods and triangular platelets, dini ≈ 9.5 μm. (c) Tetragonal platelets with thick protrusions growing from their 
acute angles, dini ≈ 18.5 μm. Bottom row: Images of samples with the same composition which have been frozen in bulk, Φ = 15 vol%. The samples have been diluted 
in cold C16EO20 solution before imaging to Φ ≈ 0.1 vol%. Scale bars = 10 μm.
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Interestingly, the viscosities of samples containing the smallest 
droplets, dini ≈ 0.35 µm, stabilized by C16EO20 and C16EO2 surfactants, 
were significantly lower compared to those observed in samples with 
micrometer-sized droplets stabilized by the same surfactant 

combination. Even at a hexadecane content of 35 vol%, these samples 
did not form non-flowing gels. This result was unexpected, given that the 
droplets readily deformed into elongated, thin fibers, see Fig. 4a. Note 
that similar shapes were observed in polydisperse samples with an 

Fig. 5. Rheological properties of hexadecane-in-water emulsions with different initial drop sizes. All samples are stabilized by 1.8 wt% C16EO2 and 2.2 wt% C16EO20 
surfactants. (a) Viscosities of samples prepared with high pressure homogenizer, dini ≈ 0.35 μm. (b,c) Viscosities of samples prepared with the membrane emulsi-
fication technique: (b) dini ≈ 9.5 μm, (c) dini ≈ 18.5 μm. The hexadecane concentration in the studied emulsions is written on the graphs. (d) Yield stress as a function 
of the hexadecane fraction for the different samples studied: reversed dark blue triangles: 0.35 μm initial drop size, purple triangles: 9.5 μm drops, green diamonds: 
12.8 μm drops, red circles: 18.5 μm drops. The empty blue squares show the data for polydisperse sample with dini ≈ 4 μm.

Fig. 6. Effect of surfactant type and initial drop size for the rheology of the frozen samples. (a) Comparison of the yield stresses measured at 5◦C for bulk samples 
prepared with C16EO20 and C16EO2 surfactants, filled red circles and similar emulsions, but stabilized by C16SorbEO20 and C16EO2 surfactants, empty blue squares. 
The deformations with C16SorbEO20 are less pronounced compared to those with C16EO20, therefore the measured yield stresses are lower for samples stabilized by 
this surfactant. (b) Optical microscopy image of hexadecane frozen particles obtained after cooling of bulk emulsions with Φ = 25 vol%. The initial drop size is dini 
≈ 18.5 μm and the sample is stabilized by C16SorbEO20 and C16EO2 surfactants. Scale bar = 20 μm. The sample has been diluted in cold C16SorbEO20 solution before 
imaging. (c,d) Images of the gel-like samples prepared with C16SorbEO20 and C16EO2 when the initial drop size is ≈ 4 μm. Polydisperse samples with: (c) Φ = 15 vol% 
and (d) Φ = 40 vol% are shown.
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average initial drop size of 4 μm, which exhibited significantly higher 
viscosities, Fig. 3d.

Two potential explanations could account for this significant differ-
ence. First, the thin fibers may lack the necessary mechanical strength to 
form a network with sufficient rigidity. Alternatively, as it is well known 
that the drop size decrease significantly increases the degree of under-
cooling required for crystallization [60,61], it is possible that not all 
small droplets crystallized under the studied experimental conditions, 
but part of them may remained in a fluid state. To clarify which expla-
nation applies to our samples, we conducted additional experiments.

To exclude the possibility that the observed results were due to 
incomplete freezing of some droplets at 5◦C, we prepared an emulsion 
sample following the same procedure but added 25 wt% ethylene glycol 
to the aqueous phase before emulsification. This modification allowed 
us to cool the sample to − 18◦C in a freezer without freezing the 
continuous aqueous phase, which could otherwise interfere with the 
small, deformed particles. The results from this experiment showed 
identical viscosities and yield stresses for samples prepared with and 
without ethylene glycol, indicating that prolonged storage at subzero 
temperatures did not increase the sample’s viscosity. Furthermore, a 
DSC experiment confirmed that the melting enthalpy measured in an 
emulsion sample stored for 0.5 h at 5◦C was the same as the enthalpy 
measured once the same sample was cooled to − 10◦C and stored at this 
temperature for 0.5 h before re-heating it. These results demonstrate 
that the lower viscosities observed in samples with smaller droplets are 
not related to incomplete drop freezing.

Therefore, the significant difference in properties between samples 
containing 0.35 μm droplets and those with 4 μm droplets is likely 
governed by the varying mechanical strength of the fibers and rod-like 
particles formed from droplets of different diameters. This difference 
is demonstrated in Supplementary Movies S1 and S2, which show how 
the two samples respond to mechanical agitation with a spatula. In the 
sample containing 40 vol% C16 and non-spherical particles derived from 
4 μm drops, the gel structure remained intact after stirring, with no 
significant change in particle shape, see Supplementary Movie S1 and 
Supplementary Figure S9a,b. In contrast, when the same experiment was 
performed with smaller drops, a noticeable decrease in viscosity 
occurred after agitation although the initial sample contained 60 vol% 
C16, and even after the sample was left undisturbed, the viscosity did not 
return to its original value. This reduction was caused by the partial 
breakage and shortening of the thin fibers, see Supplementary 
Figure S9c,d.

In conclusion, the experiments with droplets of different initial sizes 
showed that the most efficient viscosity buildup occurs when the drops 
have diameter between ca. 4 and 13 μm. These drops easily deform into 
long, rod-like particles which have the mechanical strength needed to 
form a non-flowing gel-like structure. Larger drops, however, form less 
deformed solid particles, which contribute to lower extent for the vis-
cosity increase. In contrast, smaller drops do deform into fibers, but due 
to their small diameters, these fibers were fragile and prone to breaking 
into shorter pieces, which fail to entangle into a network, resulting in a 
lower viscosity of the bulk dispersion.

3.4. Stability of the gels upon storage

To evaluate the stability of the prepared viscous and gel-like dis-
persions containing non-spherical lipid particles, we monitored them 
during storage at 5◦C. Illustrative images showing the appearance of the 
dispersions after several days or weeks storage are shown in Fig. 7. In all 
samples with Φ(C16) < 30 vol%, syneresis was observed after a few 
days of storage. The amount of drained water increased over time and 
with decreasing hexadecane concentration. The viscous liquid sample 
with Φ(C16) ≤ 10 vol% remained in a liquid state and were easily re- 
homogenized by gentle shaking.

Samples with intermediate viscosities, 11 ≤ Φ(C16) ≤ 25 vol%, 
which initially appeared as non-flowing gels, transformed into highly 

viscous liquids after a few days of storage at low temperature. In 
contrast, the samples containing 30 vol% or more hexadecane retained 
their non-flowing gel consistency. Furthermore, little to no aqueous 
phase separation was observed in samples with 40 vol% or higher vol-
ume fraction of C16, containing non-spherical alkane particles. Note that 
the water drainage is governed by the mechanical balance between the 
hydrostatic pressure, which is the driving force for the drainage, and the 
osmotic pressure of the dispersion with frozen particles, which causes 
the water suction from the surfactant solution into the dispersion [62]. 
Therefore, once a mechanical equilibrium is established between these 
two opposing forces, the rate of the water drainage slows down signif-
icantly [62]. This result is in agreement with the excellent thixotropic 
behavior exhibited by the 40 vol% sample, see Supplementary 
Figure S5b,d,f.

This result shows that while the small water molecules initially 
become entrapped between the deformed alkane particles as they freeze, 
they are not irreversibly trapped within the network and can escape 
from it over time due to gravity. No change in the non-spherical particles 
shapes was detected upon storage. The observed drainage can be pre-
vented by adding a thickener to the aqueous phase [8,12–16].

4. Conclusions

The present study explores the impact of particle shape on the 
rheological properties of oil-in-water dispersions containing frozen 
hexadecane particles, formed in-situ upon cooling of spherical non- 
interacting liquid drops. Our findings demonstrate that dispersions, 
containing non-spherical frozen particles, exhibit significantly enhanced 
viscoelastic properties, when compared to emulsions with fluid spher-
ical droplets or dispersions with frozen spherical particles. Note that the 
non-spherical particles preserve their individuality and the viscosity 
increase is not related to aggregation or partial coalescence between the 
droplets, while being created by the jamming of the particles with non- 
spherical shapes. Notably, a concentration of approximately 11 vol% 
C16 (≈ 8.7 wt%) was sufficient to produce a non-flowing, gel-like 
dispersion with a yield stress of about 10 Pa. The yield stress of the 
samples increased significantly with the hexadecane concentration, 
especially for samples prepared with ≥ 20 vol% C16. In contrast, the 

Fig. 7. Stability of bulk samples upon storage at 5◦C. Macroscopic pictures of 
cooled emulsions prepared with polydisperse hexadecane drops (dini ≈ 4 μm) 
stabilized by 1.8 wt% C16EO2 and 2.2 wt% C16EO20 upon storage are shown. 
The emulsions are prepared with different hexadecane volume fractions: 7, 11, 
20 or 40 vol% as denoted on the figure. The numbers above the pictures show 
the number of days elapsed since the sample has been prepared and placed in 
the fridge.
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viscosity and the yield stress of dispersions containing fluid or frozen 
spherical particles remained significantly lower, until the 70 vol% C16 
was reached.

Besides the oil concentration, the initial drop size has also a strong 
effect on the viscosity of the dispersions. The highest yield stresses were 
observed with samples containing non-spherical, highly deformed par-
ticles, prepared from initial spherical drops with diameter between ca. 4 
and 13 μm. Larger initial drops limited the development of non-spherical 
shapes, causing many of the drops to freeze in nearly spherical forms, 
thereby not contributing significantly to the dispersion viscosity. On the 
other hand, submicrometer-sized droplets in emulsions exhibited sig-
nificant drop deformations, forming a network of thin, entangled rod- 
like particles. However, these systems exhibited much lower viscosity, 
when compared to the dispersions prepared from 4 μm droplets. This 
behavior was attributed to the fragility of the thin rods, which were too 
weak to support the weight of the dispersion, breaking easily into 
smaller fragments and reducing the rheological properties of the 
systems.

The current study demonstrates how one could engineer dispersions 
with specific rheological profiles without using additional rheological 
modifiers. As the self-shaping process has already been shown to apply 
to a wide range of substances, incl. alkanes, alkenes, alcohols, tri-
acylglycerols, and mixtures thereof [24–27,32,33], this novel method is 
highly versatile. Its potential applications span across various industries, 
including cosmetics and personal care products, food products, phase 
change materials, and many others.
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