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The rheology and foamability of crystal-melt
suspensions composed of triacylglycerols†

Kim Mishra, *a Fabian Kämpf, a Silas Ehrengruber,a Julia Merkel,a

Nico Kummer, ab Robin Pauer,c Peter Fischer a and Erich J. Windhaba

The rheology of triacylglycerol (TAG) crystal-melt suspensions (CMSs) consisting of anhydrous milk fat

(AMF), cocoa butter (CB), and palm kernel oil (PKO) as function of crystallization shear rate _gcryst and

crystal volume fraction FSFC is investigated by in-line ultrasound velocity profiling – pressure difference

(UVP-PD) rheometry. Measurements up to FSFC = 8.8% are presented. Below the percolation threshold

Fc, no yield stress t0 is observed and the viscosity Z scales linearly with FSFC. Above Fc, a non-linear

dependency of both t0 and Z as function of FSFC is apparent. For AMF and CB, the increase in _gcryst

leads to a decrease in Z and t0 as function of FSFC, whereas for PKO based CMSs the opposite is the

case. Scanning electron microscopy (SEM) and polarized light microscopy (PLM) relate these rheological

findings to the microstructure of the investigated CMSs by taking the effective aspect ratio aeff and the

concept of the effective crystal volume fraction Feff
SFC into account. Foam formation by dynamically

enhanced membrane foaming (DEMF) is performed directly after crystallization and reveals that

depending on the CMS rheology and crystallite-, crystallite cluster- and crystal floc microstructure, a

wide range of gas volume fractions between 0.05–0.6 are achievable.

1 Introduction

Crystal-melt suspensions (CMSs) are a class of disperse system
where the continuous phase is a melt and the disperse phase a
crystalline solid.1 The melt phase and the crystalline solid
phase are related by a thermodynamic equilibrium leading to
temperature and pressure dependent phase fractions. Typical
CMSs are formed during volcanic eruptions in the form of lava
(mineral CMS),1 metal casting (alloy CMS),2 injection moulding
(polymer CMS)3 and in many food related processes such as
chocolate crystallization and moulding,4,5 and butter/margar-
ine crystallization.6 In the latter case, both the melt phase as
well as the crystal phase are composed of triacylglycerols

(TAGs), hence the systems are called a TAG CMSs. TAGs, a
subclass of lipids, play a major role in the human diet, and
TAGs with unsaturated fatty acids have been associated with
health beneficial effects.7 Consequently, recent studies have
focused on replacing foods containing TAGs with high satu-
rated fatty acid content with other TAGs containing unsatu-
rated fatty acids or biomacromolecules.8–11 TAGs with high
saturated fatty acid content form CMSs at room temperature
and are therefore called fats. They are responsible for the
characteristic solid mechanical properties of many foods.
Hence, said studies focused on the replacement of the crystal
network-forming saturated TAGs with other network forming-
or gelling agents such that the solid mechanical properties of
the TAG CMSs are matched. However, from an oral processing
perspective, not only the solid mechanical properties but also
the tribology and shear rheology of the TAG is crucial regarding
the organoleptic experience.12 Recent studies have shown that the
volume specific content of saturated fatty acids in TAGs can
be successfully reduced by the introduction of gas bubbles
thereby forming TAG foams.13–18 Gas volume fractions up to
0.66 ensure a drastic volume specific reduction in calories and
saturated fatty acids while maintaining the melting properties
of the TAG crystals.15 Furthermore, foamed TAGs show similar
rheological properties compared to their unfoamed state.19

Another recent strategy to reduce the intake of saturated fats,
sugar and salt is the use of additive manufacturing.20–22 The
spatial arrangement of saturated fats, salt and sugars is designed
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in such a manner that the organoleptic properties of the food are
kept constant with less absolute amount of said ingredients.
Therefore, to develop new strategies of saturated fatty acid
reduction, the rheological properties of TAG CMSs have to be
investigated.

CMSs have been characterized as weakly aggregated particle
networks, or as suspensions with interpenetrating crystals.1,23

The percolation threshold Fc denotes the crystal volume frac-
tion where the transition from Newtonian to non-Newtonian
flow properties takes place.1,17 Above Fc, the CMS shear rheol-
ogy is adequately described by the Herschel–Bulkley model and
the scaling laws for t0, n, and K as function of FSFC depend on
the fractal nature d of the crystal network.23–28 Recent advances
have identified the structural hierarchy governing the for-
mation of networks in TAG CMSs.29–34 In the following, we
adapt the nomenclature of Tang and Marangoni,34 where
crystalline TAGs form lamellae which propagate into domains.
The domains stack into single crystallites/platelets, which then
aggregate into clusters. The clusters build flocs which form a
network. Furthermore, we adapt the concept of Quemada35

and Windhab36 describing shear dependent effective volume
fractions Feff

SFC for suspensions.
Despite the knowledge on the morphological structures

present in TAG CMSs, little is known on their impact on
the bulk shear rheological and foam enhancing properties.
Therefore, this work investigates the shear rheological proper-
ties of TAG CMSs composed of anhydrous milk fat (AMF),
cocoa butter (CB), and palm kernel oil (PKO) by ultrasound
velocity profiling – pressure difference (UVP-PD) directly after
crystallization by a scraped surface heat exchanger (SSHE).
The resulting CMSs are subsequently foamed by dynamically
enhanced membrane foaming (DEMF). SSHE rotational speed
was varied to gain information on how the crystallization shear
rate _gcryst influences the morphology and structure of the TAG
crystals and consequently the rheological properties of the
resulting CMS. The produced CMS were investigated by polar-
ized light microscopy (PLM) and scanning electron microscopy
(SEM) to probe different levels of structural hierarchy. Differ-
ential scanning calorimetry (DSC) and X-ray diffraction (XRD)
were applied to determine the polymorphic form of the pro-
duced crystals.

2 Materials and methods
2.1 Anhydrous milk fat

AMF was kindly donated by Mibelle AG (Frenkendorf, Switzer-
land). Countries of origin are Switzerland. The fatty acids were
60% w/w saturated.

2.2 Cocoa butter

CB was kindly donated by Chocolat Frey AG (Buchs, Aargau,
Switzerland). Countries of origin are Nigeria, Cameroon, Ivory
Coast and Ghana. The fatty acids were 61.5% w/w saturated,
35% w/w monounsaturated and 3.5% w/w polyunsaturated.

2.3 Palm kernel oil

PKO (RSPO-SG) was purchased from Florin AG (Muttenz,
Switzerland). The fatty acids were 80% w/w saturated, 17% w/w
monounsaturated and 2% w/w polyunsaturated.

2.4 SSHE crystallization

AMF/CB/PKO was fully molten overnight at 40 1C (AMF, PKO)
and 45 1C (CB) using a blade stirrer (RW 28W, IKA Werke
GmbH, Staufen, Germany) before being crystallized with a
scraped surface heat exchanger (SSHE) (Schröder GmbH & Co
KG, Lübeck, Germany) as described by Mishra et al.17 The stator
diameter 2Ro was 60 mm with a length of 400 mm. Using a
MS25-HT/P water bath (Julabo Labortechnik GmbH, Seelbach,
Germany) with 3.2 kW cooling capacity the double mantled
stator was tempered within a temperature range of 5–18 1C. The
rotor with two blades had a diameter 2Ri of 57 mm and was
tempered with a Julabo F32 water bath (Julabo Labortechnik
GmbH, Seelbach, Germany) to 23 1C (AMF), 27 1C (PKO), and
32 1C (CB). The rotational speed of the rotor was adjusted by
using a V-belt transmission. The crystallization shear rate _gcryst

was calculated by solely considering the velocity field between
rotor and stator as described previously:37–39

_gcryst ¼ p
nSSHE

15

Ro
2

Ro
2 � Ri

2
(1)

where nSSHE is the rotational speed, Ro the stator radius and
Ri the rotor radius. The investigated _gcryst were 430, 1075, and
2150 s�1 corresponding to 200, 500, and 1000 rpm. An eccentric
worm-drive pump (Allweiler GmbH, Radolfzell, Germany)
pumped the liquid AMF/CB/PKO from the double mantled
stainless steel vessel into the gap between stator and rotor.
The piping and instrumentation scheme is displayed in Fig. S1
(ESI†).

2.5 Crystal harvesting and purification for SEM

AMF/CB/PKO CMS was harvested at the SSHE exit. The CMS
was diluted with 5 1C MCT (Witarix MCT 60/40, Oleochemicals,
Hamburg, Germany) and stirred with a spatula. The resulting
diluted CMS was poured onto a suction filter with 4–12 mm
retention capacity (MN 615, Macherey-Nagel AG, Oensingen,
Switzerland) connected to a 200 mbar vacuum pump. The
resulting filter cake was harvested and rinsed with 5 1C ethanol
before being filtered a second time with a 1 mm retention
glassfibre filter (693, VWR international GmbH, Dietikon,
Switzerland). The filtercake was harvested and immediately
transferred to �20 1C.

2.6 Polarized light microscopy

Polarized light microscopy (Leica DM6, Leica Microsystems AG,
Heerbrugg, Switzerland) was used to investigate crystal
morphology. Samples were slightly cooled during imaging by
placing an ice container on the stage of the microscope.
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2.7 Scanning electron microscopy

About 15 mg of the harvested crystals were diluted with 5 ml
ethanol at �20 1C and subsequently vortexed for 30 s. A 50 ml
droplet of the crystal in ethanol suspension was dropped onto a
freshly cleaved mica disc for 60 s and immediately blown dry
with pressurized air without a rinsing step. The mica was then
carbon coated with pulse vaporization by means of carbon
filament (CCU-010, Safematic GmbH, Zizers, Switzerland).
A vacuum below 10�5 mbar was applied to deposit carbon films
with a layer thickness per pulse of about 0.9 nm amounting to a
total layer thickness of 5 nm. The carbon coated micas were
then transfered to the SEM (ESEM Quanta FEG650, Thermo
Fisher, Waltham, USA) onto a cooled Peltier stage at 1 1C.
A vacuum of 0.6 mbar was applied. A fieldemitter (Schottky-
emitter) with an electron acceleration voltage of 5 kV was used
at a distance of 9–11 mm of the sample surface. A large field
detector and concentric back scatter detector were used to
capture secondary as well as reflected electrons.

2.8 Crystal volume fraction measurement

Crystal volume fraction FSFC was measured by pulsed nuclear
magnetic resonance spectroscopy using a 20 MHz (0.47 T)
minispec mq20 (Bruker Biospin, Fällanden, Switzerland) in
the direct mode. The device was calibrated using paraffin-
acrylic standards. Tempered glass tubes with an inner diameter
of 1 cm, a wall thickness of 0.06 cm and a height of 18 cm were
filled with 3–4 cm of sample and immediately analysed as
described previously.17,37 Triplicates were measured for every
porcess setting.

2.9 In-line rheometry by UVP-PD

The UVP-PD measurements were done directly after crystal-
lization as described by Mishra et al.17 Double mantled DN15
pipes held at 23 1C (AMF), 27 1C (PKO), and 32 1C (CB) were
used to convey the CMS. The pressure difference was measured
in a 3.29 m long pipe section. A diaphragm pressure sensor
(CC1020, Labom GmbH, Hude, Germany) with a measurement
range of 1.0–1.4 bar absolute pressure was used at the begin-
ning of the pipe segment in order to calculate the pressure
difference against atmospheric pressure at the pipe exit.
In between the pressure sensor and the end of the pipe segment
a custom built polyvinyl chloride cell with inserted ultrasonic
transducers was used to record the flow profile. Two 4 MHz
transducers (Imasonic SAS, Voray-sur-L’Ognon, France) with an
active diameter of 5 mm were placed at 60 and 90 angle with
respect to the flow axis in order to determine the velocity profile
across the pipe diameter and the speed of sound consecutively.
The transducers were preferably operated at 3.75 MHz with a
pulse repetition frequency of 750 Hz and 128 repetitions. The
signals of the transducers were recorded with the UB-Lab device
(Ubertone, Schiltigheim, France). During approximately 60 s a
total of six averaged profiles were recorded for one process
setting. This procedure was repeated three times for each process
setting. Subsequently the profiles were deconvoluted40, 41, 42 and
fitted with the Herschel–Bulkley (HB) model. Fitting the HB

model onto the measured velocity profile requires the plug radius
Rp, flow index n and consistency factor K as fitting parameters:

nHBðrÞ ¼
n

nþ 1

DP
1
n

2LpK
R� Rp

� �1þ1
n� r� Rp

� �1þ1
n

2
4

3
5; if r � Rp

nHB Rp

� �
; if roRp

8>>>><
>>>>:

(2)

The fitted plug radius Rp is related to the yield stress of the
CMS as follows:

Rp ¼
2t0Lp

DP
(3)

Consequently, the larger Rp and DP the higher the yield
stress t0 of the CMS. A schematic drawing of the measurement
track is shown in Fig. S2 (ESI†).

2.10 Differential scanning calorimetry

A differential scanning calorimeter (DSC 3+, Mettler Toledo
GmbH, Greifensee, Switzerland) equiped with a FRS 6+ sensor
(Mettler Toledo GmbH, Greifensee, Switzerland) was used to
investigate the melting behavior of the AMF/CB/PKO CMSs. For
each sample, triplicates were measured. Sample weight was
5 � 0.2 mg for every triplicate. Samples were placed into
precooled 40 ml aluminum crucibles (Mettler Toledo GmbH,
Greifensee, Switzerland) that weighed 50.49 � 0.2 mg. Measure-
ments were performed from �30 to +60 1C with a heating rate
of +5 1C min�1. Heat flow at a given temperature was evaluated
using the STARe-Software (SW 8.1, Mettler Toledo GmbH,
Greifensee, Switzerland). In order to avoid further polymorphic
changes during sampling and sample storage, a liquid nitrogen
(LN2) bath was used to quench crystallization. Small amounts
of the product stream were dropped directly into the LN2 bath
to ensure rapid and uniform cooling. Subsequently, samples
were transferred to a dry ice box prior to analysis. Sample
preparation was done with precooled instruments.

2.11 X-ray diffraction

An X-ray diffractometer (D8 advanced, Bruker GmbH, Karlsruhe,
Germany) was used to characterize the samples in this study. The
diffractometer radiation source was Cu-Ka1 with a wavelength of
l = 0.15406 nm and Ebeam = 40 keV. The diffraction angle 2y was
between 181 and 251 with a step size of 0.021. Samples were
rotated but not tempered during analysis. The total measurement
time was 350 s. Sampleholders were precooled in LN2 before
sample deposition. The sampleholders were immediately trans-
ferred to a dry ice box and stored therein until analysis.

2.12 Foam formation

A membrane foaming apparatus (Megatron MT-MM 1-52,
Kinematica AG, Luzern, Switzerland) was used for the foaming
of the CMSs. The dynamically enhanced membrane foaming
apparatus consists of two concentric cylinders as previously
described by Müller-Fischer et al.43 The static outer cylinder
with a radius of 54.5 mm and an axial length of 60 mm consists
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of a sintered membrane (Kinematica AG, Luzern, Switzerland)
with nominal pore size of 3.5 mm and a porosity of 17%. The
inner rotating cylinder with a radius of 44.5 mm generates a
defined rheometric shear flow depending on the fluid viscosity
and the related Reynolds number (Re) in the 5 mm gap between
the outer and inner cylinder thereby detaching the gas bubbles
from the membrane surface and dispersing these into the
continuous CMS phase. The CMS was axially pumped at
20 kg h�1 through the 5 mm annular gap of 60 mm length.
Nitrogen gas was injected at 20 l h�1 using a floating ball gas
flow meter (Q-Flow 80, Vögtlin Instruments GmbH, Muttenz,
Switzerland). The inlet pressure of the gas flow meter was set to
7 bar in order to overcome the back-pressure generated by the
membrane pores and the static pressure of the continuous CMS
phase leading to a calculated gas flow rate of 56 l h�1 at
atmospheric pressure. Since blow-by was occurring, the rota-
tional speed of the inner cylinder was varied such that the
highest possible gas volume fraction Fg was incorporated for
every investigated FSFC. Fg analyses were performed at least in
triplicates for each process setting.

2.13 Gas volume fraction determination of foamed CMS

The gas volume fraction was determined gravimetrically. The
weight of the foamed CMS was measured in 87 ml cups. The
cup was slightly overfilled and excess material was wiped
off with a spatula. Samples were weighted in triplicates on a
Scout Pro SPU6001 scale (Ohaus Corporation, New Jersey,
USA), accuracy: �0.1 g. The gas volume fraction could be
determined by:

Fg ¼
m0 �mfoam

m0
(4)

where m0 is the weight of 87 ml unfoamed CMS, mfoam is the
weight of 87 ml foamed CB CMS.

2.14 Statistical analysis

The x- and y-error bars depicted in Fig. 1, 2 and 6 are calculated
standard deviations s of the sample using the following equation:

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

xi � xð Þ2
vuut : (5)

where %x is the mean of the entire sample population, and N the
number of samples corresponding to analysis repetitions per
process setting (Z3).

3 Results and discussion
3.1 Rheology of TAG CMS

Molten AMF/CB/PKO was crystallized at different crystallization
shear rates _gcryst and the rheology of the resulting CMS was
measured by UVP-PD as function of the crystal volume fraction
FSFC. XRD and DSC measurements identified b0 as the pre-
dominant crystal polymorph in the AMF and PKO17 CMS and bv

as the predominant crystal polymorph in the CB CMS for all
crystallization shear rates as shown in Fig. S3 (ESI†). For CB

CMS crystallized at _gcryst = 430 s�1, also residuals of poly-
morphic form II are present. Fig. 1 shows the measured shear
viscosity Z at _g = 10 s�1 for AMF/CB/PKO CMSs produced at
_gcryst = (A) 430, (B) 1075 and (C) 2150 s�1. All investigated CMSs
show very similar values of Z as function of FSFC for _gcryst =
430 s�1 (Fig. 1(A)), which is apparent by the collapse of the data
on the same line. Fig. 1(B) shows that the data diverges above
FSFC E 4% for AMF/CB/PKO crystallized at _gcryst = 1075 s�1.
PKO and AMF show increased Z values compared to CB
above FSFC E 4%. Fig. 1(C), where the CMSs were crystallized
at _gcryst = 2150 s�1, shows a divergence of the data above FSFC E
3%. PKO shows higher Z than AMF and CB. AMF and CB show

Fig. 1 The viscosity Z at _g = 10 s�1 as function of the crystal volume
fraction FSFC for CMSs consisting of AMF/CB/PKO crystallized at _gcryst =
(A) 430, (B) 1075, and (C) 2150 s�1. The data of CB CMS crystallized at
2150 s�1 was reproduced from Mishra et al.19 The inserts in the graphs
depict the same data with a linear y-axis.

Paper Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 6

/2
8/

20
24

 3
:0

9:
17

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D1SM01646F


This journal is © The Royal Society of Chemistry 2022 Soft Matter, 2022, 18, 1183–1193 |  1187

very similar Z. Overall, a non-linear dependency between Z and
FSFC is apparent for all _gcryst as predicted by Saar et al.1

However, at low FSFC a linear regime is observed as shown by
the inserts in Fig. 1. For PKO, the critical crystal concentration
Fc for the onset of a non-linearity is shifted towards smaller
FSFC with increasing _gcryst, whereas for AMF and CB the
opposite is the case. Furthermore, PKO viscosity for a given
FSFC is increasing with increasing _gcryst, whereas AMF and CB
viscosities for a given FSFC are slightly decreasing with increa-
sing _gcryst. The different dependencies of Z as function of FSFC

for increasing _gcryst are a result of the crystallite aspect ratio
acrystallite and the aggregation of those crystallites into clusters
and ultimatively into flocs. According to Saar et al.,1 the onset of

the yield stress t0 as function of FSFC is connected to acluster and
acrystallite. Marangoni and Rogers23 relate the crystallite and
crystallite cluster radius with the scaling of t0 as function of
FSFC. Therefore, t0 was derived from the UVP-PD data.

Fig. 2 shows the yield stress t0 as function of the crystal
volume fraction FSFC for CMSs crystallized at various crystal-
lization shear rates _gcryst. Fig. 2(A) shows the data obtained for
CMSs crystallized at _gcryst = 430 s�1. The slope of the t0 =
f (FSFC)-curve is very similar for all CMSs, which is apparent by
the collapse of the data on the same line. Moving to higher _gcryst

of 1075 s�1, the data diverges at FSFC E 4%. The slope of the
PKO t0 = f (FSFC)-curve is higher than for AMF and CB. A second
divergence occurs at FSFC E 5% where AMF shows higher t0

than CB. At _gcryst = 2150 s�1, the data diverges below FSFC E 2%
since the slope of the PKO t0 = f (FSFC)-curve is becoming
increasingly steep. AMF and CB show flattened t0 = f (FSFC)-
curve slopes. Overall, for PKO the t0 = f (FSFC)-curve becomes
increasingly steep with increasing _gcryst, whereas for AMF and
CB the t0 = f (FSFC)-curve flatten with increasing _gcryst. From the
data presented in Fig. 2, we deduce that for PKO the t0 at a
given FSFC increases as function of _gcryst, whereas for AMF and
CB the opposite is the case. The critical crystal volume fraction
Fc for the onset of t0 is decreased for PKO and increased for
AMF and CB with increasing _gcryst.

Summarizing the findings from Fig. 1 and 2 we conclude
that at _gcryst = 430 s�1, similar Z and t0 values are reached for
AMF, CB, and PKO CMSs leading to the collapse of the data
on the same line over the entire investigated FSFC-range. The
FSFC-range where a linear relationship between Z and FSFC is
apparent coincides with the absence of t0 indicating that Fc has
not been reached. Above Fc, the non-linear relationship of
Z and t0 with FSFC are a result of crystal percolation and
network formation. From the theories developed by Saar
et al.1 and Marangoni and Rogers23 the decreased Fc for PKO
and increased slope of Z and t0 as function of FSFC with
increasing _gcryst implies that smaller crystallites and crystallite
clusters with increased aspect ratios are formed. For AMF and
CB the increased Fc and decreased slope of Z and t0 with
increasing _gcryst implies that larger crystallites and crystallite
clusters with decreased aspect ratios are formed. In order to
confirm this implication, scanning electron microscopy (SEM)
and polarized light microscopy (PLM) were performed.

3.2 Crystal microstructure of TAG CMS

Fig. 3–5 show SEM and PLM images of AMF-, CB-, and PKO
CMSs after crystallization at _gcryst = 430, 1075 and 2150 s�1.
Additional SEM images are displayed in Fig. S4–S6 (ESI†). Using
the nomenclature for crystal micro- and nano-structures
proposed by Tang and Marangoni,34 we are able to distinguish
between crystallites, crystallite clusters, and crystal flocs.

Fig. 3(A–C) show the morphology of AMF crystallite clusters
as function of _gcryst. At all _gcryst, spherical crystallite clusters
with furrowed surfaces are apparent. The furrowed surface
indicates that the imaged objects are indeed crystallite clusters
composed of single crystallites. The crystallite cluster size is
gradually decreasing with increasing _gcryst. Judging from the

Fig. 2 The yield stress t0 as function of the crystal volume fraction FSFC

for CMSs consisting of AMF/CB/PKO crystallized at _gcryst = (A) 430,
(B) 1075, and (C) 2150 s�1. The data of PKO CMS was reproduced from
Mishra et al.17
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width and the length of the crystallite clusters, no significant
change in acluster is observed. Fig. 3(D–F) shows the aggregation
of crystallite clusters into crystal flocs and the aggregation of
the flocs into a network. At _gcryst = 430 s�1, the crystal floc
diameter is in the range of E 100 mm. With increasing _gcryst, the
floc diameter decreases to E 30–50 mm at _gcryst = 1075 and
2150 s�1. From Fig. 3, we conclude that for AMF acluster is not
changing with increasing _gcryst. Only the crystallite cluster and
floc diameter decrease with increasing _gcryst.

Fig. 4(A–C) shows the morphology of CB crystallite clusters
as function of _gcryst. At _gcryst = 430 s�1, platelet-like single
crystallites form small and loosely packed crystallite clusters.
At _gcryst = 1075 s�1, platelet-like single crystallites form larger
and denser packed clusters. Moving to highest crystallization
shear rates of _gcryst = 2150 s�1, platelet-like single crystallites are
observed. Fig. 4(D–F) show PLM images of the CB CMS directly
after crystallization. At _gcryst = 430 s�1, the aggregation of
crystallite clusters into flocs with a diameter of 40–80 mm is

Fig. 3 SEM (A–C) and PLM (D–F) images of AMF crystallized at _gcryst = (A and D) 430, (B and E) 1075, and (C and F) 2150 s�1. Additional SEM images are
displayed in Fig. S4 (ESI†).

Fig. 4 SEM (A–C) and PLM (D–F) images of CB crystallized at _gcryst = (A and D) 430, (B and E) 1075, and (C and F) 2150 s�1. Additional SEM images are
displayed in Fig. S5 (ESI†).
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apparent. The flocs are composed of crystallite clusters with
acluster 4 1. At _gcryst = 1075 s�1, the crystal flocs are less densely
packed compared to _gcryst = 430 s�1 but show similar diameters
of 40–80 mm. The crystallite clusters building the flocs show
spherical shapes. At _gcryst = 2150 s�1, the crystal flocs are
deaggregated and suspended crystallite clusters with a dia-
meter o20 mm are visible.

Fig. 5(A–C) shows the morphology of PKO crystallite clusters
and crystallites as function of _gcryst. At _gcryst = 430 s�1, platelet-
like single crystallites with acrystallite 4 1 are imaged. They form
densely packed clusters with a diameter of E5–8 mm and a
cluster aspect ratio acluster E 1. At _gcryst = 1075 s�1, platelet-like
single crystallites with acrystallite 4 1 are imaged. The crystallite
length and width is greater compared to the crystals produced
at _gcryst = 430 s�1. Single crystallites as well as crystallite clusters
are present as depicted by Fig. S6 (ESI†) where crystallite
clusters with acluster E 1 and a diameter between 30 and 40
mm are shown. Moving to highest crystallization shear rates of
_gcryst = 2150 s�1, needle-like single crystallites are observed.
Assuming prolate crystallites, the acrystallite is c1. Fig. 5(D–F)
show PLM images of the PKO CMS directly after crystallization.
At _gcryst = 430 s�1, dense crystal flocs with a diameter of E50–80 mm
are imaged. The individual crystallite clusters are not visible.
At _gcryst = 1075 s�1, the crystal floc size is decreased to
30–50 mm. They are composed of needle-like crystallite clusters
which are loosely connected. At _gcryst = 2150 s�1, the crystal floc
size is further decreased to 20–40 mm. The flocs are composed
of needle-like crystallite clusters. Single crystallites are visible.

The results of Fig. 3–5 contradict the rheological models.
Larger crystallites and crystallite clusters having reduced aspect
ratios are predicted from the decreased t0 = f (FSFC)-slopes and
decreased Fc observed for AMF and PKO CMS at high _gcryst.

1,23

Therefore, a different mechanism as illustrated in Fig. 6 is
proposed to connect the observed microstructures with the
rheological findings: At high _gcryst, the crystallite nuclei are
growing as isolated crystallites in the shear flow field, which
increases the effective aspect ratio aeff of the suspended crystal-
line particles and decreases the effective crystal volume fraction
Feff

SFC. At low _gcryst, the direct aggregation of the crystallite nuclei
into crystallite clusters leads to the entrapment of continuous
phase thereby increasing Feff

SFC but also decreasing aeff. At high
_gcryst, the isolated crystallites eventually aggregate into crystal-
lite clusters and vice versa depending on the ratio between
acting shear stresses t and cluster adhesion strength, thereby
forming a dynamic equilibrium. Aggregation of crystallite
clusters into flocs occurs as a result of the same mechanism.
However, acluster and afloc remain constant, while Feff

SFC increases
from cluster to floc. The molecular origin determining the

Fig. 5 SEM (A–C) and PLM (D–F) images of PKO crystallized at _gcryst = (A and D) 430, (B and E) 1075, and (C and F) 2150 s�1. Additional SEM images are
displayed in Fig. S6 (ESI†).

Fig. 6 Schematic illustration of crystallite nucleus growth and aggrega-
tion into clusters and flocs at different crystallization shear rates _gcryst for
AMF-, CB-, and PKO CMS.
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crystallite cluster and floc strength is related to the TAG
composition. PKO shows a high amount of trilaurin and other
TAGs composed of completely saturated fatty acids, whereas
AMF and CB contain high amount of monounsaturated
TAGs.44–46 Previous studies have shown that small amounts
of monounsaturated TAGs lead to the formation of rough
crystallite surfaces, whereas completely saturated TAGs form
smooth surfaces.47 Hence, the saturated TAGs present in PKO
form crystallites with smooth surfaces thereby reducing crystal-
lite cluster and floc adhesion strength. As a consequence, the
dynamic equilibrium is shifted towards the isolated crystallites
leading to their prolonged exposure in the shear gradient. The
shear gradient induces directed growth parallel to the velocity
vectors thereby minimizing drag and increasing acrystallite.
On the contrary, the relatively high amount of unsaturated
TAGs present in AMF and PKO form crystallites with rough
surfaces thereby increasing crystallite cluster and floc adhesion
strength and shifting the equilibrium towards the crystallite
clusters and flocs. The increased aggregation of crystallites into
clusters reduces their exposure to the shear flow field thereby
reducing acrystallite. At _gcryst = 430 s�1, AMF/CB/PKO crystallites
are mainly present in the form of clusters and flocs with similar
sizes and aspect ratios leading to almost identical rheological
behvaior of the corresponding CMSs. At _gcryst = 1075 s�1 and
2150 s�1, the clusters and flocs are partially deaggregated into
single crystallites. In the case of AMF and CB, the released
liquid continuous phase reducing Feff is dominating the rheo-
logical behavior due to the low acrystallite. In the case of PKO, the
increased acrystallite dominates over the reduced Feff regarding
the rheological behavior.

3.3 Foamability of TAG CMS

Reducing the volume specific content of saturated fatty acids of
AMF-, CB-, and PKO CMS can be achieved by introducing gas
bubbles thereby forming a foam. It remains unclear whether
long needle-like crystallites or spherical crystallite clusters favor
foam formation.15–17 Several observations exist: Mishima
et al.15 states that small b crystals are promoting foam for-
mation, Binks and Marinopoulos16 are indicating a FSFC of
10–30%, and Mishra et al.17 relates gas bubble diameter to the
Bingham number acting during dispersion. Therefore, the
different CMS were foamed by using the DEMF process to test
which crystal microstructure yields the highest foamability.

Fig. 7 shows the maximally achievable gas volume fraction of
(A) AMF, (B) CB, and (C) PKO CMSs foamed with the DEMF
continuous process directly after crystallization. The piping and
instrumentation scheme is displayed in Fig. S1 (ESI†). Table S1
(ESI†) lists the processing settings and the average acting shear
rates in the annular gap _ggap during foam formation. Fig. S7
(ESI†) shows the viscosity as function of shear rate _g for the
continuous phase TAG CMSs. Comparing Table S1 and Fig. S7
(ESI†), it becomes apparent that the _g-range determined by
UVP-PD is lower than the acting _ggap. Furthermore, with
increasing _g the differences between the varying FSFC become
smaller as a result of shear-thinning. However, due to the large
annular gap width of 5 mm, the shear rate acting at the

membrane surface is considerably lower compared to the _ggap.
Hence, the qualitative differences between the TAG CMS visc-
osities as function of TAG and FSFC deduced from Fig. 1 are
applicable during the foam formation process. For _gcryst =
430 s�1, AMF and CB CMSs show increasing gas volume
fraction Fg with increasing FSFC. The highest Fg reached for
AMF CMS is 0.41 � 0.05 at FSFC = 7.2 � 0.5% and for CB CMS
0.55 � 0.02 at FSFC = 10.3 � 0.6% which is similar to the values
proposed by Binks and Marinopoulos16 and Mishima et al.15

The PKO CMS shows no monotonic increase in Fg as function
of FSFC. Fg peaks at FSFC = 2.2 � 0.6% with a value of 0.36 �
0.02 before decreasing to lower Fg with increasing FSFC.
At _gcryst = 2150 s�1, AMF and CB CMSs show poor foamability.

Fig. 7 The maximally achievable gas volume fraction Fg as function of
crystal volume fraction FSFC for AMF/CB/PKO CMSs crystallized at _gcryst =
430 s�1 and 2150 s�1.
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AMF CMS shows increasing Fg with FSFC and CB CMS decrea-
sing Fg with FSFC. PKO CMS shows again a peak-like depen-
dency of Fg with FSFC, which has been observed as well by
Binks and Marinopoulos16 for other TAG CMS. Fg up to 0.58 �
0.05 at FSFC = 3.2 � 0.4% are reached. Following the journey of
a gas bubble detaching from the membrane into the annular
gap, the subsequent residence time of the bubble in the gap
and ultimately the exit of the bubble from the annular gap into
the outlet DN15 pipe, the influence of TAG CMS Z and t0 on gas
bubble stabilization is deduced: In the annular gap, the cen-
trifugal force drives gas bubbles towards the rotating cylinder.
The resulting bubble velocity towards the inner rotating cylin-
der is inversely proportional to the TAG CMS continuous phase
Z. Hence, low TAG CMS Z promotes demixing of the continuous
phase and the dispersed gas bubbles leading to blow-by. High
TAG CMS Z on the other hand reduces bubble dispersion
into the annular gap. High TAG CMS t0 leads to the formation
of unyielded CMS close to the membrane surface thereby
reducing the demixing effects caused by the centrifugal forces.
During the residence time in the annular gap, increased TAG
CMS Z induces higher shear stresses acting on the gas bubbles
which leads to further break-up. However, with increasing Z,
the characteristic time scale for gas bubble stabilization is
increased in case of Pickering stabilization (diffusion limited)
but not in case of network induced immobilization. This
increased stabilization time leads to higher coalescence rates
after gas bubble break-up. Once the foam is conveyed in the
outlet pipe, the yield stress t0 magnitude determines the plug
radius Rp. Gas bubbles residing at radial positions r r Rp are
immobilized and can not coalesce or demix. Consequently,
increased t0 leads to higher gas bubble stabilization in the
outlet pipe.

The results presented in Fig. 7 show that for AMF and CB
CMSs, the decrease in Z and t0 with increasing _gcryst results in
lower Fg. The decrease in Fg with increasing _gcryst and the
associated reduction in Z and t0 points towards gas bubble
stabilization by network immobilization as previously
described by Mishra et al.17 The small crystallite clusters and
isolated crystallites formed at high _gcryst are not stabilizing the
gas bubbles fast enough leading to a centrifugal demixing
in the annular gap causing blow-by, thereby reducing Fg.
The low stabilization potential of the small crystallite clusters
and isolated crystallites originates from their surface roughness
which reduces the contact area with the gas bubble interface.48

For PKO CMS, the peak value of Fg as function of FSFC is close
to the percolation threshold Fc. This shows that a continuous
network is required to stabilize gas bubbles indicating a net-
work immobilization mechanism. The formation of needle-like
crystallites at high _gcryst leads to the increase in both Z and t0 as
well as Fg confirming the network immobilization mechanism.
However, the peak Fg is followed by a subsequent decrease as
function of FSFC indicating that the increased Z and t0 are
reducing gas bubble stabilization. Hence, a Pickering stabili-
zation is most likely to occur as long as the CMS Z and t0 are
low enough and the crystallites can diffuse to the gas bubble
interface. However, the peaking of Fg as function of FSFC is

apparent at both _gcryst, which contradicts the morphological
findings that at low _gcryst mainly crystallite clusters are present.
This implies that also crystallite clusters act as Pickering
particles. The foam stabilization potential of PKO crystallites
and crystallite clusters originates from their smooth surface
which increases contact area with the gas bubble interface.

The findings presented above extend the conclusions drawn
by previous studies on the foamability of TAG CMS where it is
hypothesized that gas bubble stabilization occurs by a Pickering
mechanism of TAG crystallites.15,16,49 Our findings show that
there is an interplay between the bulk rheological properties
(Z, t0) and crystal floc, crystallite cluster and crystallite morpho-
logy which determines TAG CMS foamability. Depending on TAG
composition, the CMS bulk rheological properties as well as
the Pickering potential of crystallites and crystallite clusters is
altered. CMS containing TAGs with high unsaturated fatty acid
content incorporate gas bubbles by network immobilization. CMS
containing TAGs with high saturated fatty acid content stabilize
gas bubbles by a combination of Pickering and network
immobilization.

4 Conclusion

We show that the rheology of lipid CMSs consisting of TAGs
from either AMF, CB and PKO is governed by both, the single
crystallite size and morphology as well as their aggregation into
crystallite clusters and flocs. The TAG composition dependent
surface properties of the crystallites determine the aggregation
rate into crystallite clusters. AMF and CB containing more TAGs
with unsaturated fatty acids form crystallites with rough sur-
faces, whereas PKO containing more TAGs with saturated fatty
acids forms crystallites with smooth surfaces. Crystallites with
rough surfaces aggregate into crystallite clusters faster. Such
clusters immobilize liquid continuous phase and are therefore
increasing the effective crystal volume fraction. Crystallites with
smooth surfaces are less prone to aggregate leading to pro-
longed exposure in the shear gradient and hence the formation
of high aspect ratio crystallites. At low crystallization shear
rates, the rapid aggregation of the crystallites into spherical
clusters leads to similar rheological behavior for AMF, CB and
PKO CMS. At high crystallization shear rates, less crystallite
clusters are formed and isolated crystallites are present. AMF
and CB CMS show lower Z and t0 values due to the dominating
effect of reduced effective volume fraction, whereas PKO CMS
shows increased Z and t0 due to the dominating effect of
increased effective aspect ratio.

The correlation of TAG CMS rheology and microstructure
with its foamability reveals different stabilization mechanisms.
For AMF and CB CMS, gas bubbles are mainly stabilized by the
immobilization into the continuous floc network. For PKO CMS
a combined network immobilization and single crystallite/
crystallite cluster adsorption by a Pickering mechanism is
responsible for gas bubble stabilization.

The new techniques and methodologies presented in this work
allow to relate the rheology of TAG CMS to the morphology and
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size of their crystallites, crystallite clusters and crystal flocs and
shows how to use shear during crystallization to taylor CMS
rheology. This work contributes to the understanding of the
interplay between CMS microstructure, rheology, and foamability
which opens new possibilities to reduce the energy density and
volume specific content of saturated fatty acids in lipids. The
detailed understanding of liquid continuous phase immobiliza-
tion gives rise to new strategies for fat production from novel lipid
sources such as microorganisms.
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