
 

ABSTRACT 
Complex fluids are of great interest for 

in providing structure to a vast amount of 
materials in our daily environment, like 
processed foods, personal care products 
household detergents This paper describes 
the simultaneous determination of rheology 
as DLS- microrheology and high resolution 
Raman spectroscopy to investigate the 
mechanisms for the conformational changes 
needed to give the products a desired 
rheology.  

 
INTRODUCTION 

Complex fluids such as biopolymers, 
protein dispersions and surfactants play a 
critical role in providing both functional and 
sensory benefits in many processed foods 
and personal care products. The process of 
self-assembly in these complex materials 
and their associated rheological response 
needs to be engineered to provide stability, 
texture and any additional functional 
benefits. Controlling such behaviour 
requires manipulation of the micro/ 
mesostructure often by controlling the 
extent of intermolecular/intramolecular 
associations and interactions between 
components1. 

Most insights into the self-assembly 
process and the corresponding changes in 
rheological behaviour have primarily 
focused on elucidating micro/ 
mesostructural changes through various 
scattering (light, x-ray, neutron) and 

imaging techniques (cryo-TEM, SEM, 
AFM). Furthermore detailed insights into 
the associated chemical 
conformational/molecular structural changes 
and various non-covalent interactions (e.g. 
H-bonds, hydrophobic interactions) leading 
to the self-assembly process have been very 
limited. An understanding of the molecular 
level structural changes as self-assembly and 
gelation progresses can provide new 
mechanistic insights that can assist the 
formulation development process.  

The talk will show how the combination 
of mesoscale structure-property elucidation 
techniques such as DLS/optical 
microrheology combined with high 
resolution chemical structure/conformation 
elucidation techniques such as Raman 
Spectroscopy can generate novel 
mechanistic insights for complex fluids and 
soft matter systems that are commonly 
encountered in food and personal care 
applications. This will be exemplified 
through studies into the self-
assembly/gelation mechanism in a thermo-
reversible gel forming agarose, a widely 
utilized food protein-β-lactoglobulin 
undergoing temperature induced 
aggregation/self-assembly2 and the influence 
of salt concentration on a worm-like micelle 
system3. 
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ABSTRACT
A high sensitivity system for capillary
rheometry capable of simultaneously de-
tecting the onset and propagation of insta-
bilities and the first normal stress differ-
ence during polymer melt extrusion flows
is here presented. The main goals of the
study are to analyse the nonlinear dynam-
ics of extrusion instabilities and to deter-
mine the first normal stress difference in
the presence of an induced streamline cur-
vature via the so-called ’hole effect’. An
overview of the system, general analysis
principles, preliminary results and overall
framework are herein discussed.

INTRODUCTION
Capillary rheometry is the preferred
rheological characterisation method for
pressure-driven processing applications,
e.g. extrusion, injection moulding. The
main reason is that capillary rheometry is
the only method of probing material rheo-
logical properties in processing-like condi-
tions, i.e. high shear rate, nonlinear vis-
coelastic regime, albeit in a controlled
environment and using a comparatively
small amount of material.1 Thus, it is
of paramount importance to develop new
techniques to enhance capillary rheome-
ters for a more comprehensive probing of
material properties. Extrusion alone ac-
counts for the processing of approximately
35% of the worldwide production of plas-
tics, currently 280⇥ 106 tons (Plastics Eu-
rope, 2014). This makes it the most im-
portant single polymer processing opera-

tion for the industry and can be found in
a variety of forms in many manufacturing
operations. Extrusion throughput is lim-
ited by the onset of instabilities, i.e. prod-
uct defects. Comprehensive reviews on the
subject of polymer melt extrusion insta-
bilities can be found elsewhere.4,6 A re-
cent method proposed for the detection
and analysis of these instabilities is that of
a high sensitivity in-situ mechanical pres-
sure instability detection system for cap-
illary rheometry.8,10 The system consists
of high sensitivity piezoelectric transducers
placed along the extrusion slit die. In this
way all instability types detectable, thus
opening new means of scientific inquiry. As
a result, new insights into the nonlinear dy-
namics of the flow have been provided.9,14

Moreover, the possibility of investigating
the reconstructed nonlinear dynamics was
considered, whereby a reconstructed phase
space is an embedding of the original phase
space.2,14 It was shown that a positive Lya-
punov exponent was detected for the pri-
mary and secondary instabilities in lin-
ear and linear low density polyethylenes,
LDPE and LLDPE,.14 Furthermore, it was
determined that Lyapunov exponents are
sensitive to the changes in flow regime and
behave qualitatively different for the iden-
tified transition sequences.14 It was also
shown that it is possible to transfer the
high sensitivity instability detection sys-
tem to lab-sized extruders for inline ad-
vanced processing control and quality con-
trol systems.13

A very recent possibility considered

43



DLS or Dynamic light scattering is a 
common technique for the determination of 
particle size of submicron particles by using 
the Stokes equation (Eq. 1) and entering the 
viscosity of the continuous phase the 
hydrodynamic diameter can be determined.  
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By using particles of a known diameter, 

probe or tracer particles, the DLS correlation 
function, g1(τ) can be correlated to the mean 
square displacement of the particle from its 
Brownian motion (Eq. 2) 
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 where q is the magnitude of the 

sqattering vector (Eq. 3) 
 

λθπ= )2sin(n4q                             (3) 
 
with n being the refractive index of the 

solvent, λ the wavelength of light and θ the 
scattering angle, g1(0) is the value of the 
correlation function or intercept at zero time, 
theoretically 1. This value is commonly 
lower due to optical effects. Eq. 2 above is 
only valid in the single scattering regime. 
The complex shear modulus G(s) can be 
obtained through a unilateral Laplace 
transform of the MSD using a generalized 
Stokes-Einstein relationship. The G(s) is 
converted into the complex modulus in the 
frequency domain by an estimation method 
developed by Mason4 (2000). 

 
Raman Spectroscopy 

Raman spectroscopy is a using the 
inelastic scattering of light from a diode 
laser at 785 nm (≈ 280mW) that is sensitive 
to bending and stretching of bonds, but since 
only 1 in 1000000 photons is Raman 
scattering is a technique that is useful for 

water based systems in higher 
concentrations. Amide and aromatic side 
chains are Raman active and environmental 
changes that affect these bonds will give 
information about secondary and tertiary 
structure. The Raman spectrophotometer 
characterizes materials from inter and intra 
molecular structure, backbone configuration, 
side chain orientation, hydrophobic or 
hydrophilic environment and the hydrogen 
bonding. 

 
Zetasizer Helix 

The Zetasizer Helix (fig. 1) is an 
instrument that simultaneously measures on 
the same sample at the same time for the 
same temperature to give to give twofold 
information about hydrodynamic size, 
interaction parameter, rheology and 
colloidal stability from DLS/ DLS-
microrheology. The Raman side gives 
information about secondary/ tertiary 
structures and conformational stability 

 

 
Figure 1. The Zetasizer Helix  
 

EXAMPLES 
Aggregation of biopolymers (agarose) 

Agarose solutions (0.2, 0.5 and 1% w/v) 
is measured in a Zetasizer Helix to 
determine the mechanism of the gelation as 
function of temperature. Fig. 2 shows the 
DLS-microrheology data with decreasing 
tem-perature and fig. 3 shows the Raman 
spectra close to the aggregation temperature 
indicated from the DLS-microrheology. Fig. 
4 shows the combined data of the storage 
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modulus, G’, from microrheology and the 
integrated intensity between 140-200cm-1 
with decreasing temperature. 

 

 
Figure 2. Complex viscosity, η*, and 

storage modulus G’ elastic as function of 
temperature for 0.2, 0.5 and 15 w/v agarose 

solution. 
 
Fig. 2 indicates that the aggregation 

temperature is shifted towards slightly 
higher temperatures as concentration is 
increased.  

Fig 3. Raman spectra shows an increase 
in intensity at 170 cm-1 as temperature is 
reduced. The peak at 170 cm-1 shows the 
relative intensity of hydrogen bonding 

 

 
Figure 3. Raman spectrum for 0.5% agarose 
solution as function of temperature. Insert is 
zooming in on intensity around 170cm-1 as 

temperature is decreased. 
 

The increase in intensity is attributed to 
the increasing number of water molecules 
confined in the structure upon cooling. 
 

 
Figure 4. Raman integrated intensity 

(between 140- 200 cm-1) and G’ as function 
of temperature 

 
Fig. 4 shows a very good agreement 

between the water absorption and elasticity 
increase and therefore it’s indicating that 
there is an increased confinement of water 
molecules during the gelation process. 

 
Protein stability (β-lactoglobulin) 

Aggregation of β-lactoglobulin as 
function of temperature is shown in fig. 5 
showing the complex viscosity and z- 
average particle diameter.  
 

 
Figure 5. Complex viscosity from DLS- 

microrheology and Z-average diameter from 
DLS measurements as function of 

temperature. 
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Fig. 5 above indicates that there 
difference between increase in 
hydrodynamic size and bulk viscosity. The 
DLS-microrheology and Raman spectra can 
help understand the aggregation process of 
β-lactoglobulin as function of temperature. 
Fig. 6 shows the frequency spectrum at 50 
and 68°C. 
 

  

 
Figure 6. Frequency spectrum for β-

lactoglobulin as function of temperature 
 
Fig. 6 shows that at 50°C the protein 

solution is still in a dilute state but at 68°C 
the sample is approaching the rubbery 
plateau. Increased temperature shows 
similar behaviour but prolonged terminal 
relaxation times.  

The Raman spectra intensity peak at 178 
cm-1 and the normalized complex viscosity 
is shown in fig. 7.  

 

 
Figure 7. Normalized complex viscosity 

and Raman data at 178cm-1 vs. temperature 
 
Fig. 7. Shows that Raman intensity peak 

at 178cm-1 has a minimum at 60°C 
indicating a change in the structure bounded 
water but that at higher temperatures the 
increased viscosity is clearly dependant on 
the increased structuring and confinement of 
water molecules. 

 
Surfactant micelles (SLES & CapB) 

Surfactant mixtures of the anionic 
sodium lauryl ether sulphate (SLES) and the 
zwitterionic cocoamidopropyl betaine forms 
elongated worm-like micelles in the 
presence of salt. Fig. 8 shows the zero shear 
viscosity and the relative Raman intensity at  
 

50°C 

68°C 

Figure 8. The zero shear viscosity and the 
relative Raman intensity at 170 cm-1 as 
function of salt concentration for a 
SLES:CapB mixture. 
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170 cm-1 curve for SLES/CAPB mixture 
(14:2 w/w %) at different salt concentrations 
determined using DLS-microrheology and 
Raman spectroscopy. 
 

Fig. 8 shows a maximum in viscosity at 
250mM NaCl that corresponds well with the 
samples viscoelastic character and that the 
increased viscosity corresponds with 
increased bound water. At higher 
concentrations the relative Raman intensity 
is different compared to before the viscosity 
maximum indicating a different extent of 
water confinement. At higher salt 
concentrations the relative Raman intensity 
is starting to increase while the viscosity 
becomes lower. 

To further understand this increased 
relative intensity in bound water with 
increased concentration the basic 
correlogram for the different DLS 
measurements in fig. 9 are used. 

 

 
Figure 9. The correlation function 

(correlogram) vs. time at different salt 
concentrations  

 
The correlogram show that the lowest 

salt concentration has a fast and single 
decay. Increasing salt concentration leads to 
longer decay times but also a slow mode is 
also detected as a shoulder in the correlation 
function. As salt concentration increases 
above the maximum viscosity concentration, 
the overall decay becomes faster and the 

slow mode is shifted towards shorter times. 
This can indicative of a microstructural 
change of the rodlike micelle structure.  
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