ANNUAL TRANSACTIONS OF THE NORDIC RHEOLOGY SOCIETY, VOL. 23, 2015

Submit
Youruse
Paper
as a PDF File
withoutmicrofluidics
Page Numbers
May rheology
31, 2015:for
Use
Combined
of SEC/GPC,
rotational,
andbymicro
Times
Roman Font Throughout
(14 acid
pointsolutions
for the Title)
characterization
of Hyaluronic
1, Jon Wallevik
2 and Third 2Author's Name2
Katja Nevalainen
Mats
Larsson1 and ,John
Duffy
1 Tampere
of Nordic
Technology,
Tampere,
Finland.
1 MalvernUniversity
Instruments
AB, Uppsala
Sweden.
2 Innovation
Center
Iceland,
Reykjavik,
Iceland
2 Malvern Instruments LTD, Malvern, UK

ABSTRACT
ABSTRACT
Authors are and
requested
the
Rheology
Sizeto follow
Exclusion
instructions described in this guide to ensure
Chromatography (SEC/GPC) are both wella uniform printing style in the proceedings.
established methods for the characterization
This document is written following the
of polysaccharide solutions. SEC targets
guidelines so you can use it as a template
characterization on a molecular scale
when
writing
your
contribution.
whereas rheology offers insights into
Submissions are due on or before May 31,
properties on a more macroscopic scale.
2015. The manuscript of both oral
Linking the results of independent
presentations and posters must be
characterization
submitted both astechniques,
a DOC fileresults
and a in
PDFa
much
more
complete
picture
of
the
samples
file to roland.kadar@chalmers.se. Make sure
under
investigation.
that you
use “press quality”, embed all the

sections with
appropriate
in the
entangled
systems
where c>headings
c*as pictured
in
body1.of the manuscript. References must be
Fig.
the last section.

fonts, and set the paper size to A4 when you
INTRODUCTION
convert the document to PDF. If the
Size exclusion
focusyour
on
guidelines
are notchromatography
followed exactly,
measurements
of
polymer
characteristics
paper will be returned to you for correction.
like
molecular
and
There
is also a weight
template
in molecular
LATEX – weight
please
distribution
but
also
gives
information
contact the editor if you would like it. about
radius of hydration and radius of gyration
obtained
using GPC/SEC with triple
INTRODUCTION
detection,
including
index
The Transactions refractive
Volume 21
will(RI),
be
and
multi
angle
light
scattering
(MALS)
posted on the NRS website after the
detectors
viscometer
conference, with
with aeach
paper or detector
poster
(Malvern
TDA-GPCMax
with
summary inViscotek
an individual
PDF file. Your
SEC-MALS
20).
For
the
understanding
of
submission of a paper or a poster summary
dilute
polymer
solutions
rheology
microimplies that you agree to publication in both
rheology
print and measurements
PDF format. are performed to get
dataManuscripts
in the high frequency
should be range.
writtenCombining
in English
the
two
technologies
gives
insight
into All
the
and be maximum 8 pages long.
complexity
sample start
structure.
manuscripts ofshould
with Increasing
a short
abstract
of maximum
50 words.
The
the
concentration,
the polymer
molecules
Abstract
should sample
be followed
by the
an
start
to entangle,
has reached
Introduction
section.
Authors
may
use
other
critical overlap concentration c*. Further
increase in concentration leads to highly

Use A4 paper (21 by 29.7 cm). Leave a
Higher
polymer
blank
space of
40 mm concentrations
of at the top of are
the
measured
using
conventional
rotational
first page, 26 mm at the top of subsequent
techniques
focusmargin
on lower
pages. The to
bottom
is setfrequencies
to 36 mm
and
shear
rates
but
to
gain
information
about
on all pages. The left and right margins
are
higher
shear
rates
microfluidics
technique
is
26 mm and 24 mm respectively.
used.
Text should be written in two columns
each 76 mm wide and separated by a width
DILUTE
of 8 mm.POLYMER
Text shouldSOLUTIONS
be single spaced and
right justified. Do not number the pages.
Determination
of molecular
structure
The first page
begins with
the using
title,
GPC/SEC
author names and addresses (40 mm from
determined
on very
the GPC/SEC
top of theispage).
Add one
blankdilute
line
polymer
systems
in
solution.
between the title and the line with the author
When a macromolecule is irradiated by
names.
an On
incident
beam line
of light
are
the second
belowphotons
the author
names, present
the re-emitted
affiliation or
and
addresses
absorbed
and then
scattered
in
of directions.
the authors.
three
blank
lines
all
The Add
intensity
of the
scattered
between
addresses andto affiliation
light
is proportional
the MW and
of the
main text.a If
the authors
have different
polymer,
relationship
described
by the
addresses
use
number
superscripts
to
refer
to
Rayleigh equation (Eq. 1)

FONT AND STYLE
Use 12 point Times Roman font in the
body of the manuscript, 14 point for the title
of the paper, and 10 point for superscripts
and subscripts. Do not use bold type face.
Be sure to choose a readable font size for
Figure
1. Critical
your
figures
(8-10 overlap
point). concentration, c*,
as function of polymer concentration,
showing effect of coil overlap.
MARGINS

27

(1)
The simplified Rayleigh equation shows
how the intensity of scattered light at a
given angle, Rɵ is related to molecular
weight Mw. A2 is the second virial
coefficient and C is concentration. Pɵ is a
complex term that approaches a value of 1
when ɵ is zero. The Rayleigh equation
becomes relatively simple to apply when the
term Pɵ, which describes the angular
dependence of the scatted light, tends to 1.
This occurs when ɵ becomes zero i.e. the
scattered light is measured an angle of zero
degrees to the incident beam. Unfortunately,
measuring at an angle of 0o is not practical
as the incident beam dwarves the signal
from the scattered light, preventing an
accurate reading.
Small molecules, less than around 10-15
nm, scatter light isotropically, so intensity
measurements are independent of the angle
at which the measurement is made. Larger
molecules
scatter
anisotropically,
a
phenomenon that must be accounted for to
access accurate MW for this class of
molecules, using the Rayleigh equation.
Three different approaches to static light
scattering (SLS) have been developed to
address this issue: right angle light
scattering (RALS); low angle light
scattering (LALS); and multi-angle light
scattering (MALS). With RALS, scattering
intensity is measured at 90o to the incident
beam. This gives an excellent signal to noise
ratio. However a RALS detector takes no
account of anisotropic scattering, it simply
assumes that the scattering intensity at 0o is
the same as at 90o. This approach is good for
small molecules but give unpredictably
inaccurate results for anisotropic scatters.
LALS is based on the measurement of
scattered light at an angle very close to 0o to
eliminate the error associated with
anisotropic scattering. This works for all
molecules but the signal to noise ratio
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becomes challenging for smaller molecules.
Combining RALS/LALS technology can
therefore work well to determine small and
large molecules simultaneously. MALS
measures at several angles and uses a model
to measure data at 0 angle.
Three different hyaluronic acid (HA)
samples are measured with RI/IV/MALS
technology to determine the structural
information from GPC/SEC measurements
and the results are summerized in Table 1.
Table 1. Measurement data from
GPC/SEC analysis of three HA samples
Sample
ID
1

MW
(kDa)
263

Rg
(nm)
45

Rh
(nm)
29

IV

C*

6.47

4.8

2

483

49

36

7.85

6.8

3

333

47

32

7.02

1.6

Fig. 2 is a Mark Houwink log-log graph
of the intrinsic viscosity measured with the
viscosity detector in the Viscotek TDA
versus molecular weight measured by
MALS in the GPC experiment.

Figure 2. Mark Houwink plot of three
HA samples from GPC/SEC analysis
showing intrinsic viscosity (IV) vs. MW.
Constructing a Mark-Houwink plot (see
Eq. 2) for the three samples provides
detailed insight into their structure (Figure
2). An MH plot is a log-log graph of
intrinsic viscosity vs. molecular weight. Its y
intercept provides information about the
flexibility of the backbone while the
gradient is associated with the degree of
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Sample 1

Sample 2

Sample 3

Figure 3. Elastic modulus, G’ (red) and viscous modulus G’’ (blue) as function of angular
frequency
At 5mg/ml the concentration of the
tested solutions is below the c* for sample
2, which has the highest c* (see table 1) of
the three samples. The flow profile for
sample 2 shows that correspondingly, it
exhibits the most dilute solution behaviour.
G’’ is dominant at all frequencies meaning
that the solutions will flow and has limited
elasticity.
Sample 1 has a lower c*, much closer to
the test concentration. For this solution G’ is
a lot higher than for the sample 2 and at
higher frequencies G’ and G’’ become close
and parallel with a gradient of 2/3 when
plotted logarithmically. The shape of this
profile is associated with classical RouseZimm dilute solution behaviour2.
In contrast, the profile for sample 3,
which has the lowest c*, shows clear
evidence of a ‘rubbery plateau’, a region
where G’ exceeds G”. This behaviour is
associated with the chain entanglement that
occurs at polymer concentrations above c*.
CONCENTRATED
POLYMER
SOLUTIONS
IN
RHOTATIONAL
RHEOMETRY
Concentrated polymer solutions are
more suitable to measure suing conventional
rheometry. Four different concentration, all
above the critical overlap concentration, is
measured in viscometry (table of shear rates
at equilibrium conditions) and in a
frequency sweep for a linear hyaluronic acid
sample. The samples where measured using
a Malvern Kinexus Pro+ rotational
rheometer, equipped with a Peltier Plate
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Cartridge that keeps sample at a constant
temperature of 25°C. The concentrations
measured are 0.35, 0.5, 0.75 to 1 w/v %.
Viscosity versus shear rate results are
modelled using the Cross model. These
results are presented in Fig. 4.

Figure 4. Viscosity vs. shear rate for four
concentrations of HA solutions
At low shear rates a constant shear
viscosity plateau termed the zero shear
viscosity (η0) is observed. In this region the
disruption of the entangled polymer coils
happens so slowly that re-entanglement can
occur simultaneously due to Brownian
motion. As a result there is no net change in
the extent of entanglement and viscosity
remains constant. In contrast, at higher shear
rates the rate of disruption exceeds the rate
of re-entanglement and the solution
becomes less viscous. Shear thinning is
observed. This transition to shear thinning
behaviour happens at lower shear rates for
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more concentrated solutions, because they
experiment is slow, around 5s or 0.2 rad/s
are prone to greater entanglement.
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non-Newtonian flow behaviour. Viscosity
and shear rate range are selected by using
different type of MEMS sensor, having a
different channel depth (from 200µm to 50
µm) and pressure range (from 10kPa to
2MPa).
COMBINING
MEASUREMENT
TECHNIQUES
For a high molecular weight HPAM
(Hydrolized PolyAcrylamide) polymer
solution
in
low
concentration
of
0.1 % w/v, viscosity was determined using
a Malvern Kinexus Pro + rheometer and
Microfluidics rheometer mVROC i from
Malvern instruments. The data are shown in
Fig. 7 over 9.5 decades in shear rate.

large frequency range to fully characterize
the elastic and viscous behaviour as shown
in Fig. 8.

Figure 8. Rotational rheology and micro
rheology used for large frequency range
characterization of a polymer solution.
From Fig. 7 and 8 its clear that
microfluidics, micro rheology and rotational
rheometry are complementary techniques
for the characterisation of dilute polymer
solutions. The knowledge from MW
characterisation and Rg measurements from
GPC/SEC experiments gives further insight
into the chemistry and structure of polymer
solutions that are crucial for the
understanding of flow properties of polymer
solutions.

Figure 7. Viscosity vs. shear rate measured
with a rotational rheometer and
microfluidics technology for the high shear
rate applications (red is microfluidics data
and blue is rotational rheometry data)
High shear rate applications are
becoming more important since industry is
aiming for higher productivity in processes
and short time scales corresponds
commonly to high shear rates. Interest is
also coming from the development of newer
methods for ink jet printing as well as 3D
printing. Other areas where high shear rates
are utilised is in coating process and tertiary
oil recovery
For the same solution frequency sweep
using a Malvern Kinexus rheometer and
micro rheology were used to determine a
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