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Effect of Magnetic Field on Rheological Properties of Cellulose

Ether Solutions

Sergey A. Vshivkov*, Elena V. Rusinova, and Andrei G. Galyas

Ural Federal University, pr. Lenina 51, Yekaterinburg, 620000 Russia

Abstract: Application of a magnetic field is shown to be accompanied by an increase in the viscosity of hydroxyethyl
cellulose, ethyl cellulose solutions and sodiumcarboxymethyl cellulose solutions in 2 - 4 times. The concentration
dependences of solution viscosity in the presence of a magnetic field are described by curves with maxima.
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INTRODUCTION

In recent years, the rheological study of solutions of
rigid chain polymers —biodegradable cellulose ethers —
has been continued at the Department of
Macromolecular Compounds at the Ural Federal
University [L — 4]. The pioneer investigations of
viscosity of rigid chain polymer solutions were
described in [5 —7]. The molecules of cellulose and its
derivatives occur in rigid helical conformations.
Moreover, they are capable of ordering, so that, in
concentrated solutions, cholesteric liquid crystals (LC)
are formed [8-12]. Owing to additional orientation of
such macromolecules induced by a magnetic field, the
temperature—concentration region of existence of liquid
crystalline phases extends and additional self assembly
of macromolecules appears [2, 9, 12-14]. However,
little is known about the effect of a magnetic field on the
viscosity of polymer solutions [3, 4]. The aim of this
study was to investigate the rheological properties and
structure of cellulose ethers in the presence and
absence of a magnetic field.

MATERIALS AND METHODS

Samples of hydroxyethyl cellulose (HEC) with a
degree of substitution of o=2.5 and M,=6.2x10*
(trademark Natrosol, type HHBR, Aqualon), ethyl
cellulose (EC) with a=2.5 and M,=1.6x10° (type N100O,
Aqualon) and sodiumcarboxymethyl cellulose
(trademark Blanose, type 7M, Aqualon) with a=0.7 and
Mn:l.2><105 were studied.

The bidistilled water, DMAA and DMF were used as
solvents.

The type of phase transition in a solution was
determined on a polarization photoelectric unit [12, 13].
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Melting temperatures of gels were determined as
follows: ampoules with gels were turned so that gels
were located at the top, the system was heated slowly
(~1 K/h), and the temperature of flow onset was fixed
[1]. The phase states of solutions and gels were
studied with an Olympus BX 51 polarization
microscope.

The solution viscosity was determined on a
Rheotest RN 4.1 modified rheometer with a working
unit made from a weakly magnetic material, such as
brass. The effect of a magnetic field on the rheological
behavior of solutions was studied with the use of two
magnets. The first magnet, which induces a magnetic
field with an intensity of Hi=3.7 kOe and field lines
directed perpendicularly to the rotational axis of a rotor
and the second magnet, with an intensity of H;=3.6
kOe and field lines parallel to the axis of rotor rotation.
The working unit with the solution was placed in a
magnetic field at 298 K and kept for 20 min, and the
viscosity in the presence of the magnetic field was
measured at an increasing shear rate. The viscosity of
liquid n, was determined by the common method [15].

A metallic rotor rotating in a magnetic field can be
regarded as a generator closed on itself [16]. During
operation of the generator, a braking torque
(electromagnetic moment) is induced. As a result,
during shear stress measurements for deformed
solutions, the measured stress exceeds the true stress
by a value related to the electromagnetic moment. To
account for the electromagnetic moment, a correction
dependence of shear stress on shear rate in the
working unit with cylinder surfaces separated by air
was determined. The true shear stress for solutions
was calculated as the difference between the
measured and correction values for the same shear
rate. When magnetic field lines are oriented along the
rotor rotational axis, the magnetic flux through the
vertical cross section of the rotor is zero and the
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electromagnetic moment is likewise zero. The results of
calibration experiments showed the absence of
electromagnetic retardation when the magnetic field
lines are oriented along the rotor rotation axis.

RESULTS

Figures 1 and 2 show the experimental results on
phase transitions of studied systems. As can be seen,
HEC and EC solutions pass into the LC state at 298 K
at a polymer weight fraction of w,>0.15. Figure 3
shows the experimental results on phase transitions in
the Na-CMC—water system. It is evident that, at 298 K,
Na-CMC solutions are isotropic in the composition
range 0<w,<0.08 and anisotropic in the composition
range w,>0.08, where w, is the Na-CMC weight
fraction in the system. Note that, at room temperature,
the concentrations of isotropic phase — anisotropic
phase and solution — gel transitions are practically
coincident.
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Figure 1: Phase state regions of HEC — DMF system. | and Il

are the isotropic region and the anisotropic region,
respectively.
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Figure 2: Phase diagram of EC — DMAA system. | and Il are
the isotropic region and the anisotropic region, respectively.
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Figure 3: Phase state and gel points for the CMC-water
system: | and Il are the isotropic region and the anisotropic
region, respectively; (1) gelation curve; w; is the weight
fraction of CMC in the system. Dash line corresponds to the
concentration of the isotropic — anisotropic solution

transition.
Figures 4 - 6 demonstrate the data on the
rheological behavior of HEC, EC and Na-CMC

solutions in the presence and absence of a magnetic
field. It is evident that the solutions are non Newtonian
fluids. This finding correlates with the literature data
available for other LC systems [1-7, 17, 18] and
suggests that the initial structure of polymer solutions is
broken and that the macromolecules are oriented along
the flow direction during deformation.
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Figure 4: Viscosity vs. shear rate for HEC solutions in DMF:
w2=0.10 (a) and 0.15 (b) at H=0 (1), H;=3.6 (2) and H1=3.7
kOe (3). T=298 K.
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Figure 5: Viscosity vs. shear rate for EC solutions in DMAA:
w»2=0.30 at H=0 (1), H;=3.6 (2) and H1=3.7 kOe (3). T=298 K.
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Figure 6: Viscosity of the Na-CMC aqueous solution vs.
shear rate: (1) in the absence and (2) in the presence of the
magnetic field; w,;=0.04. H1=3.7 kOe. T=298 K.

The application of a magnetic field leads to an
increase in the viscosities of EC solutions in DMAA,
HEC solutions in DMF and Na-CMC in water. Similar
data were obtained for EC, HEC and Na-CMC
solutions of different concentrations. During the
analysis of the above dependences, it should be taken
into consideration that the magnetic field is responsible
for the additional organization of macromolecules. The
additional self assembly of macromolecules is related
to their ability to undergo orientation in a magnetic field.
In the presence of a magnetic field, the long chains of
macromolecules are oriented in parallel with field lines
[19]. This effect should appear as an increase in
viscosity [3, 4].

Processes occurring during the flow of solutions in
the presence of a magnetic field may be represented
by the following schemes (Figure 7). When field lines
are perpendicular to the rotor rotation axis, the
orientation of macromolecules in quadrants | and Il
coincides with the flow direction and viscosity may
drop. In quadrants Il and IV, macromolecules are

oriented perpendicularly to the flow direction and
viscosity must increase. Supposedly, in this case,
viscosity may both increase and decrease. When the
field lines are parallel to the rotor rotation axis (Figure
7b), the long axes of macromolecules are oriented
along the axis of rotation, that is, perpendicularly to the
flow direction. As a result, viscosity may increase. In
general, as was shown experimentally, viscosity
increases.
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Figure 7: Scheme of solution flow in the magnetic field with
lines of force perpendicular (top view) and parallel (side view)
to the rotation axis of the rotor.

The results were used to plot the concentration
dependence of n/no, where n and ng are the viscosities
of solutions in the presence and absence of a magnetic
field, respectively (Figures 8 and 9). In this case, the
values of viscosity corresponding to low shear rates
were chosen because, as was shown in [5-7, 17, 18],
the concentration dependence of viscosity at low shear
rates is typical for anisotropic systems. In the
investigated composition range, the values of n/n, are
above unity and the concentration dependence of this
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Figure 8: Concentration dependence of n/no for the HEC —
DMF (a) and EC — DMAA systems, where n and no are the
values of system viscosity in the presence and in the
absence of the magnetic field, respectively. y=2.5 s H|=3.6
(1) and HL= 3.7 kOe (2). T=298 K.
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Figure 9: Concentration dependences of n/no for the Na-
CMC — water system. y=2.5 s H|=3.6 (1) and H1=3.7 kOe
(2). T=298 K.

value is described by a curve with a maximum. In dilute
solutions, macromolecules are few and, hence, the
field effect is insignificant. The number of macromole-
cules capable of orientation in the magnetic field
increases with the polymer concentration, and the field
effect on the system properties becomes stronger.
However, at high concentrations, the density of the
fluctuation network of entanglements increases,
thereby hindering the orientation processes. As was
shown experimentally, the maximum increase in
viscosity is observed when the magnetic field lines are
perpendicular to the rotor rotation axis.
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