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Abstract

An effect of ultrasonic treatment exerted on the structure and mechanical properties of polyacrylamide,
polyhexene, polyethylene and oil paraffin solutions was investigated. Schemes are proposed for the destruc-
tion of polyhexene and polyethylene via a radical mechanism. It has been found that the acoustic impact on
the oil paraffin solution in decane does not affect the nature of  the molecular mass distribution for n-alkanes,
but results in increasing the temperature of phase transitions and changing the shape of crystallites.
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INTRODUCTION

Ultrasound (US) is widely used in various
fields of science and technology. The first studies
of the reactions occurring in a high frequency
acoustic field were conducted using aqueous
solutions [1]. Most researchers believe that
sonochemical reactions can take place in aque-
ous solutions only, because water is the most
favourable environment for the generation of
radicals in the cavitation fields. Just with the
cavitation one associates the basic physicochem-
ical effects those occur in the liquid phase un-
der the action of acoustic fields [1]. The char-
acteristic feature of ultrasonic cavitation con-
sists in the fact that the relatively low average
energy of the acoustic field is locally concen-
trated in a very small volume, thus providing
a very high energy density. Two types of chem-
ical effects are known caused by acoustic vi-

brations at frequencies higher than 15�20 kHz.
The first group is presented by the reactions
those are accelerated in the ultrasound field;
the second group consists of the reactions those
do not occur at all without US field [1].

Since the 1930s there began investigating the
behaviour of polymer solutions in the acoustic
field [2]. It was found that, after ultrasonic ir-
radiation the viscosity of polymer solution is
irreversibly reduced [3]. For many of these poly-
mers after a long-term acoustic action the mo-
lecular mass approaches a certain minimum
value, amounting to approximately 30 000 amu
For the polymers those tend to form gels and
jellies, there was thixotropic liquefaction ob-
served under the influence of ultrasound [4].

The studies of non-aqueous systems dem-
onstrated that the ultrasonic field also causes
significantly increasing the reaction rate and the
selectivity level thereof (the pyrolysis of hy-
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drocarbons, the oxidation of aldehydes and al-
cohols, the reaction of alkyl halides, alkyla-
tion, etc.) [1, 5, 6]. The authors of [7] demon-
strated by the example of decane that ultra-
sonic treatment leads to breaking the molecu-
lar bonds and the subsequent recombination of
various radicals formed. The chromatographic
analysis revealed the presence of  H2,  CH4,
C2H4, C3H6, C2H2 and other products in the gas
phase whose formation rate is reduced in the
series listed.

The acoustic impact on dispersed systems
results in the structural transformations of the
components of the dispersed phase, changing
the size, shape of associates are widely used
for the preparation of oil for transportation and
processing [8]. The ultrasonic treatment (soni-
cation) of oil and petroleum fractions efficient-
ly influences upon the rheological properties and
fractional composition thereof  [9,  10].

The purpose of this work consisted in study-
ing an effect of ultrasonic treatment exerted
on the structural and mechanical properties of
the solutions of polyacrylamide (PAA), poly-
hexene (PHEX), polyethylene (PE) and the oil
paraffin (OP).

EXPERIMENTAL

The polyacrylamide as prepared by means
of acrylamide free radical polymerization in
water using potassium persulphate as an initia-
tor [11]. We used industrial grade polyethylene
(technical specifications TU 2211-014-54155590�
2003) and oil paraffin (State Standard GOST
23683�89). The polyhexene with the molecular
mass amounting to 9 200 000 amu was synthe-
sized a heptane solution in the presence of alu-
minum triisobutylate at the Boreskov Institute
of Catalysis, SB RAS (Novosibirsk) by means
of a method described by the authors of [12].

The PAA solutions were prepared in water,
the polyethylene solutions were obtained using
o-xylene, PHEX was dissolved in toluene, OP
in decane and hexane.

The viscosity of the diluted solutions was
measured using an Ubbelohde viscometer with
a capillary diameter equal to 0.63 mm. The in-
trinsic viscosity [η] of the polymers was calcu-
lated from the plots of the viscosity depending

of the solution concentration [13]. The molecu-
lar mass (M) of PAA was calculated basing on
the Mark�Kuhn�Houwink equation:
[η] = 6.31 ⋅ 10�5 ⋅ M0.80

where 6.31, 0.80 are the constants characteriz-
ing the PAA�water system at 25 °Ñ.

The value of M for PE was determined as
[η] = 1.76 ⋅ 10�4 ⋅ M0.83

The solvent being o-xylene, the tempera-
ture amounting to 105 °Ñ [11].

In order to determine the viscosity of con-
centrated solutions we used a Brookfield DV-III
ULTRA rotary viscometer with a Rheocalc32
software package.

The PHEX solutions were tested using a
Rheometer in turbulent flow (Reynolds num-
ber values amounting to 4600 and 6800) [14].
The magnitude of  the hydrodynamic drag re-
duction (DR, %) was calculated according to
the formula

2 2 2
s p sDR ( � / ) 100%= τ τ τ ⋅

where 2
sτ  is the outflow time of a fixed vol-

ume of solvent through the capillary under

pressure; 2
pτ  is the outflow time of the same

volume of the polymer solution through the
capillary at the same pressure.

The crystal structure of OP after solvent
evaporation was examined by means of an
AXIO LAB.A1 microscope (Carl Zeiss) in trans-
mitted light.

The ultrasonic treatment of the samples was
carried out using a 1 kW Ultrasonic TS-4M lab-
oratory reactor (VIATECH Ltd., Moscow) at a
frequency of 21.3 kHz and ultrasound intensi-
ty amounting to 10 W/cm2 [15].

The composition and relative content of n-
alkanes in the OP was determined by means
of  gas-liquid chromatography. The analysis was
performed using a Perkin-Elmer SIGMA 2B gas
chromatograph with a gas ionization detector;
helium being used as the carrier gas. The length
of the capillary column dampened with phase
SE-52 was equal to 33 m.

The registration mode was a linear temper-
ature programming with the rate of 4 °Ñ/min
within the range of 100�290 °Ñ.

The IR spectra of PE samples were regis-
tered using a Nicolet-5700 FT-IR spectrometer
within the range of 400�4000 cm�1.
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Fig. 1. Effect of the duration of ultrasound treatment (UST)
on the molecular mass of the PAA solution.

RESULTS AND DISCUSSION

It is known [1] that sonochemical reactions
in a most intense manner occur in aqueous so-
lutions; therefore we treated an aqueous PAA
solution, with the concentration of 0.7 g/
100 cm3. The ultrasonic processing of the solu-
tions as carried out within the duration range
of 5�45 min with determining the value of [η]
after immediately exposure and after 1 day. The
molecular mass of the PAA, calculated basing
on the Mark�Kuhn�Houwink equation dimin-
ishes from 120 000 to 77 000, 51 000 and
28 000 amu, after 5, 15 and 45 min of the treat-
ment, respectively. Thus, after a long-term
exposure the value reaches the limit equal to
almost 30 000 amu (Fig. 1). These changes are
irreversible: after 1 day the molecular mass of
the PAA has not changed.

In order to study the behaviour of hydro-
carbon systems in organic media after the son-
ication we took polymeric samples (high mo-
lecular mass PHEX, PE) and OP.

The acoustic action on high molecular mass
PHEX solutions results in a 1.6-fold decrease
of the intrinsic viscosity already after the treat-
ment during 30 s, whereas after the treatment
for 30 min there is a 7.2-fold decrease thereof
(Table 1). Such a destructive aftermath of the
sonication has reflected in the magnitude of
reducing the hydrodynamic drag of  the PHEX
solutions in a turbulent flow (Toms effect): there
is a 6�13 % decrease of DR value observed as
compared to the initial sample, even after a
short-time treatment (30 s) of the solution un-
der investigation (see Table 1) [14, 16]. After a
longer sonication the time of the turbulent out-
flow for the fixed volume of the polymer solu-
tion becomes equal to (at Re = 6830) or greater
than (at Re = 4600) the outflow time inherent
in the pure solvent; the value of DR in this
case tends to zero or becomes negative. The
observed decrease of [η] and DR for the solu-
tions under investigation is irreversibly over
time, which indicates the degradation of
PHEX macromolecules in the ultrasonic field.

Basing on these studies [1, 3, 7], we could
present the following scheme of PHEX de-
struction via a radical mechanism.

Initiation:
~CH2�CH�CH2�CH~ → 2~CH2�CH   (1)
                R              R                                           R

R = �CH2�CH2�CH2�CH3

                            H
~CH2�CH�CH�CH~ → H

.
+ ~CH2�CH�CH�CH~(2)

                   R             R                                                     R                       R

                            H
~CH2�CH�CH�CH~ + H

. → H2 + ~CH2�CH�CH�CH~  (3)
                 R        R                                                           R          R

Chain transfer:
~CH2�CH + ~CH2�CH�CH�CH~ → ~CH2�CH2

R R R R

       + ~CH2�CH�CH�CH~    (4)

R R

Chain termination:
~CH2�CH + H

.
 → ~CH2�CH2   (5)

R R

~CH2�CH + CH�CH~ → ~CH=CH + CH2�CH2~     (6)
R           R  R R

TABLE 1

Results of viscometric and turborheometric measurements
for the solutions of polyhexene treated by ultrasound

Samples [η], cm3/g DR, %, at Re

4600 6830

Initial solution 4.3 48.9 56.4

Sonication, 30 s 2.7 35.9 49.6

The same, 2 min 1.9 �1.2   2.5

The same, 15 min 1.0 �4.7   0.7

The same, 30 min 0.6 �5.2   0.7

Notes. 1. The concentration of the solutions for the
turborheometric measurements is equal to 0.0115 g/cm3.
2. Re is the Reynolds number.
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Fig. 2. Dyn amic viscosity of  polyethylene solution
depending on shear rate after 15 min sonication at 25 °C.
Treatment time, min: 0 (1) 15 (2), 120 (3) 1200 (4).

Fig. 3. Molecular mass distribution of  n-alkanes for the original and ultrasonically treated (UST) oil paraffin (OP).
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In addition to the initiation reactions (1)�(3)
there is possible an abstraction of rather long
side substituents and formation of a macrorad-
ical. As far as the chain termination is con-
cerned, a more likely reaction could be present-
ed by reaction (5).

Polyethylene whose molecular mass amounts
to only 49 000 amu, is degraded in the ultra-
sound field, to a not so great extent as PHEX.
The molecular mass of the sample determined
using a capillary viscometer, after 15 and 30 min
of sonication exhibits a decrease to 42 000 and
29 000 amu, respectively.

Other rheological behaviour after the soni-
cation is demonstrated by more concentrated PE �
o-xylene systems. The initial system (1.8 mass %
of PE in o-xylene) represents a typical thixo-
tropic gel-like liquid whose viscosity decreases
with increasing the shear rate (Fig. 2). The vis-

cosity measured immediately after 15 min of
sonication demonstrates a 1.2�1.5-fold decrease
in comparison with the initial value, whereas
in 2 h after the removal of the load it exhibits
a more than 10-fold decrease, whereas the vis-
cosity of the system is almost independent of
the shear rate (see Fig. 2, curve 3). The lique-
faction of the system observed after the soni-
cation is caused by the gel-sol transition inher-
ent in some thixotropic gels [4]. After 20 h, the
viscosity increases, but its value does not reach
the initial values. The results obtained may indi-
cate the fact that in addition to overcoming the
energy of van der Waals interactions those re-
lax over time, the effect of ultrasonic waves
leads to the breaking of chemical bonds in the
macromolecules of PE.

The reaction scheme could be presented as
it follows [18, 19]:

Initiation:
~CH2�CH2�CH2�CH2~ → 2~CH2�CH2   (7)

H

~CH2�CH2�CH�CH2~ → H
.
 + ~CH2�CH2�CH�CH2~ (8)

The development of the chain could involve
isomerising the radicals:
~CH2�CH2�CH2�(CH2)n�CH2

         → ~CH2�CH2�CH�(CH2)n�CH3   (9)
cleavage of the molecules of higher olefins:

~CH2�CH2�CH�(CH2)n�CH3

         → ~CH2 + CH2=CH�(CH2)n�CH3 (10)
chain transfer to adjacent macromolecules:

R
.
 + R′H → RH + R′. (11)

and the breaking of macromolecules:
~CH2�CH2�CH�CH2~ → ~CH2 + CH2=CH�CH2~ (12)

Chain termination:
~CH2�CH2 + H

.
 → ~CH2�CH3 (13)

..

.
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Fig. 5. Micrographs of  OP crystallization from the solution in hexane: a �  original solution;  b,  c �  the solution after 5
and 15 min of sonication, respectively.

Fig. 4. Thermographic profiles of changing the viscosity
for a 6 mass % OP solution of in decane in the course of
sonication at the shear rate equal to 1 s�1.

~CH2�CH2 + CH2�CH2~→ ~CH=CH2 + CH3�CH2~  (14)
The IR spectra of the treated PE samples

exhibit the band at 1640 cm�1 to be absent,
which band corresponds to the absorption of
R�CH=CH2 bonds. The ratio between the in-
tensities of the absorption bands CH2/CH3 (720/
1380 cm�1) for the treated PE is somewhat low-
er, which may indicate a partial degradation
of macromolecules with the longest chain.
Therefore it is more likely that there occurs
breaking the chains by means the recombina-
tion of Í

.
 radicals and ~ÑÍ2�Ñ

.
Í2 macroradi-

cals (reaction (13)).
The processing of OP solutions, whose av-

erage molecular mass is low as compared to the
PHEX and PE (270 amu), did not led to any
change in the OP structural parameters. The
kinematic viscosity of the diluted solution at
25 °Ñ remained constant, whereas the maxi-

mum of n-alkane distribution for both the orig-
inal and the treated samples falls at C23 (Fig. 3).

However, the constancy of the molecular
characteristics of the OP treated does not mean
that in the system there are no changes at the
supramolecular level, especially as far as the
crystallization process is concerned. To study the
kinetics of the OP crystallization from the
6 mass % solutions in decane we used a rheo-
logical method [19]. The viscosity was measured
at a shear rate equal to 1 s�1 at which the de-
struction of the disperse system structure is
minimal. The temperature of the viscosimeter
cell was lowered at a rate of 0.3 °Ñ/min. The
viscosity of the initial solution begins to rise at
15 °Ñ, which could be associated with the nu-
cleation of OP crystals, whereas at the tem-
perature values below 5 °Ñ there occurs a spon-
taneous increase in viscosity, which is caused
by the growth of crystalline structures (Fig. 4).
At the temperature of about 1.5 °Ñ there is
formed a continuous 3D network of paraffin that
captures the liquid phase (decane) with stabiliz-
ing by means of van der Waals forces [19]. At
this temperature, the sol-gel phase transition is
observed and the system loses the fluidity. The
ultrasonic treatment of the OP solution signifi-
cantly alters the course of the viscosity depend-
ing on the temperature (see Fig. 4). So, the vis-
cosity of the treated solutions is higher within
the entire temperature range under investiga-
tion, whereas the temperature of spontaneous
crystallization is not distinctly expressed.

The sol-gel transition in the treated solutions is ob-
served at the temperature values amounting to about 5 °Ñ.

..
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An effect of the treatment of the OP solu-
tion in hexane exerted on the appearance of
crystalline entities formed after the evapora-
tion of the solvent was studied. It is known that
hydrocarbon molecules in solutions can exist in
the form of linear chains, single-crystalline
lamellas, fibrils and annular or spherical spher-
olites [21, 22]. The shape and the size of crys-
talline structures depend on many factors, par-
ticularly on the pre-history of their formation.
The original sample of  OP is crystallised in the
form of plate-like structures (Fig. 5, a). After
the sonication of the solution under investiga-
tion during 5 min the OP molecules crystallise
into a continuous lamellar structure with the in-
clusion of bulky crystallites (see Fig. 5, b). A long-
er sonication (for 15 min) leads to the formation
of extended crystalline structures (see Fig. 5,
c), which could cause, to all appearance, a de-
crease in the viscosity of the system (see Fig. 4).

CONCLUSION

An effect of ultrasonic treatment exerted
on the structure and mechanical properties of
polyacrylamide solutions, polyhexene, polyeth-
ylene and oil paraffin was studied. Treating
the solutions of high molecular mass com-
pounds (polyacrylamide and polyhexene) leads
to an irreversible reduction in molecular mass.
The fact that the treated solutions of poly-
hexene are low-efficient as the agents reduc-
ing the hydrodynamic drag in the case of  tur-
bulent flow is caused by the degradation of
its macromolecules. The rheological character-
istics of concentrated polyethylene solutions
after the sonication exhibit changing over time:
the initial significant decrease of the viscosity
is caused by the system liquefaction whereas
the subsequent increase is due to the relax-
ation of destroyed intermolecular bonds. The
ultrasonic treatment of oil paraffin solutions
exerts no effect on the molecular mass distri-
bution of n-alkanes, but it causes increasing
the spontaneous crystallization temperature
and enhancing the phase transition of the sol-
gel type under cooling the solutions. The re-
sults obtained could be useful to explain the
behaviour of hydrocarbon dispersed systems,

in particular oil systems, after high-frequen-
cy acoustic impact.

The use of low-energy technologies allows
to a considerable extent disrupting the oil asso-
ciates formed by asphaltene-resinous compo-
nents and crystalline paraffinic hydrocarbons
in order to carry out mass transfer processes
during the relaxation of the viscosity�temper-
ature characteristics of the dispersed system.
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