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T
he ultrasonic degradation of polyethylene oxide (PEO) solutions was carried out

in water at 20, 25, 30, 35 and 40ºC to investigate the effect of temperature and

solution concentration on the rate of degradation. Kinetics of degradation was

studied by viscometry. The obtained limiting molecular weights indicate that under the

conditions of increased temperature and solution concentration the degradation rate

of PEO solutions decreases. The obtained limiting molecular weights were correlated

in terms of concentration and temperature. The calculated rate constants also indicate

that degradation rate of PEO solutions decreases as the temperature and solution

concentration are increased. The calculated rate constants were correlated in terms of

concentration, temperature, and molecular weight of polymer. This degradation behav-

iour was interpreted in terms of vapour pressure of water, viscosity, and concentration

of polymer solutions. With increasing temperature, the vapour pressure of solvent

increases and as this vapour enters inside the growing cavitation bubbles there is a

reduction in collapsing shock due to the developed cushioning effect. As a result, the

rate of degradation decreases. As the solution concentration increases, the viscosity

increases, leading to reduced cavitation efficiency and therefore the rate of degrada-

tion decreases.

INTRODUCTION

The degradation of polymers can

occur because of heat, light, chem-

ical reagents or ultrasonic radiation

[1]. In recent years the effect of

temperature on the ultrasonic

degradation of polyethylene oxide

(PEO) in unknown solvent [2], the

effect of initial molecular weight of

polymer on the ultrasonic degrada-

tion of PEO in chloroform [3] and

that of solvent composition (mix-

tures of water with acetone,

methanol, and acetonitrile) [4]

have been investigated, and yet the

effect of solution concentration on

the ultrasonic degradation of PEO
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is not investigated.

The ultrasonic degradation process has several

unique features such as its non-random nature and

molecular weight dependence that distinguish it from

thermal or photochemical degradation [5]. The scis-

sion of polymer chains in a solution occurs preferen-

tially near the middle of the chain [6,7]. It has subse-

quently been confirmed that using ultrasonication

method is highly advantageous in degradation of

macromolecules, as it reduces their molecular weights

simply by splitting the most susceptible chemical

bonds in the centre of the chains without any changes

in chemical nature of the polymer [8]. 

The passage of the longitudinal sound wave

through a liquid causes cavitation [6]. The formation,

growth, and rapid collapse of microscopic bubbles

generate high temperatures in the region of several

thousands Kelvin and high pressures of several hun-

dreds atmospheric pressure, depending on the system

[9]. These extreme conditions are primarily responsi-

ble for sonochemical reactions.

In a dilute solution, the role of the generated heat

is probably of minor importance in polymer degrada-

tion. Accordingly, since the hot regions are highly

localized and should be quenched in less than 1μs, the

polymer molecules do not have time to diffuse and to

reach these spots in such a short interval [9]. The

motion of the wall of imploding bubble causes the

movement of the solvent molecules around the bub-

bles. These movements set up large shear fields that

are primarily responsible for the degradation of poly-

mer [6,10,11]. 

The effect of temperature on ultrasonic degrada-

tions of hyaluronin acid [11], polybutadiene [12,13],

isotactic polypropylene [13], polyacrylamide and

polyethylene oxide [2] and polyvinyl acetate [14,15]

have been  investigated and it has been found that

with increasing temperature the rate of degradation

decreases. Nevertheless, it may be said that the oppo-

site results are also reported [16]. 

In the present study, we examined the effect of

temperature and solution concentration on degrada-

tion rate of PEO in water to obtain a rate degradation

equation in terms of temperature, concentration, and

molecular weight. The kinetics of degradation was

studied via viscometry which was performed by the

correlation of viscosity measurements at different

sonication time lengths to the viscosity-average

molecular weight, Mv, and number-average molecular

weight, Mn. Finally, these quantitative values are cor-

related with the molar concentration by a meaningful

expression.

Kinetic Model

The rate of degradation is defined as the number of

moles of scissions that occur in one liter at a definite

time, considering that a scission in a chain yields two

pieces. Thus, the rate equation of the degradation is as

follow [17]:

(1)

where, M, k, and α are the total molar concentration

of polymer, the rate constant, and the order of reaction

with respect to total molar concentration of polymer,

respectively. The solution concentration (C) in g L-1 is

constant and the total molar concentration 

(M) in mol L-1 increases during the polymer degrada-

tion.

The total molar concentration is related to the num-

ber average molecular weight, Mn, through the fol-

lowing ratio

(2)

thus, the rate equation of polymer degradation is as

follows:

(3)

the rate constant of polymer degradation is related to

Mn as follows [18]:

(4)

where k´, β, and Mlim are apparent rate constant, a

constant, and the limiting number average molecular

weight, respectively. Thus, the rate equation of the

degradation is as follows:

(5)

the following expression can be used to calculate Mn

from the viscosity measurment [17].
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(6)

and

(7)

where, a and K are Mark-Howink constants, and ηr is

the relative viscosity which is calculated as:

(8)

where t and t0 are the flow times for a given polymer

solution and the solvent, respectively.

EXPERIMENTAL

Materials 

PEO with mass average molecular weight, Mw, of

900000 (Acros Organics) was used without further

purification. Double distilled water was used for

preparation of solutions.

Apparatus and Procedure 

PEO solutions (5, 10, and 15 g L-1) were prepared

gravimetrically by an analytical balance (Sartorius

CP224 S) with a precision of ±1×10-4 g. Ultrasonic

degradation was performed at five different tempera-

tures (20, 25, 30, 35, and 40ºC).

The degradation of PEO was carried out in water.

For the degradation, 80 cm3 of polymer solution was

placed in the jacket flask and its temperature was con-

trolled within ±0.5ºC by circulating thermostated

water and sonication for a long time. An ultrasonic

generator (Dr. Hielscher UP400 S ultrasonic proces-

sor) with an H3 sonotrode (ø=3 mm) was used in this

experiment. The frequency of the ultrasound was 

24 kHz and the output was set at 350 W.

Periodically, samples of the sonicated solution

were removed and their viscosities were measured

using a jacketed Ubbelohde viscometer and its tem-

perature was kept and probed at 30 ± 0.1ºC by a tem-

perature controller (Eyela, UA-10, Tokyo Rikakiai

Co.). For a quick comparison of viscosity changes

during sonication, after the removal of the samples

(10 and 15 g L-1) they were diluted to 5 g L-1. In the

next step, their viscosities were measured. The flow

times for the solutions used in this work were never

less than 250 s. The workable conditions (a = 0.59 and

K = 3.93×10-5 L.g-1 ) were adopted on the basis of the

previous findings in the literature [19]. 

RESULTS AND DISCUSSION 

Sonication was carried out for three different PEO

concentrations at 20, 25, 30, 35 and 40ºC, respective-

ly. The relative viscosities of degraded solutions were

measured at various sonication durations and are list-

ed in Table 1 with precision of the data within ± 0.001.

The relationships between ηr and sonication time are

presented in Figures 1 and 2. The eqn (6) and ηr data

were used for Mn calculations. The relationships

between Mn and sonication time are presented in

Figures 3 and 4.  From these findings, it is clear that

Mn decreases with sonication time and tends to reach

a constant value. It can be deduced that there is a lim-

iting molecular weight below which the chain scission

does not occur. Under the same conditions, the num-

ber average molecular weight of the sample with

higher polymer concentration was not as much

decreased as that of the sample with lower polymer

concentration. 

These results indicate that the extent of degrada-

tion is more pronounced in more dilute solutions. This

might be due to the fact that the probability of chem-

ical bond scission caused by efficient shearing in the

polymer chain is greater in dilute solution. These find-

ings are consistent with the results of other investiga-

tors [8]. 

Our results indicate that the extent of degradation

is more pronounced at low temperature. This might be

assumed that by increasing the temperature, the

vapour pressure of the solvent, vp, increases and this

vapour enters the inside of the growing cavitation

bubbles. This causes a reduction in collapsing shock

because of a cushioning effect [2] and also with

increasing temperature the free motion of PEO mole-

cules increases and the existing stress in form of

kinetic energy is more easily relieved. Therefore, the

extent of degradation is reduced [11].  

With increasing temperature, two solution factors,

viscosity and vapour pressure of the solvent are

changed. The first factor decreases with increasing 
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Table 1. The relative viscosity of degraded solution at various sonication durations and temperature and concentration

conditions. 

Time

(min)

ηr

20ºC 25ºC 30ºC 35ºC 40ºC

C = 5 g/L

0

5

10

20

30

40

50

60

70

80

90

100

1.756

1.639

1.556

1.449

1.390

1.351

1.322

1.298

1.283

1.268

1.263

1.263

1.756

1.644

1.561

1.459

1.400

1.361

1.332

1.307

1.293

1.283

1.278

1.278

1.756

1.644

1.571

1.468

1.415

1.376

1.346

1.327

1.312

1.302

1.298

1.298

1.756

1.649

1.576

1.483

1.429

1.395

1.371

1.351

1.337

1.327

1.322

1.322

1.756

1.654

1.580

1.493

1.439

1.410

1.390

1.376

1.366

1.356

1.351

1.351

C = 10 g/L

0

5

10

20

30

40

50

60

70

80

90

100

1.756

1.644

1.566

1.463

1.410

1.371

1.341

1.322

1.307

1.298

1.293

1.293

1.756

1.649

1.571

1.473

1.420

1.385

1.361

1.341

1.327

1.317

1.312

1.312

1.756

1.649

1.580

1.483

1.429

1.400

1.376

1.356

1.341

1.332

1.327

1.327

1.756

1.654

1.585

1.498

1.449

1.420

1.395

1.380

1.366

1.356

1.351

1.351

1.756

1.663

1.590

1.502

1.459

1.434

1.415

1.400

1.390

1.385

1.380

1.380

C = 15 g/L

0

5

10

20

30

40

50

60

70

80

90

100

1.756

1.654

1.576

1.478

1.429

1.395

1.366

1.346

1.337

1.332

1.327

1.327

1.756

1.659

1.580

1.493

1.439

1.410

1.385

1.371

1.361

1.356

1.351

1.351

1.756

1.659

1.590

1.502

1.459

1.429

1.410

1.390

1.380

1.371

1.366

1.366

1.756

1.663

1.595

1.517

1.473

1.449

1.429

1.415

1.405

1.395

1.390

1.390

1.756

1.668

1.605

1.527

1.493

1.468

1.454

1.439

1.429

1.424

1.420

1.420



Figure 1. Relationship between ηr and sonication time for

different polymer concentrations at 20ºC.

temperature and this accelerates the rate of degrada-

tion. The second factor increases with increasing tem-

perature and this reduces the rate of degradation. Our

data indicate that the effect of vapour pressure is a

dominant factor. 

A number of different rate models have been pro-

posed for the degradation of polymers [7,20]. In this

study a simple model has been employed via viscom-

etry. From the time-evolution of Mn, the rate of degra-

Figure 2. Relationship between ηr and sonication time at

different temperatures for [PEO]=5 g L-1.

Figure 3. Relationship between Mn and sonication time in

different concentrations at 20ºC.

dation is evaluated and the calculated rates have been

fitted in eqn (5). In all experimental conditions the

values adopted for parameters α and β in eqn (5) were

0.9–1.1 and 0.65–0.75, respectively. Therefore, with

values of α = 1 and β = 0.7 the eqn (5) was changed

as follows:

Figure 4. Relationship between Mn and sonication time at

different temperatures in [PEO]=5 g L-1.
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(9)

then, the calculated rates were fitted into eqn (9) to

obtain apparent rate constant, k´. The obtained k´ val-

ues are listed in Table 2. The calculated values of k´

indicate that the rate of degradation decreases with

increasing concentration and temperature. With

increasing the solutions concentration their viscosities

increase and reduce the shear gradients around the

collapsing bubbles, therefore, the degradation rate

decreases as well. By increasing the temperature, vp

of the solvent increases, therefore the vapour enters

the cavitation bubbles during their growth and causes

a reduction in collapsing shock because of a cushion-

ing effect and consequently, the rate of degradation is

reduced. 

The rate of ultrasonic degradation of PEO aqueous

solutions in terms of concentration, temperature, and 

Figure 5. Relationship between R´ and sonication time in

different polymer concentration at 20ºC.

molecular weight in the studied range of concentra-

tions and temperatures is determined as follows:

R´= (1.67706±0.00001×10-6-1.0016 ± 0.0001×10-8.T

+1.60±0.01×10-11.T2 -5.01655±0.00001×10-8.C

+3.20057±0.00001×10-10.CT -5.14286±0.0001

×10-13.CT2)Mn (Mn-6907060±1+47496.9±

0.5×104.T -82535±0.002.T2 +213184±1.C -1403.94

±0.04.CT +2.262±0.002.C.T)0.7 (10)

where T is absolute temperature. The error of this

equation in the studied range of the above mentioned

variables is 1%. To indicate the predictability of eqn

(10), the relationships between measured R´ and

molecular weight are presented in Figures 5 and 6.

These results indicate that the predictability of eqn

(10) is satisfactory in the studied range of concentra-

tions and temperatures. 

Figure 6. Relationship between R´ and sonication time at

different temperatures in [PEO]=5 g L-1.
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Table 2. The parameter of eqn (9), k´, in various concentration and temperature conditions.

C

(g/L)

k´×107

20ºC 25ºC 30ºC 35ºC 40ºC

5

10

15

1.132

1.107

1.078

1.108

1.087

1.062

1.090

1.071

1.050

1.082

1.063

1.044

1.078

1.055

1.041
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CONCLUSION 

The ultrasonic degradation of PEO solutions was car-

ried with concentration 5, 10, and 15 g L-1 in water at

20, 25, 30, 35, and 40ºC. The obtained limiting values

of molecular weight indicated that the extent of degra-

dation decreased with increasing of solution concen-

tration and temperature. The order of reaction with

respect to molar concentration of polymer is 1. The

rate of the degradation of the polymer is decreased as

the temperature and solution concentration are

increased. The rate of the degradation and the limiting

values of molecular weight of the polymer are corre-

lated in terms of temperature and concentrations of

solution.
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