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ABSTRACT

Inthiswork ultrasonic degradation of one commercially important hydrogel
based on acrylic acid and acrylamide was carried out in agueous solution at
room temperature (25°C). Also, the effect of power and pulse on the rate of
degradation was investigated. A method of viscometry was used to study
the degradation behavior of the hydrogel and a first order kinetic equation
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was employed to calcul ate the degradation rate constants. The experimental
results indicated that the rate of ultrasonic degradation increased with in-
creasing ultrasonic power and pulse. The degradation proceeds by me-
chanical forces and aso involvesradical scission mechanism.
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INTRODUCTION

For certain applications, polymerswith lower mo-
lecular mass have advantages over thehigh molecular
mass candidatesdueto their improved diffusioninto
biological tissues. Shortening of the macromol ecular
chains can be achieved by various methods such as
thermal, photo and catalytic degradation™3. Themeth-
odslike UV*8 gammaradiation®, microwave®9
are al'so important. Polymers can be degraded ther-
mally by pyrolysis, But the process consumes much
energy. Ultrasound, photo and chemical methodsre-
quirelessenergy for polymer degradation. Further, in-
teraction between them and the polymeric systemscan
hel p find the degradati on pathways or mechanisms*
S, Many Scientistshaveinvestigated the ultrasound

degradation of polymers. Theeffectsof variousparam-
eterslikeultrasound pulseandintensity, frequency, tem-
perature, vapor pressure, volume, solvent, dissolved
gases, molecular weight and polymer concentration on
the ultrasonic degradation of polymershavebeenin-
VeStI gatw[2,5,7-9, 11-23] .

Oneof theuniquefeatureof ultrasonic degradation
isthefact that, in contrast to al chemica and thermal
decomposition reactions, theultrasound depolymeriza
tionisanon-random processwhich producesfragmen-
tation at the mid-point of the chain. The existence of
certain and limiting molecular weight, below which ul-
trasonic degradation does not take place, hasthe addi-
tiona effectinwhichtheinitia molecular weight distri-
butionisbroad and then becomes narrow during deg-
radation(**>152-28 For any polymer degradation pro-
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cessto become acceptableto industry, it isimportant
to be ableto specify the sonication conditionsto pro-
duceaparticular relative molecular massdistribution.
Acrylicacid (AA) and acrylamide (AAm) aretwo
water-solubleimportant monomersinindustry that the
research work on their polymers and gels and some
another hydrogel sin solution mainly focused on follow-
ing categories.
- Synthesisand gdation, without ultrasound®%* and
inthepresence of ultrasoundi*%
- Degradation, without ultrasound“*"% and inthe
presence of ultrasound(® 78121724
- Swélling and degradation, without ultrasound=>41
andinthe presence of ultrasound®
The hydrogel sbased on acrylic acid and acrylamide
areimportant commercia polymeric gels. Although
their sonochemica polymerization hasbeen reported™
31, but ultrasonic degradation have not been investi-
gated. The purpose of this study is to present new
experimental datafor the ultrasonic degradation of
these hydrogel sin water. The effectiveness of the ul-
trasoni ¢ process has been eva uated by measuring the
changesin viscosity. It isshown that therate of ultra-
sonic degradation of the hydrogelsfollowsafirst or-
der dependency of theviscosity withirradiation time.
The effects of other parameters such as concentra-
tion, external pressure, temperature, volume and sol-
vent will be carried out in the next work.

RESULTSAND DISCUSSION

Effect of ultrasonic waveson theviscosity

Theultrasonicdegradationisafluid mechanicd pro-
cess, thusviscosgty of thesolvent playsanimportant role
indetermining thedegradationrate. It wasnot observed
any appreciable degradation under pulse 5 and power
70%. Figure 1 showsthe changesinviscosityn which
have been observed by sonicating of thehydrogel solu-
tion after gelatinization. In order to study the effects of
ultrasonicirradiationtime on the degradation of hydro-
gd, viscositiesat the various cyclesand powerswere
also measured. Somedataareshownin Figure 1.

Itisclear thatn greatly decreasesat the beginning,
thenincreaseswiththeirradiationtime, and findly de-
creasestoward alimited and constant value, whichis

sometimesthe characteristic of mechanochemica deg-
radation of the polymersin agueoussolutions. Thein-
creasein viscogty after theinitial decreasewasnot ad-
equately explainedin literature. We proposethefol -
lowing reason for thisobservation.
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Figurel: Viscosity variationswith irradiation timein dif-
ferent power sin pulse 8 (a) and in different pulsesin power
85% (b).

AsshowninFigure2, it seemsthat partial degra-
dation of the hydrogel increasesthe contact surface of
thehydrogel particlesand the chain of polymer canin-
terpenetrated to each other moreintensely.
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Hydrogel particles Partially degraded hydrogel
Figure?2: A diagrammatic description of gelatinization and
partially degradation of hydrogel by ultrasound

It can be deduced that thereisalimiting molecular
weight that bel ow which chain scission does not oc-
cur. Theviscosity limit of the hydrogel solutionwas
about 381n 25°C. Below the limit, the polymer chain
was so short that cleavage at the center of the mol-
ecule did not take place anymore?-21, At the end of
the ultrasonic treatment, the viscosity isnear to that of
water (about 10 mPays).
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Ultrasonic degradation kinetics (reaction order
and rateconstants)

Ultrasonicirradiationsto hydrogel aqueous solu-
tionslead to thefirst-order reaction (for reduction port,
after climax) asshownin Figure 3. Therate constants
were deducted from the slopes of curvesissued from
equation 213161,

Nt — Noo

In(m) =—kt @)

wherekistherate constant,  theinitial hydrogel vis-
cosity (400 mPas), 7, itsvaueat later timesandn, the
final hydrogel viscosity. Rate constants of
sonodegradationlisedin TABLE 1, ranged from 0.762
h* (power 75% and pul se 6) to 1.806 h* (power 95%
andnopulse). Theaverageexperimenta error wasabout
3% according to the standard deviations of the dopes.
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Figure3: Theplot of In(n, —n,) ver sussonication timefor
hydr ogel degradation (power 75% and pulse8).

TABLE 1: Therelationshipsbetween thecalculated rate
constant k (h*) with power and pulse of ultrasound

Power 75%  Power 85%  Power 95%
No pulse 1.234 1.476 1.806
Pulse 8 1.046 1.134 1.230
Pulse 6 0.762 1.068 1.108

Effect of power on therateof degradation

Theeffect of ultrasound intensity onthe ultrasonic
degradation of thehydrogel wasinvestigated. Thedata
listedin Figure lashowsthat theincrescent of theultra:
sonicintengty reducesintring c viscosty of thehydrogel
morerapidly, indicating that the extent of degradation of
hydrogel increaseswith theincrescent of ultrasonicin-
tensity. Therateof changesin viscosity becomesfaster
withincreasingthepower of ultrasonicradiation.

= Y feroreview

TABLE 1 show that the degradationrate coefficient
of thehydrogel increaseswithincreasingin ultrasound
intensity, asreported for other polymersd?=l, Therela
tionship between the degradation rate coefficientand in-
tengity islinear asobserved in Figure 3 and inthe other
studies. Thisisbecauseanincreaseinintengity leadsto
formation of further number of the cavitation bubbles.
Abovethecavitation threshold, the bubblereachesthe
maximum radius, and theradiusisproportiond tothe
squareroot of intensity!**#4, Thelarger cavitation bubbles
collapseand produce high shear forces, sothegel de-
gradesfagter a higher intengties.

Effect of thepulseon therateof degradation

Thedatalisted in TABLE 1 and Figure 1b show
that theextent of degradation of the hydrogel increases
withtheriseof ultrasonic pulse. Withincreasing theul-
trasonic pulse, therate of changesin viscosity becomes
faster (smilar behavior wasobserved for theincreasing
In ultrasonic power as mentioned in previous section).

Pulse 5 meansin any 1 second, 0.5 secirradiate
and 0.5seckeep silent, nopulseisrelated tofull irra
diation and so on. Pulsemakesirradiationtimebedif-
ferent from degradation reectiontime. Ontheother hand,
whenthepulseisdifferent, theirradiationtimeisdiffer-
ent, evenif thereactiontimeisthesame. Pulsealows
thereaction mixtureto cool down.

Swelling properties

Theswelling capacity wasinvestigated asafunc-
tion of ultrasonic exposuretime. Swelling of asample
(intengity 85% and pul se 8) wasmeasured a mentioned
timeintervalsand theresultsare shownin Figure 4.
According tothisfigure, the absorbency isincreased
by passing thetimefrom O up to 15 minand, then, it
decreases considerably with afurther increasein the
timeof ultrasonicexposure. The maximum absorbency
(130 g/g) isobtained in 15 min, whereviscosity was
minimum (figure1). Smilar variationswasobservedin
degradation behavior of dextran hydrogelscomposed
of positively and negatively charged microspheres™.

Theinitia increasein swelling capacity can be at-
tributed to the degradation of somecrosdinkerswhich
lead to ahydrogel network with low density of cross
linking (figure2). Asaresult swelling capacity increases.
Theswelling decrease after the maximum can beatrib-
uted to the ultrasonic degradation of the hydrogel net-
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work. At first, methyl ene bisacrylami de can be attacked
by aneuclophile such aswater under ultrasonic condi-
tions. Then, reduction of the polymer molar massisdone
with further irradiation. Finally, swelling decreasesto-
ward alimited and constant value. Almost all of the
degraded sampl espassed through theteabag and swell-
ing becomes zero.
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Figure4: Swelling of thehydrogel asa function of ultra-
sonic exposur etime (intensity 85% and pulse 8)

Degradation reaction and mechanism

To find the hydrogel degradation mechanism,
chemicd structureof thegd and crosdinker (MBAAM)
is considered. It was reported that methyle-
nbisacrylamidewas hydrolytically unstable®. Inthis
molecule, two electronegative atomsarebondedto a
carbonatom. Themethylenegroup hasardativey pos-
tive charge. So under normal conditionsit can be at-
tacked easily by aneuclophile such aswater molecule.
Thereactioniscatalyzed and progressed more easily
by ultrasonicradiation.

M ethylenebisacrylamidein themidpointsand other
point of the polymer chainsare considered asthe posi-
tionsof initid and the next chain scission, respectively.
This process shows approximately awide molecul ar
weight distribution under ultrasonicirradiation. When
molecular weight of the polymer decreasestoalimiting
vaue, thestressinduced by the deformation of chainis
not enough to break down chemical bond, and me-
chanica degradation stops. The shear forcesgenerated
by the rapid motion of the solvent are responsiblefor
the breakage of the chemical bondswithin the poly-
mer“?l, |nthe case of diluted agqueous solutions of the
hydrogel, hydroxyl and hydrogen radicalsareableto

abstract hydrogen atomsfromthe gel structure. Thus,
macroradicals are formed. Subsequent reactions of
macroradicalscan be; chain scission, hydrogen trans-
fer, inter- and intramol ecular recombination and findly
disproportionation of macroradical§136333, The ef-
fect of chain scission can befollowed by areductionin
themolecular weight of the polymer. Accordingly, ul-
trasonic degradation of hydrogel can be represented
by thefollowing mechanism (figure5).
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Figure5: Schematicrepresentation of ultrasonic degrada-
tion of thecrosslinked hydrogel
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