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ABSTRACT

One of the commercially important hydrogel based on acrylic acid and acryl
amide, (acrylic acid-co-acryl amide) hydrogel shave been degraded by means
of ultrasound irradiation and its combination with heterogeneous (TiO,). 24
kHz of ultrasound irradiation was provided by asonicator, whilean ultravio-
let source of 16 W was used for UV irradiation. TiO, sonophotocatalysisled
to complete (acrylic acid-co-acryl amide) hydrogels degradation with in-
creasing catalyst loading, while, the presence of TiO, in the dark generally
had little effect on degradation. Therefore, emphasis was totally on the
sonolytic and sonophotocatalytic degradation of hydrogels and a synergy
effect was cal culated for combined degradation procedures (Ultrasound and
Ultraviolet) in the presence of TiO, nanoparticles. TiO, sonophotocatalysis
was aways faster than the respective individual processes due to the en-
hanced formation of reactive radicals as well as the possible ultrasound-
induced increase of the active surface area of the catalyst. A kinetics model
based on viscosity data was used for estimation of degradation rate con-
stants at different conditions. © 2012 Trade Sciencelnc. - INDIA
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INTRODUCTION

Mechanical stress can bein the form of ultra-
sound waves and therelated processis named ultra-
sonic degradation. Ultrasound can be used to apply
forcetodilute polymer solutions. Sinceitsinitial use
to degrade starch and agart¥, thistechnique has also
been employed to degrade cellulose, polypeptides
and polysaccharides®, proteing, transition metal -
coordinated polymerg®", and various organic poly-
mers®. Depending on the application, polymersand
gels may need to be degraded to reduce their mo-
lecular weight through the shortening of the polymeric
chainsthat can be achieved by various methods. Dif-

ferent methods of degradation are available such as
thermal, photo and catal ytic degradation'®. Beside
the ultrasoni c degradation method, the methodslike
photocatal ysis* and microwave*¥ are al so impor-
tant.

Polymers can be degraded thermally by pyrolysis
insolution. Alternative energy reducing techniquesre-
quired for degradation process areimportant, too. Ul-
trasound, photo and chemical methods areless en-
ergy-intensive polymer degradation. Further, the
mechanism by which they interact with the polymeric
systems can help get insight into the degradation path-
ways or mechanisms*2. Polymer chain scission re-
sultsfrom solvodynamic shear caused by cavitation:
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thenucl eation, growth, and collapse of bubblesin so-
[ution. A polymer molecule near the vicinity of acol-
lapsing bubble is pulled toward the cavity of the
bubble, and the solvodynamic shear elongates the
polymer backbone, leading to scission*®. Scission
generdly occursnear the midpoint of apolymer chain,
where solvodynamic forces are the greatest™. The
rate of cleavagefrom ultrasonicirradiation of polymer
solutionsdependson several experimental factors, in-
cluding temperature, solvent, and sonication inten-
Sitylsl,

Cavitation produces vibrational wave energy,
shear stressesat the cavitation interphase, and local
high pressure and temperature. These arethe major
factors causing the degradation of polymersi¢- 171,
Application of high-intendty ultrasound to dispersions
of carbohydrates can lead to depolymerization be-
cause of theintense mechanical and chemica effects
associated with cavitation(*® 9, Cavitational ther-
molysis may produce hydroxyl radicalsand hydro-
gen atomsthat can be followed by formation of hy-
drogen peroxide®. Some cavitiesexist only for one
cycleof the sound field and collapse violently, while
other arelong-lived and oscill ate around some equi-
librium size?4.

In recent years, thes multaneous use of ultrasound
and photocatalysis, so-called sonophotocatalysis has
been studied regarding process efficiency to degrade
various organics and dyes?2¢, However, somere-
searcherswereinvestigated thiscombined method on
degradation of some water soluble polymerg?” 1,
Nano TiO, as a photocatalyst has a great many ad-
vantagessuch aslow cost, nontoxicity, high catalyst
efficiency, long-term stability etc!? %1, On the other
hand, by using ultrasound some complicated reactions
can be performed withinexpens veequipment and often
infewer stepsthan with the conventional methods®®
¥ inthisregard, researchers have used sono-photo-
catalysisinavariety of investigations. Although pho-
tocatalysis and sonolysishave been extensively em-
ployedindividually for the degradation applications,
their combined use hasreceived appreciably less at-
tention. Theaim of thiswork wasto study the degra-
dation of hydrogel by means of sonolysis sand
sonophotocatalysis, concerning the effect of catalyst
presence on degradation.
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EXPERIMENTAL

Materialsand procedure

The monomers acrylic acid (AA, Merck),
acrylamide (AAm, Huka), ammonium persulfate (APs,
Fluka) and methylenebisacrylamide (MBAAmM, Huka)
wereandytica gradeand used without further purifica:
tion. The hydrogel was prepared according to early
worksin optimum conditions® *. DegussaTiO, P-25
(anatase:rutile= 65:35, BET=50m?g*) wasemployed
asphotocata yst in heterogeneous cata ytic experiments
and it wassupplied by DegussaHuds. All other chemi-
calswere of laboratory reagent grade and were pur-
chased fromMerck. Distilled and delonised water was
solvent.

Reactionswerecarried out in acylindrical 100ml
Pyrex glass vessal. An ultrasound generator (Dr.
Hielscher Ultrasonic Processor UP200 H) operating at
afix frequency of 24 kHz and avariable power output
upto 100W nomind vaue, in agueousmediawas used
for soni cation experiments. The bottom of thevessel
wasfitted with aglasscylindrica tubehousingthelight
source; therewereapair of 8W UV lamp, which emits
inthe 200-300 nm wave ength range with amaximum
at 254 nm. Thevessel wasfed witha100ml hydrogel
solution and the reaction temperature in the case of
sonolysis, sonocatalysisand sonophotocatalysiswas
kept constant at 25+1°C through the use of cooling
water drculatinging dethedouble-walled compartment,
thusacting ascoolingjacket. Different trestmentswere
tested, namely: sonolysis (US), sonocatalysis
(US+TiO,) and combined sonolysis and photocataly-
ss(USHtUV+TIO,).

Theintringcviscostiesof theorigind hydrogd and
its degraded solutions at 25°C were measured using
thecapillary viscometer (Setavic Kinematic viscometey).
Theinternd capillary diameter was 0.5mm. Efflux times
were measured for hydrogel solutions (t)) and the sol-
vent (t,). Measurement of efflux timeswere repeated
two timesand average efflux timewasthen converted
totheratioof t/t , whichisproportiona torelaivevis-
cosity, n, of hydroge! solution.

nr = g (1)
775p =1- nr (2)
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Kinetic model

Therateof degradationisdefined asthe number of
scission that occursin 1 L in unit time and we must
keepinmindthat ascissoninachanyie dstwo pieces.
Thus, therateequation of thedegradationisasfollows:

am "
R= o kM 3

Where, M, isthetotal molar concentration of the
polymer, k, istherate constant and, n, isthe order of
reaction with respect to thetotal molar concentration
of the polymer. From the experimental data, itisclear
that the degradation rate decreaseswith increasing so-
lution concentration, SO “n” is negative. Harkal et al.
wasfound that the order of ultrasonic degradation re-
actionfor poly (vinyl acohol) obtained fromthiskinetic
modd is-1. Itisnoted that solution concentration (g/L)
isconstant and thetotal molar concentration (mol/L)
increases during the degradation of polymer. The solu-
tionof differentia Eq. (3) is:
M —MI" = (1-n)kt 4)

WhereM  istheinitid total molar concentration of
polymer. Thetotal molar concentrationisrelated to the
number average molecular weight through:

C

M= (5)

n

Moreover, through™!,

M - [(1+a)r(1+a)KcM }% An

7 ©)
Inaddition, substitution Eq. (6) in (4) yields:
(lfﬂ%
A”H*A”éﬂﬂl*n)[(ua)r(famc“"} k (7)
Or
At " — ARy =kt (8)

RESULTSAND DISCUSSION

Deter mination of degradation reaction order

By analogy with the chemical degradation, itisex-
pected to take place the bond breakage occurs at the
weakest links in the polymer backbone, but some
works®! suggested that it mainly occurs at the mid-
point of thepolymer chainsand theexistenceof afina

limiting molecular weight is predicted; below which ul-
trasounds have no more effect. In general, polymer
mechanochemistry induced by anacoudticfiddisanon-
random process; for exampl e, the scission of polymer
chainsinsolution occursat apreferentia position near
the midpoint®631, Mooreet d. approved thisideaby
anisotopelabeling experiment on ultrasonic degrada
tion of linear PEG®®, Several studies proposearan-
dom chain breakage but still consider that somebonds
are more resistant, in relation to the decrease in the
scission rate constant aslower values of degree of po-
lymerization arereached™.

Dueto the polydisperse nature of most polymers,
an accurate analysis of the degradation kineticsisal-
most impossiblewithout information about thelocation
of chain scission and the dependence of rate coeffi-
cientsonthemolecular weight of thepolymer. Twosm-
plified models, based on different assumptionsof the
location of chain scission, have been proposed to quan-
titatively describe the degradation process of poly-
mers“¥, Although, anumber of different rate models
have been proposed for the degradation of polymers,
but inthisstudy asmplemodel wasemployed viavis-
cometry, Using Eq. (6). A negative order for the de-
pendence of thereaction rate ontotal molar concentra-
tion of hydrogel solution within the degradation pro-
cesswas suggested. Intheinitial sonicationtimes, for
different concentration of polymer we cal culatetotal
molar concentration of polymer. Theresultsaredepicted
inFigure 1. Previous studieswere proved that with an
Increasein concentration, therate constant, k, wasde-
creased obvioud y™*Y. At higher concentrations, the so-

M(mol'L) x 10°

0 1§ 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Sonication time(min)

Figurel: Variation of molar concentration with sonication
timefor different concentration of hydrogel at 25°C.
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[ution viscosity increases. Anincreasein viscosty rases
the cavitation threshold. Thisincreased threshold makes
it moredifficult for cavitation bubblesto form. More
importantly, thevelocity gradientsaround collapsing
bubblesbecomesmdller, and the e ongation of thepoly-
mer backboneisreduced.

Thedopesof plotsgivetheinitia rate of degrada-
tion using Eq.3, theplot of InV versusIn[M] arelinear
anditisshowninFigure2. Thesopeof curveis-0.8,
which suggest the order of reactionswith respect to
molar concentration.
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Figure2: Theplot of InV versusInM for degraded hydrogel
at 25°C.

From substitution of thevaueof “n” in Eq.8, we
obtainthefollowing:

An*® —Ant =k't (15)

—— iy

1.9 ——

—— i

Reelative viscomry iy, )

1n 20 3n Hy i) )
Sonlcation time (ndn)
Figure3: Thereationship betweenn andtin sonication, for
different power sof ultrasound at 25°C.
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Sonoalytic (US) and sonocatalytic (US+TiO,) deg-
radation

Figure 3 showsthe effect of increasing changing
ultrasound power onrelative viscosity (n,) of hydrogel
solution asafunction of the sonicationtimeat 1 g/L
initial hydrogel concentration under air. Asseen, 1), de-
creaseswithincreasing thenomina applied power from
30 to 80W.

In aqueous phase sonolysis, there arethree poten-
tial stesfor sonochemica activity, namely: (i) thegas-
eousregion of the cavitation bubblewherevolaileand
hydrophobic speciesareeasily degraded through py-
rolytic reactionsaswell asreactionsinvolving the par-
ticipation of hydroxyl radicals with the latter being
formed throughwater sonolyss.

H,0—>H"+OH" (16)

(ii) thebubble-liquid interface where hydroxyl radi-
calsarelocalized and, therefore, radical reactions pre-
dominate although pyrolytic reactionsmay also, to a
lesser extent, occur and (iii) theliquid bulk where sec-
ondary sonochemica activity may takeplacemainly due
to freeradicalsthat have escaped from theinterface
and migrated totheliquid bulk. It should be pointed out
that hydroxyl radica scould recombineyielding hydro-
gen peroxide, whichmay inturnreact with hydrogento
regenerate hydroxyl radicals.
OH" +OH" - H,0,

H,O,+H"—> H,O0+0OH"

(17)
(18)

250

el I T 3

"’* 150 F

Lyt E

10 &

s00F

sonlcatlon Hme (min

Figure4: Theplot of An'®- An ¢ versusthesonication time
in sonication, for different power of ultrasound at 25°C.
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Given that hydrogel isanon-volatileand soluble
copolymer, hydroxyl radica-mediated reactionsoccur-
ring primarily intheliquid bulksaswell asat thebubble
interfacearelikely to bethedominant degradation path-
way. A polymer molecule near thevicinity of acollaps-
ing bubbleispulled toward the cavity of the bubble,
and thesol vodynamic shear d ongatesthe polymer back-
bone, leading to scission*#4. Theplots of An'8- An 8
versussonicationtimefor different powersof ultrasound
are presented in Figure 4. The apparent degradation
rate constant, k£% defined in Eq. 8, can be estimated
fromthedopesof theplotsin Figure4.

Effect of presence of catalyst TiO, and concentra-
tion of catayst in constant power of ultrasound (30W)
onthedegradationrateshasasobeeninvestigated. Fig-
ure 5(left) showsthechangeinn, versussonicationtime
inthe sonocatalytic process (US+TiO,). Inprinciple,

[

L

Reelative viscesdly i, |

] 1 ) il ] a0 ]

Seenbetiom (e dmin)

Figure5: Thereationship betweenn and t(up) and theplot of
An*®- An '8 versust(down) in sonication, for different load-
ing of catalyst at 30W ultrasound and 25°C.

particlesmay enhance degradation providing additiona
nucle for bubbleformation. However, animperfect ef-
fect may occur because of sound attenuation. As seen,
the presence of TiO, particlesin thereaction mixture
increased partia ly the sonochemica degradation of hy-
drogd. TheseresultsareshowninFigure5(right). The
observed phenomenon can be explained onthebasis
of the adsorption and desorption characteristic of hy-
drogel on TiO, catalyst. At higher catalyst concentra-
tion, thoughthedegradation rateinthesolutionincresse,
therate of release of already adsorbed hydrogel also
increasesthereby givinglower overd| degradationrate
based on thefree concentration of the hydrogel inthe

liquid.
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Figure6: Thereationship betweenn, andt (up) and theplot
of An'®- An*® versust (down) in sonication, for different
loading of catalyst at 30W ultrasound, 16W ultraviolet and
25°C.
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Sonophotocatalytic (US+UV+TiO,) degradation of
hydrogel

Concerning photo-assisted cataysiswith titanium
dioxideasthecatayst, el ectronsin conduction band
(e,)) and holesinthevaenceband (h ") are produced
when thecatayst isirradiated with light energy higher
than its band gap energy E, (hv > Ebg)l431. In further
experiments, hydrogd degradation by meansof simul-
taneousultrasound and ultravioletirradiationinthepres-
enceof TiO, wasstudied and temporal changesinrela
tiveviscosity, n, and therate constant of degradation
reaction during sonophotocatalysisat 1 g/L initial con-
centration and various catalyst loadingsunder air are
showninFigure®6.

Comparison of reaction rate constantsispresented
in Fgure 7 shows Sonophotocata ytic degradation gen-
eraly occursfaster than that during therespectiveindi-
vidual processesat similar operating conditions. As
seen, the rate constants of degradation process in
sonocataysis method havealinear increase, but inthe
combined method (sonophotocatays's) increase show
anexponentidly behavior.

2.0

K10 mol* L1E min'y
A

Tilh. {2}
Figure7: Comparison of increasing of rateconstantswith
increasngthecatalyst loading for differ ent degradation tech-
niques.

Taghizadeh et al. investigated the degradation of
chitosan by means of ultrasound irradiation and its
combination with heterogeneous (TiO,). Wefocused
especially on the effects of the presence of catalyst
TiO, and concentration of catalyst and coupling pho-
tocatalysiswith sonolysison the degradation rates.
It was observed that the use of TiO, nanoparticles
ascatalyst in the presence of ultraviolet sourceina

—= Fyll Poper

constant threshold power of ultrasound (30 W) re-
trieved the ultrasound power weaknessand improved
the applied degradation process. Therate of chitosan
degradation in mentioned conditions (sonophotoca
talysis) increased with an increase in catalyst |oad-
ing. Thebeneficial effect of coupling photocatalysis
with sonolysismay be attributed to several reasons,
namely: (i) increased production of hydroxyl radi-
casinthereaction mixture, (ii) enhanced masstrans-
fer between the liquid phase and the catal yst sur-
face, (iii) catalyst excitation by ultrasound-induced
luminescence which hasawidewave ength range be-
low 375 nmi“-47 and (iv) increased catal ytic activity
dueto ultrasound de-aggregating catalyst particles,
thusincreasing surface area.
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