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ABSTRACT

The degradation of one of the commercially important hydrogel based on
acrylic acid and acryl amide, (acrylic acid-co-acryl amide) hydrogels, by
means of ultrasound irradiation and its combination with heterogeneous
(TiO,) wasinvestigated. 24 kHz of ultrasound irradiation was provided by
asonicator, whilean ultraviolet source of 16 W was used for UV irradiation.
The extent of sonolytic degradation increased with increasing ultrasound
power (in the range 30-80 W). TiO, sonophotocatalysis led to complete
(acrylic acid-co-acryl amide) hydrogels degradation with increasing cata-
lyst 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 calculated for combined degradation procedures (Ultrasound and Ul-
traviolet) in the presence of TiO, nanoparticles. TiO, sonophotocatalysis
was always faster than the respective individual processes due to the
enhanced formation of reactive radicals aswell asthe 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 and a negative order for the dependence of
thereactionrateon total molar concentration of (acrylic acid-co-acryl amide)
hydrogels solution within the degradation process was suggested.
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INTRODUCTION

Early work in understanding the response of poly-
meric materia sto mechanica stresswaspublished by
Staudinger, who observed adecreasein the molecular
weight of polymersin responseto mastication. It was
suggested that themol ecular weight reduction resulted
from homolytic carbon-carbon bond cleavage due to

mechanica forceY. Mechanicd sresscan beintheform
of ultrasound waves and the rel ated processis named
ultrasonic degradation. Ultrasound can be used to ap-
ply forcetodilute polymer solutions. Sinceitsinitia use
to degrade starch and agar'?, thistechnique has also
been employed to degrade cellulose’®, polypeptides,
polysaccharides* ¥, proteind®, DNAU, transition
metal-coordinated polymers®1%, and variousorganic
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polymerg1® 12,

Depending on the application, polymersand gels
may need to be degraded to reduce their molecular
weight through the shortening of the polymeric chains
that can be achieved by various methods. Different
methods of degradation are available such asthermal,
photo and catal ytic degradation* 4, Besidethe ultra-
sonic degradation method, the methodslike photoca-
talysig*™ and microwave® arealso important. Poly-
mers can bedegraded thermally by pyrolysisor in so-
[ution. But the processisenergy intensive. Therefore,
dternative energy reducing techniquesrequired for deg-
radation processareimportant. Ultrasound, photo and
chemical methods areless energy-intensive polymer
degradation. Further, the mechanism by whichthey in-
teract with the polymeric systems can help get insight
into the degradati on pathways or mechanismg*”.

Polymer chain scission resultsfrom solvodynamic
shear caused by cavitation: thenuclegtion, growth, and
collapseof bubblesin solution. A polymer moleculenear
thevicinity of acollapsing bubbleispulled toward the
cavity of the bubble, and the sol vodynamic shear elon-
gates the polymer backbone, leading to scission*el,
Scission generally occurs near the midpoint of apoly-
mer chain (gpproximatey withinthe middle 15% of the
chan, inthecaseof homaopolymer), wheresolvodynamic
forces are the greatest!*¥. Therate of cleavage from
ultrasonicirradiation of polymer solutionsdependson
severa experimental factors, including temperature,
solvent, and soni cation intensity!,

Theultrasonic energy isdissipated in solution, re-
sulting in cavitations. Cavitation producesvibrational
waveenergy, shear stressesat the cavitation interphase,
and local high pressureand temperature. Thesearethe
maj or factors causing the degradation of polymerg?:
21, Application of high-intensity ultrasound to disper-
sionsof carbohydrates can lead to depolymerization
because of theintense mechanica and chemica effects
associated with cavitationi?+27, Cavitational thermoly-
sismay produce hydroxyl radicadsand hydrogen atoms
that can befollowed by formation of hydrogen perox-
ideZ39, Some cavitiesexist only for onecycle of the
sound field and collapseviolently (transient cavities),
while other arelong-lived and oscillate around some
equilibrium size(stable cavities)®l.

In recent years, thes multaneous use of ultrasound
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and photocatalysis, so-called sonophotocatalysishas
been studi ed regarding process efficiency to degrade
various organics and dyes®>%, However, some re-
searcherswereinvestigated thiscombined method on
degradation of somewater soluble polymerd= %l and
recently Saien et a. studied thekinetic of sono-assisted
photocatal ytic degradation of styrene-acrylic acid co-
polymer and gpplied thistechnique asan enhanced deg-
radation process“?. Nano TiO, asaphotocatal yst has
agreat many advantages such aslow cost, nontoxicity,
high catalyst efficiency, long-term stability etcd*-42, On
the other hand, by using ultrasound some complicated
reactions can beperformed with inexpend ve equi pment
and often in fewer steps than with the conventional
methods*¥ inthisregard, researchershave used sono-
photocatalysisinavariety of investigations. Thispro-
cess providesan excellent opportunity to reducereac-
tiontimewithout the need for extreme physical condi-
tiong*,

Although photocataysisand sonolysis have been
extensively employed individualy for the degradation
applications, their combined use has received appre-
ciably lessattention. Theaim of thiswork wasto study
thedegradation of hydrogel by meansof sonolysissand
sonophotocatalysis, concerning the effect of catalyst
presence on thekinetics of degradation process.

EXPERIMENTAL

Materials

Acrylicacid (AA, Merck) was used after vacuum
distillation. Acrylamide (AAm, Fluka), ammonium
persulfate (APs, Fluka) and methylene bisacrylamide
(MBAAmM, Huka) wereanaytica gradeand used with-
out further purification. The hydrogel was prepared
according to early works in optimum conditiong“!.
Degussa TiO, P-25 (anatase:rutile = 65:35,
BET=50m?g?) was employed as photocatalyst in het-
erogeneous catal ytic experimentsand it was supplied
by DegussaHuels. All other chemical swereof labora
tory reagent grade and were purchased from Merck.
All solutionswere prepared using distilled and deion-
ized water.

Experimental setup and procedure
Reactionswerecarried out in acylindrical 100ml
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Pyrex glassvessdl whichisschematicaly shownin Fig-
ure 1. An ultrasound generator (Dr. Hielscher Ultra-
sonic Processor UP200 H) operating a afix frequency
of 24 kHz and avariable power output up to 100W
nomina vaue, in aqueous mediawas used for sonica:
tion experiments. A titanium-made H3 sonotrode
(e=3mm) immersed inliquid and wasused to deliver
theultrasound energy inthereaction mixture. Thebot-
tom of the vessel wasfitted withaglasscylindrical
tube housing thelight source; therewereapair of 8W
UV lamp, which emitsin the 200-300 nm wavel ength
range with amaximum at 254 nm. Theincident pho-
tonflow of UV light, estimated under the same condi-
tionsasinthe photocatal ytic experiments, was 1.8 X10
4Einistein L-*min™. Thevessel wasfed witha100ml
hydrogdl solution and thereaction temperatureinthe
case of sonolysis, sonocatalysis and
sonophotocatalysis was kept constant at 25+1°C
through the use of cooling water circulatinginsidethe
double-walled compartment, thus acting as cooling
jacket. Thereaction vessel was covered with adark
cloth to avoid unwanted photochemical reactionsin-
duced by natural light.

S0 ieator 44—
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&
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Figurel: Schematic of theexperimental setup.

Different treetmentsweretested, namely: sonolysis
(US), sonocataysis(US+TiO,) and combined sonolysis
and photocatalysis (US+UV+TiO,). For the experi-
mentsin thepresenceof TiO,, aconcentration range of
0.1-0.4 g/L of TiO, nanoparticleswas used.
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Viscosity measurements

Theintringcviscostiesof theorigina hydroge 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 hydroge! solutions (t ) and the sol-
vent (t,). Measurement of efflux timeswere repeated
two timesand average efflux timewasthen converted
totheratioof t/t , whichisproportiond torelaivevis-
cosity,n, of hydrogel solution.
n=r ®

tO
N=1-n, 2

Theintringcviscodgity [n] values can be related to
the specificviscosity, o andrelativeviscosity, n, by
theHugginsand Kramer equations“.

Kinetic moddl

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

dMm .
R= P kM 3

Where, M, isthetota 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 alcohol) obtained fromthiskinetic
model is-17. It isnoted that solution concentration
(g/L) iscongtant and thetota molar concentration (mol/
L) increases during the degradation of polymer. The
solution of differentid Eq. (3) is.

1-n

M1-n-M— ="kt

(4)

WhereM istheinitid total molar concentration of
polymer. Thetotal molar concentrationisrelated to the
number average molecular weight through8):

C

M= ®)

Moreover, viscosity averagemolecular weight, M,
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isrelated tothenumber average molecular weight, M ,
throught“!.

M, @+a)l(1+ a)]—éM n

(6)

Where,r(1+a) = Te‘lt“dt ;

M, isrelated to theintrinsic viscosity, [n], through
Marck-Houwink equation:

m. -5 @

Finaly, [n] can be related to the specific viscosity,
Ny andrelativeviscosity, n, by Huggins and Kramer
equations.

8)

nSp ' 2
?=[n]+K [n]“C

L0 _ i (K'=05)[n)2C

)
FromEq. (8) and (9), intrinsgicviscogity is:

[7]= —\/2(775‘°_Lm7r) (10)

C
Substitution of Eq. (10) in (9) and Eqg. (9) in (8)
yidds
N T
" | (1+a)l 1+ a)KC

Findly, thesubstitution Eq. (11) in (5) yidds:

(11)

1+ a %
M:{(1+a)F(l+a)KC } An (12)

J2
Inaddition, substitution Eq. (12) in (4) yields:

(1—ny
J2 f
1+ a)f 1+ a)KCH } kt (13)

At Ang" = (1~ n){
Or

At —Ani" =kt (14)

RESULTSAND DISCUSSION

Determination of reaction order of degradation of
(acrylicacid-co-acryl amide) hydrogel

Atthelevd of interatomic distanceswithinthemac-
romolecules, thereis still some debateregarding the
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place where the bond breakage occurs. By analogy
with the chemical degradation, it isexpected to take
place at the weakest linksin the polymer backbone,
but someworks“*? suggested that it mainly occurs at
themidpoint of the polymer chainsand the existence of
afind limitingmolecular waght ispredicted; bd owwhich
ultrasounds 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®52, Mooreet al. approved thisideaby
anisotopelabeling experiment on ultrasonic degrada
tionof linear PEG They demondrated that whenasingle
weak azo link was positioned at the center of alinear
PEG chain, mechanically-induced cleavagewasloca-
ized dmost exclusively to thesingleweak site™3.
Severa studiesproposearandom chain breakage
but till consider that somebondsaremoreresistant, in
relation to the decreasein the scission rate constant as
lower vauesof degreeof polymerization arereached™!.
Dueto the polydisperse nature of most polymers, an
accurate analysisof the degradation kineticsisamost
impossi blewithout information about the location of
chain scission and the dependence of rate coefficients
onthemolecular weight of the polymer. Two smplified
models, based on different assumptionsof thelocation
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Figure?2: Variation of total molar concentr ation with sonica-

tiontimefor different concentration of hydr ogel aqueous so-

lution at 25°C.
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of chain scission, have been proposed to quantitatively
describe the degradati on process of polymerg™!, Al-
though, anumber of different rate models have been
proposed for the degradation of polymersg®s >, butin
this study asimple model wasemployed viaviscom-
etry, Using Eq. (12). A negative order for the depen-
dence of thereaction rate on total molar concentration
of hydrogd solutionwithin the degradetion processwas
suggested. Intheinitia sonicationtimes, for different
concentration of polymer wecalculatetotal molar con-
centration of polymer. Theresultsaredepictedin Fig-
ure 2. Previous studies were proved that with anin-
creasein concentration, therate constant, k, was de-
creased obviously®® %9, These observations are ex-
plainedintermsof viscosity changesfor different poly-
mer concentrations. At higher concentrations, the solu-
tion viscosity increases. Anincreasein viscosity raises
the cavitation threshold. Thisincreased threshold makes
it moredifficult for cavitation bubblesto form. More
importantly, thevelocity gradientsaround collapsing
bubblesbecomesmdler, and the e ongation of thepoly-
mer backboneis reduced®”,

Thedopesof plotsgivetheinitia rate of degrada-
tionusing Eq.3, theplot of INR versusIn[M] arelinear
anditisshowninFigure3. Thesopeof curveis-0.8,
which suggest the order of reactions with respect to
total molar concentration of polymer.

- Lag W

il 3l 3.2 33 34 3.5 3t

-LogM
Figure3: Theplot of InR versusInM for degraded hydrogel
at 25°C.
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From subgtitution of thevaueof “n” inEq.14, we
obtainthefollowing:

Anl.s _ Anol.s —k't (15)

Effect of concentration on therateof degradation

Sonication wascarried out for fivedifferent hydro-
gel concentrationsat 25°C. Therelationship between
n, and sonicationtimeare presented in Figure 4. Based
onthesefindings, itisclear that n decreaseswith soni-
cation time and tendsto have aconstant vaue. It can
be deduced that thereisalimiting molecular weight that
bel ow which chain scission does not occur. Under the
sameconditions, thedecreaseinn, of thesamplewitha
high polymer concentrationislower than of thesample
withalow polymer concentration.
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Figure4: Therelationship betweenn,and sonicationtimein
sonolytic process, for different concentrationsof hydrogel
agueoussolutionsat 25°C.

Therelaionship between thelimiting valueof n and
solution concentration ispresented in Figure 5. These
resultsindicatethat the extent of degradationismore
pronounced in moredilute solutions. Thismight bedue
to thefact that the probability of chemical bond scis-
sion caused by efficient shearinginthepolymer chainis
greater indilute solution. Thesefindingsarecons stent
with theresultsof other investigatorg?.

Sonolytic (US) and sonocatalytic (US+TiO,) deg-
radation of (acrylicacid-co-acryl amide) hydrogel

Figure 6 showsthe effect of increasing changing
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Figure6: Therelationship between n, and sonication timein
sonolytic process, for different power sof ultrasound at 25°C.
ultrasound power onrelative viscosity (n,) of hydrogel
solution asafunction of thesonicationtimeat 1 g/L
initia hydrogel concentration under air. Asseen, n, de-
creaseswithincreasing thenomina applied power from
30to 80W. In aqueousphase sonolysis, therearethree
potential stesfor sonochemica activity, namdy: (i) the
gaseousregion of the cavitation bubblewherevolétile
and hydrophobic speciesare easily degraded through
pyrolyticreactionsaswell asreactionsinvolvingthe par-
ticipation of hydroxyl radicals with the latter being
formed through water sonolysis:
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H,O —H-+OH- (16)
(i) 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 sonochemicd activity may tekeplacemainly due
to freeradicalsthat have escaped from theinterface
and migrated to theliquid bulk. It should be pointed out
that hydroxyl radica scould recombineyidding hydro-
gen peroxide, whichmay inturnreact with hydrogento
regenerate hydroxyl radicals:
OH-+0OH->H,0, a7)
H,O,+H-—H_O+OH- (18)
Given that hydrogel isanon-volatileand soluble
copolymer, hydroxyl radica-mediated reactionsoccur-
ring primarilyintheliquid bulksaswell asat thebubble
interfacearelikely to bethe dominant degradation path-
way. A polymer molecule near thevicinity of acollaps-
ing bubbleispulled toward the cavity of the bubble,
and the sol vodynamic shear € ongatesthe polymer back-
bone, leading to scission™. Ulanski et a. have been
study theeffect of power of ultrasound on degradation
of chitosan and found that the mechanism of ultrasonic
iscomplex and can be mainly ascribeto radical ran-
dom scissions, accompanied too some extend with
mechanical breakage caused by hydrodynamic and
shear forces®y.
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Figure7: Theplot of An'®- An '® versusthesonication time

in sonolytic process, for different power of ultrasound at 25°C.
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TABLE 1: Initial hydroge degradation rateconstantsinthe
presenceof variousvaluesof catalyst loading and treatment
conditionsat 1g/L concentration and 25°C.

TiO kx10°
Process US('\DNO\)Ner UV(SVO;Ner Ioadiég (mol*’.L

(g/L) L7 min™
us 30 - 0.0 2.942
usS 40 - 0.0 3.348
usS 50 - 0.0 3.845
us 60 - 0.0 4.556
us 70 - 0.0 5.217
us 80 - 0.0 6.403
us 30 - 0.1 3.147
us 30 - 0.2 3.454
us 30 - 0.3 4.036
us 30 - 0.4 4,753
UsS+uv 30 16 0.0 3.000
us+uv 30 16 0.1 3.473
uUs+uv 30 16 0.2 4.461
uUs+uv 30 16 0.3 6.214
uUs+uv 30 16 0.4 8.377

Theplotsof An'®- An " versus sonicationtimefor
different powersof ultrasound are presented in Figure
7. The apparent degradation rate constant, k£%: de-
finedin EqQ. 14, can beestimated from thed opesof the
plotsin Figure 7. Based on these results, degradation
rate constants, k, were calculated that are shown in
TABLE 1. It can be seen that at the same concentra-
tion, theextent of degradation increaseswithanincrease
in applied ultrasound power. In quantitativeterms, in
60min of irradiation timethe extent of degradation at
80W isthreetimes higher ascompared to degradation
at 30W.

Effect of presence of catalyst TiO, and concentra-
tion of catayst in constant power of ultrasound (30W)
onthedegradationrateshasasobeeninvestigated. Fig-
ure 8 showsthechangeinn versussonicationtimein
thesonocatalytic process (US+TiO,). Inprinciple, par-
ticles may enhance degradation providing additional
nucle for bubbleformation. However, animperfect ef-
fect may occur because of sound attenuation. Asseen,
the presence of TiO, particlesin thereaction mixture
increased partially the sonochemical degradation of
hydrogel. These results are shown in Figure 9 and
TABLE 1. The observed phenomenon canbeexplained
on the basis of the adsorption and desorption charac-
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teristic of hydrogel onTiO, catalyst. At higher catalyst
concentration, though the degradation ratein the solu-
tion increase, therate of release of already adsorbed
hydrogd asoincreasesthereby givinglower overd| deg-
radation rate based on the free concentration of the
hydroge intheliquid.

-1l
=&=175+0.1g T1O2

=a=15+0.2p T1O2

==+ 0.3g 102

15 b =15+ 0 4 TIC2

Relative viscosity (1,

0 10 li] 30 4t A0 0
Sonication time {min)
Figure8: Therelationship betweenn, and sonicationtimein
sonocatalytic process, for different loading of catalyst at con-
stant power of ultrasound (30W) at 25°C.
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Figure9: Theplot of An'®- An '® versusthesonicationtime
in sonocatalytic process, for different loading of catalyst at
congtant power of ultrasound (30W) at 25°C.
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Sonophotocatalytic (US+UV+TiO,) degradation of
hydrogel

Concerning photo-ass sted catalysiswith titanium
dioxideasthecatayst, el ectronsin conduction band
(e,)) and holesinthevaenceband (h ") are produced
when thecatayst isirradiated with light energy higher
thanitsband gap energy E,_ (hv > Ebg), according to

reactions (19)—(26)¢2: ’

TiO, +hv > TiO, (e, + h},) (19)
h,, +H,0 > H"+HO* (20)
h, + HO™ — HO® (21)
polymer monomers+ h’, — Oxidation products  (22)
e, +0, >0} (23)
O +H"' = HO; (24)
Polymer monomers+ €, — reduction products  (25)

Radicals(HO", HO;) + polymer — dedradation products

In further experiments, hydrogel degradation by
meansof s multaneousultrasound and ultraviolet irra:
diationinthepresence of TiO, wasstudied and tempo-
ral changesinrelativeviscosity, n, and therate con-
stant of degradati on reaction during sonophotocatalysis

L8

==15

=105 LTV 0 1 Ti02

Li H =i=TJ5+ TV 0, 2 Ti02

5 TV 0 3 Th02

a5+ 1T+ 04 Ti02

Relative viscosity (1, )

] 10 20 £l 40 50 4l
Sonication time (min}
Figure10: Therelationship between n, and sonication time
in sonophotocatalytic process, for different loading of cata-
lyst at constant power of ultrasound (30W) and ultraviolet
(16W) at 25°C.
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Figure1l: Theplot of An'®- An '8 ver susthesonication time
in sonophotocatalytic process, for different loading of cata-
lyst at constant power of ultrasound (30W) and ultraviolet
(16W) at 25°C.

at 1g/L initia concentration and various catayst |oad-
ingsunder air areshownin Figure 10 and 11, respec-
tively. Rate constantsfor the various experimentsare
given in TABLE 1. As seen from TABLE 1,
sonophotocatal ytic degradation generally occursfaster
than that during therespectiveindividua processesat
similar operating conditions. Comparison of reaction
rate constantsispresented in Figure 12. As seen, the
rate constants of degradation processin sonocatalysis
method have alinear increase, but in the combined
method (sonophotocatalysis) increase show an expo-
nentidly behavior. Taghizadeh et d. investigated thedeg-
radation of chitosan by meansof ultrasoundirradiation
and itscombination with heterogeneous(TiO,). Wefo-
cused especidly ontheeffects of the presenceof cata
lyst TiO, and concentration of catalyst and coupling pho-
tocatalysiswith sonolysison thedegradationrates. It
wasobserved that theuse of TiO, nanoparticlesascatar
lyst inthe presence of ultraviol et sourcein aconstant
threshold power of ultrasound (30 W) retrieved the ul-
trasound power weakness and improved the applied
degradation process. Therate of chitosan degradation
inmentioned conditions (sonophotocatayss) increased
withanincreasein catalyst loading. Thebeneficial ef-
fect of coupling photocataysi swith sonolysismay be
attributed to severd reasons, namdly: (i) increased pro-
duction of hydroxyl radicasin thereaction mixture, (ii)
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enhanced masstransfer between theliquid phaseand
thecatalyst surface, (iii) catalyst excitation by ultra-
sound-induced luminescencewhich hasawidewave-
length rangebel ow 375 nmi®*%8 and (iv) increased cata
Iytic activity dueto ultrasound de-aggregating catalyst
particles, thusincreasing surface area.

o i

B.0 #USHTIO2

QLU0

Exl 0% molt* 118, minty

i) i1 0.2 i3 a4
Tih, (z)
Figure12: Comparison of increase modeof rate constants
withincreasingthecatalyst loading for different degradation
techniques.

CONCLUSIONS

It has been demonstrated on hydrogel that treat-
ment with avariety of output ultrasound powersin ague-
oussolutionisan efficient procedurefor reduction of
molecular weight of hydrogel. Under sonolysis condi-
tions, degradationiscaused by OH radica sand mecha-
nochemical effects. Ontheother hand, theuseof TiO,
nanoparticlesascatayst in the presence of ultraviolet
source in a constant threshold power of ultrasound
(30W) retrieved the ultrasound power weakness and
improved the applied degradation process. Therate of
hydrogel degradation in mentioned conditions
(sonophotocatalyss) increased withanincreasein cata:
lyst loading. In the case of sonocatal ytic process, the
rate of degradation processwas not increased signifi-
cantly in comparison with sonolysistechnique. It was
observed that theuse of TiO, nanoparticlesascatalyst
inthepresenceof ultraviolet sourceinaconstant thresh-
old power of ultrasound retrieved the ultrasound power
weakness and improved the applied degradation pro-
Cess.
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