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Abstract : Theultrasonic degradation of poly acrylic
acid was carried out in water and agueous hydrogen
chloride solutions. Some of kineticsmodd sareusedto
obtain of rate constants. The calcul ated rate constants
revealsthat rate of degradation weredecreased by in-
creasing temperatureand decreas ng ultrasound power.
Alsotheeffect of hydrochloric acid ontherate of deg-
radation wasinterpreted in terms of absoluteviscosity
andintrinsic viscosty of polymer. Therateof degrada-
tiondightly wasaffected by concentration of hydrochloric
acid. By adding hydrochl oric acid the absol ute viscosity
andintringcviscodty of poly acrylicacid decreased. A
reductioninthefirst factor acce eratestherate of degra-
dation; whereas the second factor reducestherate of

INTRODUCTION

Poly acrylicacid (PAA) isawater soluble polymer,
which hasvariousapplicationsinindustry. Thedegra-
dation of polymers can occur because of heat, light,
chemical reagentsor ultrasonic radiation™. Degrada-
tion of PAA were studied by various methods such as
thermal degradation(®, chemica degradation!®, enzy-
matic degradation” and ultrasonic degradation®¥. The
ultrasonic degradation processhas several uniquefea

degradation. By adding hydrochloricacid theionization
of ionizable groups were suppressed; therefore, the
chainsof poly acrylic acid shrinksand the end-to-end
distance of polymer chainsbecome smaller by adding
hydrochloric acidin poly acrylic acid solutions; there-
fore, strainratewerereduced and the degradation rate
decreasestoo. By considering that, thetwo mentioned
factorshavetheopposteeffect ontherate of degrada-
tion, consequently the rate of degradation do not &f -
fected by adding hydrochloricacidin poly acrylic acid
slutions.  © Global Scientificlnc.

K eywor ds: Modeling; Degradation; Polyelectro-
lyte Kinetic.

turesthat distinguishit from othersdegradation, such as
anon-random nature and molecul ar weight depen-
dence™, Thescission of polymer chainsinasolution
occurspreferentially near themiddle of the chain2,
Ultrasoni cation has subsequently proved to beahighly
advantageous method for degrading macromol ecules
becauseit reducestheir molecul ar weight simply by
splitting the most susceptible chemical bondinthecen-
ter of thechain without causng any changesinthechemi-
cd natureof the polymer™3. The ultrasound wavesdo
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not directly interact with polymer chainsduring sonica:
tion of polymer solutions. Themain effects of sonica-
tion are because of cavitation phenomend*¥. Forma
tion, growth and rapid collgpse of microscopic bubbles
cause the movement of the solvent moleculesaround
thebubbles. Thesemovementsset up large shear fields
that are primarily responsiblefor the degradation of
polymer{t+1415 Somekinetic model sare proposed for
treatment of rate of ultrasonic degradation. Inthisre-
search gpplicability of kinetic modelsareexamined for
ultrasonic degradation of PAA in aqueous sol ution of
hydrogen chloride.

EXPERIMENTAL

Materials

Poly(acrylic acid), PAA, with aviscosity average
molecular weight, M, , of 450 000 (Aldrich) was used
without further purification. Hydrochloric acid wassup-
plied by Merck. Doubl e distilled water was used for
preparation of solutions.

Apparatusand procedure

PAA solution (5 g-L*) was prepared gravimetri-
caly by ananayticd baance(SartoriusCP224 S) with
aprecision of +1x10*g. Ultrasonic degradation was
performed inwater and two agueous solutions of hy-

drogen chloride (0.001 and 0.1 M) at four tempera-
tures. For the degradation, 50 cm? polymer solutions
wasplacedinthejacket flask, and itstemperaturewas
controlled within+0.5°C by circulating thermostated
water and sonication hasbeen continued for atimewhich
molecular weight tendsto have aconstant value. An
ultrasonic generator (Dr. Hielscher UP400 Sultrasonic
processor) with an H3 sonotrode with diameter 3mm
wasusedin thisexperiment. Thefrequency of theultra-
sound was 24 kHz. Periodically, sampl es of the soni-
cated solution were removed and their molecular
wel ghtswere measured using gel permeation chroma-

tography.
RESULTSAND DISCUSSION

Sonication of PAA solutionswerecarried out in
water and two aqueous solutions of hydrogen chloride
(0.001and 0.1 M) at varioustemperaturesand ultra-
sound power. For exampl e the rel ationships between
M and sonicationtimeare presented in Figure 1. From
thesefindings, itisclear that M_decreaseswith sonica-
tiontimeand tendsto have aconstant value (limiting
molecular weight). Thelimiting molecular weightswere
increased by increas ng temperature and decreasing ul-
trasound power. However thelimiting molecular weights
don’t show meaningful relation with HCI concentration.
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Figurel: Relation molecular weight ver sussonication timefor PAA in aqueoussolution at 298.15K and variusultra-

sound power.
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To eva uatingthe ability of proposed mode sinki-
neticsof ultrasonic degradation of polymersfor predic-
tion rate congtant in examined systems, variousmodels
were used. Therefore, Mehrdad, Schmid, El’tsefon-
Berlin, Tang-Liu, Madras, Md hotra, Ovend| and Giz
model swereused to eval uating rate constant of degra-
dation.

Schmid proposed an equation to rel ating molecular
weight to the sonication time. The integral form of
Schmid’s model is*%

1 -1 M i]n.w -M 61 M ﬁm

M,,(M)J =M, )+|n(m)=ks(0mé)t 1)
whereM, , M and M, arelimiting molecular weight,
initia molecular weight and molecular weight at time,
respectively. A plot of theleft hand side of theequation
versustimeyieldsastraight line. Therate constant is
caculated fromitssope. Herethe polymer concentra-
tion, C, iswritten explicitly to give the dependence of
scission rateon concentration. The obtained rate con-
stantsof thismodel, k., and correlation coefficients, r,
arelistedin TABLE 1. Thecorrelation coefficient is
defined as

o Ze-ny ) ,
S X 2, -9) @
wherex andy aredenotetimeand |eft hand side of the

Equation (1), respectively.

Malhotra proposed that in ultrasonic degradation
of polymer, thetime dependence of themol ecular weight
isgiven bylt"18:

M=M=kt ©)

A plot of theleft hand side of the equation versus
timeyieldsastraight linewhichitsslopeisrate con-
stant. Thelack of alimiting molecular weight isfailure
of thismode!. Therateconstants of thismodel, k,,, and
correlation coefficients, r, arelisted in TABLE 2.

Tang and Liu are proposed akinetic equation by
considering ultrasonic degradation process as second
order reaction'*

M, =M, )" =(M,=M )" =kt 4)

The degradation rate constant, k , can befound as
thedopeof thelinefrom aplot of theleft hand side of
the equation versustime. The rate constants of this
model, k_, and correl ation coefficients, r, arelistedin
TABLE3.

TABLE 1: Therateconstant of ultrasonicdegradation of poly(acrylicacid) in variousconditionson the bases Schmid model.

ksx10° r?
T (K) USP (W)
Water  [HCI]=0001M  [HCI]=0.1M  Water  [HCI]=0.00LM  [HCI]=0.1 M

293.15 400 1.28 1.51 1.95 0.945 0.986 0.831
298.15 400 1.30 1.30 1.22 0.919 0.991 0.873
303.15 400 1.03 1.19 112 0.948 0.981 0.871
308.15 400 0.853 0.944 0.993 0.945 0.990 0.893
298.15 320 0.473 0.819 0.449 0.953 0.985 0.932
298.15 240 0.335 0.540 0.263 0.930 0.989 0.938
298.15 160 0.208 0.388 0.194 0.941 0.969 0.929

TABLE 2: Theratecongtant of ultrasonic degr adation of poly(acrylicacid) in variousconditionson thebasesM alhotramode.

kwmx10’ r?
T(K)  USP(W)
Water  [HCI]=0.001 M [HCI]=01M  Water  [HCI]=0.001 M [HCI]=0.1M

293.15 400 7.90 7.28 10.94 0.910 0.693 0.989
298.15 400 8.11 6.62 8.44 0.931 0.676 0.973
303.15 400 6.92 6.32 8.08 0.915 0.710 0.970
308.15 400 6.07 5.77 7.73 0.894 0.703 0.971
298.15 320 431 452 4.87 0.894 0.788 0.943
298.15 240 3.56 350 3.39 0.932 0.840 0.928
298.15 160 2.59 252 2.78 0.908 0.743 0.926
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TABLE 3: Therate constant of ultrasonic degradation of poly(acrylicacid) in variousconditionson thebasesTang model.

krx10° r?
T (K) USP (W)
Water  [HCI]=0.00LM  [HCI]=01M  Water [HCI]=0.000M  [HCI]=0.1 M

293.15 400 2.70 542 2.21 0.956 0.930 0.926
298.15 400 2.52 522 1.88 0.940 0.955 0.942
303.15 400 251 4.84 1.79 0.953 0.911 0.941
308.15 400 2.49 3.93 1.62 0.935 0.954 0.960
298.15 320 1.95 3.43 1.38 0.937 0.945 0.960
298.15 240 1.57 2.37 1.08 0.915 0.973 0.952
298.15 160 1.40 2.42 0.98 0.902 0.927 0.932

El’tsefon and Berlin on the basis of their work with
polystyrene solutionsin benzene, have suggested that
the mol ecular weight with the sonication timeasfol-
[owi1220);

M#=M =Bkt @)
wheref isaconstant accounting for the polydispersity
of thepolymer so that therate constant can befound as
the slope of theleft hand side of the equation versus
time Thismode dsolacksalimit molecular weight. By
considering S = 1, therate constants of thismodel, k_,
and correlation coefficients, r, arelistedin TABLE 4.

A model proposed by Ovenall and co-workersas
an approximate descri ption of the degradation process
givesthetime dependence of themol ecular weight dur-
ing sonication by*224:

In(—M im =M J =k (M} 6)
M, =M* °LCm,

So that theplot of theleft hand side of theequation
versustime producesalinear relationship, the d ope of
which yieldstherate constant. Herethe polymer con-
centrationiswritten explicitly to givethe dependence
of scission rate on concentration. Therate constants of
thismodé, k, and correlation coefficients, r, arelisted
inTABLEDS.

Madras and co-workers have proposed a model
that takesthe continuous distribution kineticsinto ac-
count?24, Thetime dependence of the average mo-

lecular weight inthismodel issameasin the Ovenall
modd.

ML =M
'”(W}“N !

lim t

™

Therate constants of thismode!, k , , and correla-
tion coefficientsarelistedin TABLEG.

Mehrdad proposed an equation relating therate of
scission tothemol ecular weight?4,

_a

dt
Theintegral form of Mehrdad’s model is%527:

M.".F@.B1+BM,, /M)

=M F(B.B.1+B M, /M) =Bk, ®
where F, isHypergeometric function whichisgiven
byt28!:

:kMeM(M_MIim)” ®

= (a+n-=-1l(b+n-1)!(c-1)! x"
F@ b ex=2, (c+n-Dl(a-1)!(b-1!(c), n 19

A plot of theleft hand side of the equation versus
timeyieldsastraight line. Therate constant is calcu-
lated fromitsdope. Thismodd isfitted to experimenta
dataand thebest valueof pisfoundtobel,1.2and 1
for degradationin water, hydrogen chloride0.001 M
and 0.1 M, respectively. The obtained rate constants
of thismodel, k,,., and correl ation coefficients, r, are
listed in TABLE 7. When =1, Mehrdad’s model is
sameastheMadrasmodel.

Giz and co-workerswere suggested that the aver-
age mol ecular weight evol ution could be gpproximated
85[29’30]:

M 0

I\/Illm_
Inf ———
Mllm_Mt

J= (ko)

where f isameasure of the heterogeneity of the pro-
cessand left asafit parameter. Thismodel isfitted
to experimental dataand the best value of g isfound
tobe0.45, 0.42 and 0.45 for degradation in water,
hydrogen chloride0.001 M and 0.1 M, respectively.
Therate constants of thismodel, k,, and correlation
coefficients, r, arelisted in TABLE 8. For compari-
son efficiency of the used model's, the mean correla-

(1)
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tion coefficientsof all modelsarelistedinTABLE 9.  expect Mahotra’s model. Drawback of Malhotra’s
Theresult of kineticstreatment reveal that applica= model may be arising from thelack of alimiting mo-
bility of modelsfor studied system are satisfactory lecular weight.

TABLE 4: Therateconstant of ultrasonic degradation of poly(acrylicacid) in variousconditionson thebasesEl’tsefon model.

kex10™ r?

T (K) USP (W)

Water [HCI]=0.001 M [HCI]=0.1M Water  [HCI]=0.001 M [HCI]=0.1M
293.15 400 4,78 3.95 9.52 0.997 0.960 0.897
298.15 400 5.07 3.30 5.65 0.988 0.944 0.942
303.15 400 3.74 3.05 521 0.997 0.966 0.941
308.15 400 2.92 2.57 477 0.999 0.959 0.950
298.15 320 1.56 2.32 1.99 0.999 0.971 0.988
298.15 240 1.13 1.67 1.04 0.997 0.978 0.994
298.15 160 0.64 1.06 0.73 1.000 0.984 0.993

TABLE5: Therateconstant of ultrasonic degradation of poly(acrylicacid) in variousconditionson thebases Ovenall model.

T(K)  USP(W) kox10° ’

Water [HCI]=0.001 M [HCI]=0.1M Water  [HCI]=0.001 M [HCI]=0.1M
293.15 400 4,89 5.96 5.42 0.995 0.979 0.978
298.15 400 4.83 5.57 441 0.993 0.972 0.987
303.15 400 4.39 5.23 4.18 0.997 0.984 0.984
308.15 400 4.04 4.62 3.91 0.995 0.975 0.990
298.15 320 2.99 4.25 2.82 0.996 0.979 0.988
298.15 240 2.45 3.34 2.07 0.996 0.979 0.991
298.15 160 1.93 2.85 177 0.995 0.994 0.988

TABLE 6: Therateconstant of ultrasonic degradation of paly(acrylicacid) in variousconditionson thebasesM adrasmodé!.

T(K)  USP(W) kuax10° §

Water [HCI]=0.001 M [HCI]=0.1M Water  [HCI]=0.001 M [HCI]=0.1M
293.15 400 1.36 1.66 151 0.995 0.979 0.978
298.15 400 134 155 122 0.993 0.972 0.987
303.15 400 1.22 1.45 116 0.997 0.984 0.984
308.15 400 112 1.28 1.09 0.995 0.975 0.990
298.15 320 0.831 1.18 0.784 0.996 0.979 0.988
298.15 240 0.682 0.927 0.575 0.996 0.979 0.991
298.15 160 0.537 0.791 0.491 0.995 0.994 0.988

TABLE 7: Theratecongant of ultrasonic degradation of poly(acrylicacid) in variousconditionson thebasesM ehrdad mode!.

T(K) USPW) kyex10° *
Water  [HCIJ=0001M  [HCI]=01M  Water  [HCI]=0.00LM  [HC]=0.1M

20315 400 1.36 0.311 151 0.995 0.998 0.978
20815 400 134 0.287 1.22 0.993 0.998 0.987
30315 400 1.22 0.267 1.16 0.997 0.995 0.984
30815 400 112 0.229 1.09 0.995 0.999 0.990
20815 320 0.830 0.206 0.783 0.996 0.998 0.994
20815 240 0.681 0.153 0.574 0.996 0.999 0.991

298.15 160 0.538 0.130 0.490 0.995 0.992 0.988
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TABLE 8: Therateconstant of ultrasonic degradation of poly(acrylicacid) in variousconditionson thebasesGiz model.

kex10* r’
T(K) USP(W)
Water  [HCI]=0.001 M [HCI]=0.1M  Water  [HCI]=0.001 M [HCI]=0.1M
293.15 400 2.99 5.19 2.57 0.995 0.994 0.992
298.15 400 2.77 511 2.34 0.992 0.993 0.992
303.15 400 2.75 4.82 2.27 0.997 0.996 0.990
308.15 400 2.70 4.35 2.14 0.997 0.996 0.993
298.15 320 2.29 4.01 1.89 0.988 0.998 0.998
298.15 240 1.96 3.22 1.56 0.996 0.999 0.994
298.15 160 1.76 3.13 151 0.977 0.989 0.975
TABLE 9: Themean correlation coefficient, r?of theused models
M odel Mehrdad Schmid Malhotra  Tang El’tsefon Ovenall Madras Giz
r? 0.993 0.940 0.868 0.940 0.974 0.987 0.987 0.992
1.8
—e— Water
—e— [HCI]=0.001 M
el | —a—[HCI]=0.1 M
S
<1.4 |
132 F
1 - e ' . ' &

0.02 0.03

0.04 0.05 0.06

Vapor pressure (bar)
Figure2: Relation rate constant ver sussolvent vapor pressure.

The obtained values of kindicatethat the rates of
degradation wereincreased by increasing ultrasound
power. Thismight be because of, with increasing ul-
trasound power alarge number of cavitation bubbles
per unit volume of solution increases, so that rate of
degradation wasincreased. Additionally withincreas-
ing ultrasound power theradius of cavitation bubbles
increases, therefore higher shear force generated dur-
ing collapsing bubbles. Theobtained resultsindi catethat
therate of degradation was decreased by increasing
temperature. Thismight be because of, withincreasing
temperaturethevapor pressure of solventincreasesand
thiscausesareduction in collgpsing shock becauseof a

cushioning effect; therefore, the extent of degradation
isreduced®*2, There ationship between rate constants
of Madras’s model and vapor pressure of solvent are
illustratein Figure 2. However the Vagner equation has
been used in estimating vapor pressure of water™,
With adding hydrochloric acidin PAA solutions,
two solution factors, theabsol uteviscosity and intrinsic
viscosity, decreased. A reductioninthefirst factor ac-
celeratestherate of degradation. By adding hydrochloric
acidin PAA solutionstheionization of ionizablegroups
were suppressed and hydrodynamic volume of
polyelectrolyte’s chains were decreased, this leads to a
reductioninintringcviscosty. Theintrinsc viscosities
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of PAA inwater, hydrogen chloride 0.001 M and 0.1
M at 298.15K are 8.56, 0.397 and 0.0927 m* kg,
respectively*4. Theintrinsic viscositieswere measured
using ajacketed Ubbel ohde viscometer with 0.4 mm
capillary. Onthe other hand, the end-to-end distance
of polymer chainsisrelated totheintrinsic viscosity.
Therefore, thechainsof PAA shrinksand the end-to-
end distanceof polymer chainsbecomesmaler by add-
ing hydrochloricacidin PAA solutions; therefore, Srain
rate were reduced and the degradation rate decreases
too. By considering that, thetwo mentioned factorshave
the opposite effect on the rate of degradation, conse-
quently therate of degradation do not affected by add-
ing hydrochloricacidin PAA solutions.

CONCLUSIONS

The ultrasonic degradation of PAA solutionswas
carried inwater and two aqueous solutions of hydro-
gen chloride (0.001 and 0.1 M) at various tempera-
turesand ultrasound power. Some of kineticsmodels
were used for trestment of kineticsof degradation. The
result of kineticstreatment reveal that applicability of
models for studied system are satisfactory expect
Mahotra’s model.
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