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Full Paper: A large numberof carboxylic groupswere
introduced onto chitosan by grafting with poly(acrylic

acid) as an efficient way of modification. The reactions
were carried out in a homogeneousaqueousphase by

using potassiunpersulfateandferrousammoniumsulfate
asthe combinedredoxinitiator system.The efficiency of

grafting wasfound to dependon monomey initiator, and
ferrousion concentrationsas well as reactiontime and
-temperaturelt was observedthat the level of grafting
couldbe controlledto somedegreeby varyingthe amount
of ferrousion usedas a co-catalystin the reaction.Evi-

denceof grafting was obtainedby comparisonof FTIR

spectraof chitosanand the graft copolymeras well as 12
solubility characteristicsof the products. The swelling -

behavior of chitosan samples,grafted with 115% and Time [Hrs]

524%poly(acrylic acid), wasstudiedasfunction of pH, in

distilled waterandin aqueousNaCl solution. The sample ~ Swdling curvesof chitosan graftedwith poly(acrylic acid) in
that has 115% grafting swells considerablymore bothin ~ @dueas solutionsat 37°C: e %G = 524 (0.86%NaCl); A %G
distilled water (pH 5.8) aswell ashigher pH valuesthan = 115 (0.86%NaCl); m %G = 524 (H;0); ¢ %G = 115 (H;0)
the samplewith 524% grafting. In contrast,an inverse  (¥G= percettageof grafting)

swellingbehaviorat pH 2 wasobservedAn unusuakwel-

ling behaviorat pH2 was found for the sample with

524% grafting, which swells to a greaterextentthan in

distilled water This wasattributedto the amphiphilic nat-

ure of the modified chitosanfrom which complexinter-

and/orintramoleculatinteractionscould originate.
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Intr oduction nates'®. Many actualaswell aspotential appicationsfor
The chenical modification of synhetic andnatual poly-  productsobtainedfrom natual and chemnically modified
mersis a conveni@t routeto obtain matrialswith differ-  polysaccharids exist as, for exanple, prodwts with
entchenical and physicalpropertes. Constlerableinter  enhancedhydrophilic characteistics. For instance, modi-
esthasbeenfocusedon the modification by graftingsyn- fied polysacchedes containng cartoxyl functions as
thetic polymersonto the most abundan naturaly occu- — anionic grougs are adequatdor the prepaation of iono-
ring polysaccharigs such as cellulose,starch,and algi-  tropic gels.lonotropicgels are prodicts capableof inter-
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acting with polyvalent metal cations. These are water
insolubke but they swell consideably with the addtion of
water or aqueus metal salt solutiors. Much recent
researchdeals with this topic and its metal chelating
capaciy® 3. This type of materid, with a large capaciy
for wate retention,is knownasa hydrogel.

Consterableefforts have beenfocusedon the synth-
esisof hydrogelsbasedon modification of sone natural
polymest419, in patticular stach and cellulose. In spite
of the fact that chitin is the secondmost abundah natural
polysacclaride, its modification throughgrafting hasnot
beenwidely explored, probaly dueto its insolublity in
waterand organic solvents.Howeverthe maodification of
chitosan,its principal derivative,hasbeencarriedout by
grafting mainly in a heterogeeousmedum andby using
differentcatalyst$24),

Chitosan(poly-p(1—4)-2-amino-2-deoxyD-glucose)is
the produ¢ of deacetylabn of chitin and shows
enhancedsolubility in dilute acidsas compaed with the
parentchitin®. Chitin (poly-B(1—4)-N-aceyl-p-glucosa-
mine) is distributed widely in natue forming the princi-
pal constituen of shellsof crustaceassuchascrabs,lob-
sters,prawns,Antarctic krill, etc. Recenly chitosanhas
attractedgreatattention becawsethe range of its applica-
tions has been extended, among other uses,to medi-
caP>?9) wastevater treatmenf®=>?, membraes®—=°, floc-
cularts®”39, etc. Chitin is structuraly similar to cellulose,
contaning an acetanido groupinsteadof the C-2 hydro-
xyl group.

In a previouspaperwe comparedthe reactiviy of dif-
ferent redox initiator systens for grafting of methyl
methacylate onto chitin in the heterogneousphsse.
Enhaned affinity of grafted chitin for sone organic sol-
ventswasobsenred in this casé. Regarding the modifi-
cationof chitosan,we studed the grafting of methykcry-
late and methylmethacylate in a heterogeeousmedum
by usingpotassim persulftein combination with anum-
ber of organicandinorganicreducing agentssuchasco-
catalysts. We found that the use of some co-catalysts
increasesthe degreeof grafting!®. We have also used
Fentonis reagent (H,O./Fe**) for grafting poly(methyl
acrylate)onto chitosan.In both caseghe graftedchitosan
showel enhancedhermalstablity*?. Recetly, by graft-
ing vinyl pyrrolidone,we wereableto carry outthe reac-
tions in a homog@eousphasé®. The chelatng capacty
of chitosan grafted with polyvinylpyrrolidone for Cu?*
ions were testedand it was found that, contraryto the
caseof chitosanthe compleationwith Cu?* ionsrestuted
in completely solwble prodicts in dilute hydrochloric
acid. In general,it wasobservedhat all the abovemen
tionedmodificationsled to notorious changesn the prop-
erties of the grafted prodicts in comparison to thoseof
the ungraftedchitosan

In this paperwe coverthe synthegs and chamacteriza-
tion of chitosangraftedwith poly(acrylic acid) with the
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aim of obtaining modified chitosanwith hydrogel chara-
teristics. As we have previausly obsered, the extent of
grafting vinyl monomes onto cellulose,chitin, chitosan,
etc.is very sensitivetowards reactionconditiong®21:3940),
Therefore,a systenatic study of the effect of different
reactionvariables on grafting of acrylic acid onto chito-
san,is presentedn this work. Thesereactiors were car
ried outin a homogneousnedum andby usinga com
bined redox initiator consising of potassim persulfte
(KPS) andferrousammornum sulfate (FAS). The hydro-
gel charateristicsof selectedgraftedproduds wereeval-
uatedin different mediain orderto estimatetheir swel-
ling capacty.

Experimental part

High molecularweight Chitosanis commercially available
(Aldrich). The deacetylationdegreewas 82% as estimated
by *H NMR and free amino group titration. It was purified
by extractionwith acetonein a Soxhletapparatugor 24 h,
and dried undervacuumat room temperatureAcrylic acid
(AA, Merck) was distilled under vacuum and the middle
fraction wasused(34°C, 1067 Pa).Ferrousammoniumsul-
fate (FAS, analyticalgrade Merck) and potassiunpersulfate
(KPS, BDH chemicals)were usedasreceived.All usedsol-
ventswerereagengradefrom Aldrich.

Graft copolymerization

Graft copolymerizationswere carried out in 50cm® stop-
peredflasksandunderanatmospheriof oxygenby first dis-

solving an exactamountof dry chitosanin agueousmono-
mer solution, followed by the addition of the initiator. Then
the flask was placedin a thermostatedath at the desired
reactiontemperaturg50, 60, 70, and/or80°C). Polymeriza-
tion was startedand continuedfor a predeterminecperiod,
between 30 and 150min. The reaction was stopped by

rapidly coolingdownthereactor thenthe productwaspreci-

pitated by pouring the polymerizationmixture into a large

amountof acetoneThe precipitatewasfiltered, washedhor-

oughly with acetone,and dried undervacuumat 60°C to

constantweight. The dry samplewasextractedwith waterin

a Soxhletfor 24 h in orderto removeunreactednonomey
initiator, and poly(acrylic acid) (PAA) homopolymerthat
eventuallycouldform duringthe graftingreaction.Thedried

remainingproductwas the graft copolymer The efficiency

of grafting (%E) canbe calculatedasthe weight ratio of the
increasein weight of the extractedcopolymersampleand
the initial monomer This can be calculatedusing the rela-
tion: %E = 100 (W, — W,)/W;, where,W;, W,, andW; denote
theweightof initial dry chitosangraftedchitosanafterwater
extractionand drying, and the weight of monomey respec-
tively. As is alreadyknown, the compositionof the grafted
chitosancan be calculatedin termsof the so-calledpercen-
tageof grafting. This canbe expressean the basisof per

centweightincreaserelatedto theinitial weight of chitosan.
Therefore the extentof grafting canbe calculatedaspercen-
tageof grafting %G = 100 (W, — W;)/W; .
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Swellingdetermination

The swelling behaviorof graftedchitosansamplesvasstud-
ied at 37°C as a function of time in distilled water and in
buffered solutions at different pH values. The well-known
tea-bagmethodwasused An exactamountof pre-driedsam-
ple was placed into a tea bag made of 200 mesh nylon
screen.This wasthenimmersedin buffer solutionat 37°C.
After certaintime, the tea bag containing swollen sample
was taken out and hung up for 5min in orderto eliminate
excessunabsorbediquid and thenweighed.The degreeof
swelling at time, t, was calculatedusing the relation (W —
Wo)/Wo, whereW; andW, arethe weightsof swollenanddry
polymer, respectively

Resultsand discussion

The extractedcopolymer samples show insolubiity in
dilute aceticacid, a differene to chitosan.This solubility
characeristic togetherwith the increasein weight of the
product,ascomparedwith thatof theinitial chitosan,and
their infrared spectrawere takenas evidence of grafting.
As expectedthe FTIR spectraof highergrafted prodicts
are practically idertical to those of pure poly(acryic
acid),andtherefoe theanalysisrequiresthe useof a sam-
ple with aratherlow percentag of grafting. For thatrea-
sonthe IR spectraof chitosanand PAA-grafted chitosan
with 104% grafting are shownin Fig. 1. In the spectrun
of grafted chitosan,in addition to the chitosancharacter
istic bands,three new absaption bards appea at 1726,
799, and 616cnTt. The first one comespondsto the
carbony absorpion from grafted poly(acnylic acid) and
the other two bands are also charateristic of PAA.
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Fig.1. FTIR spedra of (a) chitosanand (b) chitosangrafted
with poly(acrylicacid)
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Furthermore it canbe seenthatthe bard at 1550 cnt? of
the pure chitosan(amido Il band) is markedly greater
thanthatin the spectrun of the grafted chitosan.This is
most probalty dueto inter- and/orintranolecuar hydro-
gen bonding or internal ammaium salt formation
between carboxy groups of grafted PAA chans and
amino groups of chitosan.Naturaly, the diminishedsolu
bility of the graft copolymer in spite of contaning large
numter of carboxy groups,could be explaned consider
ing the already-menticnedpossililities.

In relaion to the initiation system it hasbeenshown
by Kolthoff et al.*? that on heatingKPSin aqueoussolu-
tion, it decompeaesto sulfateion radcals (SO;”) These
radcals may reactwith water to producehydroxyl radi-
cals ("OH). The formation and participaton of *OH radi-
calsin KPSandFAS (Fe**)-KPSthatinitiated grafting of
vinyl monomers onto cellulose has already been
reported’. The possiblemedanismfor the formation of
active sites on chitosancould hencebe posulated, by
anabgy with cellulose,and by considenng that chitosan
canactasaweakreducingagen. Therefore,thereadions
leadng to grafting of a vinyl monomeronto chitosanand
its subsguentpropagtion and termination are basedon
the primary formationof radcals:

SO~ +H,;0 — HSO; +"OH 1)
*OH + Chi-H — H,0 + *Chi @)

When Fe** is presentthe KPS decanpositionis pro-
motedaccoding to:

Fe+ S,04 — Fe* + SO+ SO~ 3

However an excessof Fe* consumesboth *OH and
SO, radcalsin thefollowing manner:

‘OH + F&* > ~OH + Fe¥* 4)
SO+ F&* = SOf + Fe* ®)

It shouldbe notedthatthe convenigceof usingFe** as
co-catalystdependson the relative extert of thesereac-
tions which, are affected by the particular systemused.
Therefore, the useof F&#* allows oneto contol, to some
extent, the degreeof graftingin orderto obtaina product
with desiredpropertes.

The reslts obtainedby studyingthe influenceof reac
tion variableson grafting showel thatthe extent of graft-
ing depends largely on rather small changesof someof
the conditionsused Theseareasfollows:

Amountof water

The influence of total amaunt of water used on %E
obtained on grafting AA onto chitosan are shown in
Fig. 2. The amouns of chitosanand monomeraswell as
molar concentation of initiator were kept constanin this
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Fig.2. Effectof theamountof wateron percetageof grafting
(%E). Reactionconditions [KPS] (102 m); [FAS] (6 x 10°m);
chitosan.3g; acrylic acid,2 ml; temp.70°C; time, 120min

case.lt can be seenthat after an initial increase,%E

diminisheswith furtherincreasen watervolume.A sharp
maximum was obtainedfor a determinedamount in this
case20ml. This fact canbe expained by diffusion con-
trolled phenonena. This means that whereasfor less
volumethe diffusionbecomesnore difficult, for volumes
greaterthanthe optimum, the initiator coud be partialy

deactvated due to the presenceof a varety of radcals
presentn the reactionmediumbeforeit reactesthe chit-

osan macromoécular chairs. The minimum amount of

waterusedin this work was 10 ml sincefor lower water
volumes the viscasity of the medum wasvery high thus
makingthereactonsdifficult to handle.

Initiator systentomposition

The importance of this paraneterwas estimated starting
from a sd of preliminary testswith various KPS/FAS

composiions and then by studying sepaately the effect
of the KPS concentation andits combinationwith differ-

ent FAS concentrations.In this way, by keepng all other
reactionvariablesconsant, the amaunt of KPS usedwas
varied betweenl10™ and 8 x 10 M. It canbe observed
from Fig. 3 that %E increasesshaply reaching a max-

mum of neaty 50% at a KPS concentation of 102 M;

thereafer grafting decreasego very low values at a
higher KPS concentation (8 x 102m). The lowering of

%E from its optimumvalue is dueto the possitbe combi-
nation of the chitosan macroradtals with the existing

excessof free radicalsthat are presentin the reaction
medium and termination of propagting PAA grafted
chairs.

On the other hand,by maintaning the optimum quan-
tity of KPS, the conentrationof Fe&#* (FAS) wasvaried in
the rangeshown in Fig. 4. It canbe see that the maxi-
mum grafting efficiency is attainedwhenthe concenta-
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Fig.3. Effect of KPS concentrationon percenage of grafting
(%E). Reactionconditions [FAS] (6 x 10°m); chitosan, 0.3g;
acrylic acid,2 ml; time 120min; temp.70°C; H,O, 20 ml
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Fig.4. Effect of FAS concentation on percenage of grafting
(%E). Reaction conditions [KPS] (102m); chitosan 0.3g;
acrylicacid,2 ml; time, 120min; temp.70°C; H,O, 20 ml

tion of F&* reatesthe value of 6 x 10° M. This finding
canbe attributedto the partial complexation of F&#* ions
with aminogroups of chitosan.Theseions are capalte of
acceleatingthe KPS decanpositionin the vicinity of the
chitosanmaaomolecubr chains,thus promotirg the for-
mation of the radcal sitesnecessaryor grafting. On the
other hand, the grafting efficiency diminishesby further
increasingthe F&* concentation due to the predomi
nanceof freeradcals consumption by reactons4 and5.

Monomerconcentratio

It is appaent from Fig. 5 that by increasimg the relative
amountof monomerthe %E increasesmarkedy due to
larger availability of monomer for grafting. However
when the amountof monomeris further increased %E
decreasg Oncethe maximum numberof monomerunits
hasbeenadded,an excessof monomeronly cancharge
the optimum volume, affecting the diffusion contolled
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Fig.5. Effect of monomer concertration on percentageof
grafting (%E). Reactionconditions:[FAS] (6 x 10°m); [KPS]
(102m); chitosan, 0.3g; time, 120min; temp. 70°C; H,0,
20ml

natureof the reactionwhich is goverred by the dilution
extent.

Reactiontime andtemperatue

The influenceof reactiontime is shown in Fig. 6. As can
be seen,the maximum %E attainedafter 2 h, reactes a
value of 59% and then decrasesslightly. Preliminary
resultsobtainedin our laboratoreson this system® gave
consideraly higher value for grafting efficiency. How-
ever a subsequentystenatic study showel that this
overestimabn was due to the weight contribution from
strongly borded water by grafted chitosanthat was not
compleely removedby the drying procedire used.More-
over, it shouldbe noted that dueto a very large capaciy
of gréfted chitosanto retain wate, our other previously
reportedvalues were also overestimated. This is due to
thefact thatthe methodusedto calculatethe %E is based
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Fig.6. Effect of reactiontime on percentageof grafting (%E).
Reactionconditions:[FAS] (6 x 10°m); [KPS] (102 m); chito-
san,0.3g; acrylicacid,3.5ml; temp.70°C; H,0, 20 ml
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Fig.7. Effectof reactiontemperaureon percentagef grafting
(%E). Reactionconditions:[FAS] (6 x 10°m); [KPS] (102 m);
chitosan,0.3g; acrylic acid, 3.5ml; time, 120 min; H,O, 20 ml

on weight differen@ betweenthe initial weight of dry
chitosanandthatof the grafted productandbondedwater
being difficult to remove.Althoughthe %E of 59% is
rather high, it is in the samerangeas values found by
Kurita et al.*® on grafting polystyreneonto mercapochi-
tin. The decrasein %E observedfor longer reacton
timescannotbe explainedat this stage However it could
be due to gradual liberation of retained impurities or
smal molecuksfrom graftedchitosanmacromoécules.

A similar value for %E was also obtainedlater on by
studying the effect of the variation of the reacton tem-
peraturebetween50 and80°C andthe resultsobtainedis
shown in Fig.7. The maxmum grafting efficiency is
attaned at a temperatureof 70°C. Whenthe temperaure
was raised to 80°C, %E diminishesshaply due to the
chahn transfer andtermination readions, which are well
known to befavored at highertemperatuesin freeradical
polymerizdions.

Swellingbehavior

As alreadymentionedall the graftedproductswere insd-
uble in waterandin dilute acid soluions, a differenceof
chitosanand PAA which readily dissdve in thesemedia.
However the graftedchitosansampes swell consideably
in thesemedia.

The swelling behavio of two samplesgrafted with
115% and 524% wi/w of AA in buffer solutions at pH 2,
7.4, and 10 are shown in Fig. 8, 9, and 10 respectiely.
pH valuesof 2 and 10 weresdectedbecaseof their phy-
siologicalimportarce, while the pH value 7.4 waschosen
in orderto cover the intermediatepH range. Moreover,
the swelling behavior of the sampes was evalwated in
distilled water (pH 5.8) and physiologicd salt soluion
(0.86% NaCl) in orderto evalwate the potentid appica-
tion of thesematerialsassuperabsdents(Fig. 11).
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Fig.8. Sweling curvesof chitosangrafted with poly(acrylic
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Fig.9. Sweling curvesof chitosangrafted with poly(acrylic
acid)atpH 7.4 (37°C): @ %G = 115; A %G = 524. (%G = per
centageof grafting)

Fig. 8 shows the swelling behaviorof chitosangrafted
with 115%and524%PAA atpH 2. It canbe seenthatthe
sample with higher grafting shows enhanced swelling
compaedwith the sampe with lower percentageof graft-
ing. Inverted results,as compaed with the cas of pH 2,
wereobservedy determinirg the corespondingswelling
at pH 7.4 (Fig. 9). This unusualbehavio could be dueto
the amphiphilic natue of the modified chitosan This
charateristic is due to the fact that the hydrogels pre-
paredin this work cortain both, chitosanas cationic and
PAA as anionic polyelectrolye counteparts. Naturally,
interchain salt bondsbetweenamino groups of chitosan
and carboxyl groupsof PAA forms Therefae, complex
behavior resultirg from inter- and/or intramolecuar as
well as possble electrostat interactions shoud take
place.The large sweling observedat pH 2 canbe dueto
the dissocidgion of intermacromdecularammornum salt.
Moreower, the swelling degreeincreaseswith increasng
number of carboxyl groups coming from the greater
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Fig.10. Swelling curvesof chitosangraftedwith poly(acrylic
acid)atpH 10(37°C): e %G = 115; A %G = 524.(%G = percen-
tageof grdfting)
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Fig.11. Equilibrium swelling degreeat 37°C as function of
pH for chitosangraftedwith poly(acrylic acid): e %G = 115; A
%G = 524 (%G = percentag®f grafting)

degreeof graftedPAA. In this case an enhancecammo
nium salt bond can be expeced to form. Therefore, the
higher swelling in this caseis dueto the dissogation of
theseinterchain saltbondsat low pH. A similar behavig
wasobserve by Yao et al.* whenthey studiedthe swel-
ling behavior of Pectn/Chitosan conplex films, in which
bothaminoandcarboxy groups arealsopresent.

Under more basic conditions, at pH 10 (Fig. 10), the
maintenace of a similar differencebetweenthe swelling
profiles is seen by comparing with that observedat
pH 7.4. Howeve, the degreeof sweling at equiibrium is
higherfor bothsampleswith differentdegree®f grafting,
probablydueto the predominanceof the anionic chara-
ter of the hydrogel. The sampe with a higher degee of
grafting carries a major proporton of carboxyl groups
andis therebre expecedto swel moreat high pH values
thanthe lessgrafted sample.However a differentbeha
vior was obsened, as shown in Fig.10. This can be
attributedto the more compactstructure of the polymeric
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Fig.12. Swelling curvesof chitosangraftedwith poly(acrylic
acid) in agueais solutionsat 37°C: e %G = 524 (0.86%NacCl);
A %G = 115 (0.86% NacCl); m %G = 524 (H,0); ¢ %G = 115
(H-0) (%G = percentag®ef grafting)

gel with a high level of grafting.In this cas the diffusion

of watertowards the interior of the macromoécularnet-

work is rather difficult. This effect hasbeenalsoobserved
by Miyata et al.*® whenthey studiedthe swelling behav-
ior of hydraxyethylcellulose grafted with either poly-

(acrylic acid) sodium salt or partialy hydrolyzed poly-

acrylamde. They observel that the wate absorbany

increaseshby increasng the grafting percentagesup to

about150-300%, thenwaterabsorbecy decreaesmark-

edly for highergrafting levels.

It is known thatthe propertesof superabsdentswith
carboxy groups havea weakpont in relationto its strong
pH dependenceof water absorbeny, showng a shap
maximum at neutal pH*“9, It should be noted that in
contrastto this behavior, the copolymersprepaed in this
work were considerablyless sensiive to pH, as can be
seenin Fig. 11. As it wasalreadymentimed, the sample
with 524% grafted PAA shows a very high equilibrium
swelling degreeat pH 2. This is notably higherthanthe
corresponihg valuesat pH 7.4 andalsoin distilled water
This unusual swelling behaviorat pH 2 shouldbe dueto
the expangn of the macromoécularnetwoik dueto an
extendeddissocation of the inter- and intra-chain salt
bonds. Moreover, thereis also an increasein positive
chagesinsidethe gel structure causedy the protonation
of the chitosanamino groups,which contribues to the
network expansion.Swelling behavia in water (pH 5.8)
and aqueus saline solution (NaCl 0.86% W/V; pH 6.0)
areshown in Fig. 12. It canbe seenfrom this figure that
againthe samplewith a lower degreeof grafting swells
morein thesemeda. This could be dueto the morecom:
pactstructure of the sampe with higher grafting, aswas
discussedbove.The waterabsorbaciesof both samples
in waterwithout addel saltis higherthanthe correspond
ing swelling in NaCl soldion. This behavio is well
known and can be explaned asfollows: in the presece
of NaCl, the osmoticpressue inducing the peretrationof

water inside the gel structure deceasesleading to
reducedswelling

Conclusions

Chitosanwas modified with poly(aaylic acid), a well-

known hydrogelforming monomeyusinga grafting reac

tion in a homogaeousphase A large varation in the
extent of grafting wasobserve by studyirg the effect of

readion parametersusedfor each specific readion. In

patticular, the useof FAS asreducing agentin combina

tion with KPS asa redoxinitiator pair hasshownto bea
corvenientmethodof controlling the extert of grafting.
The maximum efficiency of grafting attainedin this work
(52%) is rather high but it is compaable with values
reportedrecerily in theliterature for the grafting of vinyl

monomersonto polysacclarides. This indicatesthat in

homayeneoussystens the grafting reactons take place
not only on the surfacebut alsoin the molecues of the
whole substate.

The hydrogel property of the sampleswith two levels
of grafting was tested The sample with 115% grafting
swel corsiderablymore in distilled wate (pH 5.8) and
alsoat higherpH valuesthanthe sampe with 524%graft-
ing. In cortrast, inverseswelling behavig at pH 2 was
obseved. An unusual swelling behavior at pH2 was
foundfor the samplewith 524%grafting, which swellsto
agreaterextentthanin distilled water This wasattributed
to inter and/or intranolecular interactions causedby
inter-chainsalt bond formation aswell asthe presace of
both cationic and anianic chagesin the macranolecula
netwak.
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