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ABSTRACT

An IPN systengcomprising of guar gum and polyacrylamide has beewle in aqueous medium. Polymerization of
acrylamide has been achieved in the presence afgua using potassium persulphate as initiator. @atof gels
has been made with N,N’-methylene-bis-acrylamidBAMas the crosslinking agent and another with MiBAl
Gluteraldehyde(GA) as crosslinking agents. Thecefté using single and two crosslinking agents ba gel
structure has been evaluated by studying the sweliehaviour of gels made with different amountsro$slinking
agents. The gels crosslinked with MBA alone exdb®-5 times higher swelling when compared to #ie gith 2
crosslinkers. The kinetics of swelling has beedistliand the swelling parameters have been evaluate

Key words: Guar Gum, polyacrylamide, Gluteraldehyde, N,N’+hyétne-bis-acrylamide , IPN, swelling.

INTRODUCTION

Hydrogels that exhibit swelling changes in respaiesenvironmental changes such as temperatureelgidirical
field, radiation etc. are promising as intelligenaterials. They attract increasing interest in aasi biomedical,
industrial and agricultural applications [1-12].€lbwelling characteristics of the gel are of utmogtortance in
most of these applications which can be greatlyrotiad by the chemical structure of the gels. [B-

Guar gum is a high molecular weight hydrocolloitlatero-polysaccharide composed of galactan and amamnits.
Guar gum has been modified by derivatization, grgfand network formation to improve its propertpfie for a
wide spectrum of end-uses[16]. Using differentiatiihg systems grafting of methacrylamide[17], &mnjtrile[18],
acrylic acid [19, 20] and acrylamide [21] onto ggam has been reported. Grafting of acrylamide gui@r gum
has been achieved using high-energy’Geradiation. Grafting is observed to enhance thecilitating properties of
guar gum for treatment of industrial effluents [23].

Polyacrylamide is a water-soluble polymer with adtophobic main chain and a hydrophilic side group.
Polyacrylamide is a well known hydrogel, whose $wglnature is not very sensitive to pH or to thesence of
electrolytes. The advantage of amide functionalugsois that, it can be used to introduce the requionic
functionalities in the gel [24]. In the preserdnwwe have attempted to make a network polymesisting of guar
gum and polyacrylamide, by carrying out polymeiizatof acrylamide in the presence of guar gum ineags
medium using KPS as initiator and two differentsslimking agents, MBA and GA. The effect of theunatand
concentration of the crosslinking agents on swglbehaviour of the gels has been evaluated.
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MATERIALSAND METHODS

2.1.Materials and methods

Acrylamide(AAm) and N,N’-methylene-bis-acrylamideB¥) were obtained from s.d.fine chemicals, Mumbai,
India. Guar gum(GG) and potassium persulfate(KPS@rew obtained from Merck, Mumbai, India.
Gluteraldehyde(GA) (25% w/v) was obtained from baathemicals, Mumbai, India. Acrylamide was purifieg
recrystallisation from chloroform before use. Ather reagents were of analytical grade and userk@sived.
Double distilled water was used in the preparatibnydrogels and for swelling studies.

2.2. Preparation of Buffer solutions :
A solution containing 0.05M KCI and 0.085M HCI wassde to obtain a buffer solution of pH-1.2 anc2&b
solution of disodium hydrogen phosphate was madbtain buffer solution opH 9.

2.3. Synthesis of guar gum-poly (acrylamide) nekwalymer ( GG-PAAmM-1)using MBA

The gels containing AAm and GG were prepared rieg fradical polymerization. Briefly, 0.04g of GG sva
dispersed in 2.5mL water and stirred overnightgOA2m and 0.008g KPS were dissolved in 1mL watet #re
mixture was added to the GG solution and stirretl. WBA solutions were made by dissolving differearhounts

of MBA(0.04-0.13mmol) in 1mL water and was addedatmove solution and mixed well. Polymerization was

carried out at 60C for 3hrs. The gel obtained was purified by washiith boiling water in a soxhlet extractor.
The purified gel was dried at A€ under vacuum (60mm Hg) overnight.

2.4. Synthesis of guar gum-poly (acrylamide) nekwmlymer ( GG-PAAmM-2)using MBA and GA.

Solutions were made by dissolving 0.008g MBA anffedént amounts of GA (25%)(0.11-0.55 mmol) were
dissolved in 1mL water. Each of these mixtures wadded in separate set of experiments, to the AABN-G
solutions containing KPS in the same ratio as reetl in the previous experiment. Polymerization an
purification steps were carried out as stated exarlihe conditions of preparation and the designatif the gels
have been summarised in Table 1.

2.5. Characterization of GG-PAAM-1 & GG-PAAmM-2

FTIR Analysis

The FTIR spectra of GG and the representative sssnplG-2 and AGG-3 were recorded as KBr pelleta #TIR
spectrophotometer (Perkin-Elmer, USA).

Thermal Analysis
DSC thermograms of AG-2 and AGG-3 were recorde@28 V24.4 Build 116 Calorimeter(USA) by heating th

samples under nitrogen atmosphere from 30 to%Da@t a rate of 1JC / minute.

Scanning Electron Microscopic (SEM) Analysis
The micrographs of AG-2 & AGG-3  samples were rded on a JEOL-JSM 5800LV scanning electron
microscope. The micrographs were recorded with rifiagtions of 500 and 1000 under a voltage?26kV.

2.6. Swelling studies
The swelling behaviour of the hydrogels under défe pH conditions was investigated by carrying swelling
measurements in aqueous buffer media of pH-1.2a8d79.0 using distilled water and standard biftdutions, at

30°C .The weight measurements were made using an adctimlance (Shimadza AUX120, Japan) with an
accuracy of £+0.1mg. Pre-weighed dry hydrogels wermersed in excess of the buffer solution, mairgdimt

30°C . After specific intervals of the time, the gelsreseemoved from the medium, the surface adheraddliq
drops were wiped with blotting paper and the inseeim weight was measured. The measurements wati&wed
till the weights of the swollen gels attained camstvalues. The swelling ratio (%SR) and the amotfimtater gel
can hold at equilibrium (percent equilibrium watamtent) (%EWC) were calculated [24], using thdofeing
expressions,

_ Weaight of the swollen gel — Weight of the dry gel
04 SR = X 100
welght of the dry gel (1)
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Weight of the gel at eqilibrium — Weight of the dry gel
0 EWC = d d 1 d Ve %100

Weight of the gel at equilibrium (2)

Table 1. Detailsof preparation and designation of GG-PAAmM |IPN gels

GG | AAm | MBA | KPS | GA Reaction
(g) | (g) | (g9) | (g) | (g) | Time(hrs)
AG-1 | 0.04 0.2 | 0.006 | 0.008 --
AG-2 | 0.04 0.2 | 0.008 | 0.008 -
GG-PAAM-1 | AG-3 | 0.04 0.2 | 0.013 | 0.008 --
AG-4 | 0.04 0.2 | 0.020 | 0.008 --
AGG-1 | 0.04 0.2 0.00§ 0.008 0.04
AGG-2 | 0.04 0.2 0.00§ 0.008 0.10
GG-PAAM-2 | AGG-3 | 0.04 0.2 0.00§ 0.008 0.15
AGG-4 | 0.04 0.2 0.00§ 0.008 0.20

Formulation code

WIW|W|W|sleolwolw

RESULTSAND DISCUSSION

Eight gel samples have been made in the presedy &yt maintaining a fixed concentration of GG, Afand
K»S,0q in the reaction mixture and varying the conceidrst MBA and GA. When MBA is the sole crosslinking
agent, semi IPN networks are expected to be forifiee Polyacrylamide chains entangled between Beclins
are linked by MBA units. These gels possess ajgise hydrophilic character due to the presenderaf PAAM
chains and the MBA units. On the other hand, whé&nsused along with MBA, a fully interpenetratingtwork is
formed, in which the GG units of different chaine déinked by gluteraldehyde and the acrylamidesuhit MBA.
The doubly crosslinked IPN is expected to showamigidity when compared to the semi IPN systenthas
chains are held more tightly. The hydrophobic reatf these gels may get enhanced due to the ier@nt of free
—OH groups in crosslinking reaction with gluterdigée and that represented in scheme 1.

Scheme 1: The schematics of the synthesis of Guar gum I PN hydrogels of Guar Gum & Polyacrylamide.

/|1_0\‘ CH, = CH
J\|—|f|\°\ + o

AAm

OH Water KPS

I
MBA
GA

3.1. FTIR characterization of GG-PAAmM-1 and GG-RA2

The peaks in the FTIR spectrum of AG& AGG-3 networks have been compared with tha&G&f (Fig 1a). In
the spectra of AGG-3 network (Fig 1b), the broadkpebserved at 3217. 2&nis due to O—H stretching and other
important peaks observed at 1156.5, 1093.9, 1080™2are attributed to C-O-C stretching from glycosidic
linkages and O-H bending of GG component. In @ditthe FTIR spectrum of AGG-3 shows peaks
corresponding to amide groups. The N-H stretchingppears as a shoulder band around 3480and has
overlapped with a broad peak between 3500 to 320Daf the hydroxyl group. The sharp peak at 2964 is
due to C-H stretching. In AG-2 network (Fig.1c) bele to O-H groups has been reduced in heigliinparison
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with the GG sample,on account of their involvementrosslinking reactions. The peaks which app¢&8&4 and
1461.5 crit are attributed to amide Cdtretching and bending respectively.
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Fig LFTIR of (a) GG (b) GG-PAAm-2 and (c) GG-PAAmM-1 network

3.2. Thermal analysis
DSC thermograms of GG-PAAmM-1 and GG-PAAmM-2 arewshin Fig 2. GG-PAAmM-1 exhibited two endothermic

peaks in the region 250-2C and 370-450C . In GG-PAAM-2 only one sharp endotherm is obseadind
100°C which could be due to loss of water and the nekveppears to decompose and lose its structurendrou
300°C . No additional information could be drawn regagdiretwork structures from DSC thermograms.

Thermal Analysis Result
Dsc
mW
o.oof
-2 o0t
-4 oot
100.00 200.00 300.00 400.00 500.00
Temp [C]

Fig2. DSC of (a)AG-2and (b)AGG-3 samples

3.3. Scanning Electron Microscopic (SEM)analysis

Scanning electron micrographs of crosslinked gsdspmesented in Fig 3.The crystalline characteG6f [35] is
retained in AG-2 sample, as evidenced from the agiaph in (Fig. 3a). The surface of AGG-3 smootho&igh
structure indicates high bonding between componénter and intra) —-OH of GG and NHf PAAm and
crosslinkers (Fig. 3b).
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18rm BB49

Fig 3. Scanning electron micrographs of (a)AG-2 and (b) AGG-3 samples.

Table2. Effect of crossinking and pH on swelling and diffusion characteristics of GG-PAAm-1gels; A) pH 1.2 B) pH 9.0

Gel code AG-1 AG-2 AG-3 AG-4
A B A B A B A B

Equilibrium Swelling ratio (g /g) 1434 1323 9.9 10.19| 1859 1843 13.00 12.86
Equilibrium Water content EWC % 93. 92.9 91j1 91.095.0 95.0 92.7 92.8]
The initial swelling rate ( Ri) [(g water / g gljin] 0.075| 0.065] 0.089 0.068 0.0977 0.0f9 0.063 58.p
Swelling rate constant (Ks ) x #llg gel/ g water)/min] 3.0 3.1 7.96 5.5 1.4 1.8 3 27
Maximum equilibrium Swelling (Sx) 15.77| 1450[ 1051 11.1p 20.48 20.p3 14|56 14.3
Swelling Exponent (n ) 0.60 0.53 050 050 051 520{ 054 | 0.55
Swelling Constant (K) 0.28| 0.37 0.44 04 0.55 405 035 | 0.32

Table 3. Effect of crosslinking and pH on swelling and diffusion characteristics of GG-PAAmM-2 gels; A)pH 1.2 B) pH 9.0

Gel code AGG-1 AGG-2 AGG-3 AGG-4
A B A B A B A B

Equilibrium Swelling ratio ( g /g) 10.3 8.9 58 25| 5.0 3.0 5.3 4.0
Equilibrium Water content EWC % 9] 9( 8319 835 8275 84 80
The initial swelling rate ( Ri) [(g water / g geljin] 0.11| 0.11| 0.17 0.18 0.24 0.43 0.18 0416
Swelling rate constant (Ks ) x #lig gel/ g water)/min] 13. 125 550 620 82.0 .0r6 70.0| 64.0
Maximum equilibrium Swelling (§x) 9.3 9.3 5.5 54 5.5 5.5 5. 5.0
Swelling Exponent (n) 0.6 056 064 0.3 0J67 04850 | 0.36
Swelling Constant (K 0.28| 041] 0213 0.21 022 0.53 0.38 043

3.4. Swelling and Diffusion Analysis

In the present investigation, the influence of ssiimking agent on the gel characteristics wasistutly varying
concentration of MBA in the range (0.04 to 0.13njnamd GA in the range (0.11-0.55 mmol). The swellpattern
observed for the GG-PAAmM-1 & GG-PAAmM-2 in aciditdabasic media is shown in Fig 4.

204 20+
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18 AG3 18
16 16
AG-2
14 AG1 144
AG-4 AG-1
_ 7 7 AG-4
5 10 AG-2 g 10
o
& 8 % 8-
6 6
4 4
2 2
0 T T T T T 0 T T T T T
0 500 1000 1500 2000 0 500 1000 1500 2000
time(min) time(min)

Fig 4.Swelling behaviour of GG-PAAmM-1 and GG-PAAm-2in(a)pH 1.2& (b)pH 9.0
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The gels containing only MBA (GG-PAAm-1) swell taggher extent than the doubly crosslinked GG-PAAIeks
under both acidic and basic conditions. The aoldliti crosslinks introduced by GA reduced the Swellly 50 %
in the latter. Also, the singly crosslinked gelskdonger time for reaching the equilibrium swedjithan the doubly
crosslinked gels. It is necessary to know the égiiim water content of the hydrogels due to tlegiormous utility
in biomedical applications. EWC of GG-PAAmM ge#daulated using Eq. 2 are reported in Table 2. Mbh&mum
water content in GG-PAAmM-1 gels is found to bewmsn 91-95% , much higher than the GG-PAAmM-2 géls(7
91%) , due to their lightly crosslinked , hydrophihetwork structure. The water content of the gelppreciably
reduced by use of two crosslinking agents. Thelt®sudicate the tightening of the chains in thé&lIBystem by
introducing additional crosslinks using GA. As gbegels contain more than 60% water, they mafobed
suitable for use as biomaterials in medicine amarmacy.

The effect of pH on the swelling behaviour has bstried for AG-2 and AGG-3 samples and the resarés
displayed in Figure 5. The swelling of AG-2 ged imn the order pH 9.0>1.2>6.7 whereas AGG-3 gkbvs the
order pH 1.2> 9.0>6.7 . It is expected that, astNél, groups of the polyacrylamide chains get protonateder
acidic pH condition, the chain segments betweenctbsslinks expand resulting in higher swellinglenacidic
conditions compared to neutral and basic conditioBsich an effect is seen in the compact AGG-3 &anihe
swelling of semi IPN AG-2 network appears to bfuenced by factors such as ionic strength of shvelling
medium, in addition to protonation effect.

184

] PHO | G2
124 pH-1.2

pH-7
12

10

SR (gm)

pH-1.27)
AGG-3

T T T T
500 1000 1500 2000

o 4

Time (min)

Fig 5. Effect of pH on swelling behaviour of GG-PAAmM-1 and GG-PAAmM-2 gels.

Swelling and diffusion analysis

Swelling /shrinking and diffusion characteristidshydrogels are presently being exploited for vasi@pplications
including control of microfluidic flow, developmendf muscles-like actuators, filtration/separationdadrug
delivery. The mechanism of swelling process of bgets is determined experimentally by simple kinanalysis
using the following equation for a second ordeekimprocess[25, 26].

ds .

E=R3{Sg¢_5}‘ (3}
Where S & Rsdenote the degree of swelling at equilibrium andlBiag rate constant,respectively.The integration
of Eq. 3 overthe limits S 5p&tt=pand S = S att =t, gives the following equation:

T
—= A+FBt 4
< (4)

Where A=1/R; Szeg) is the reciprocal of the initial swelling rate
B =1/ §is the inverse of the equilibrium swelling and
R is the swelling rate constant.
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Fig 6. Swelling rate curves of GG-PAAmM-1 and GG-PAAm-2 gelsfor (a) pH 1.2 and (b) pH 9.0

This relation represents swelling as a second didetic process. To check the applicability okteguation to the
presently studied system, plots of t/ S verswere made for the AG 1-4 and AGG 1-4 samples aadlaown in
Fig.6. The linearity of the relationship betweénand t indicate swelling to be a second ordegtidrprocess. The
swelling parameters, namely, initial swelling ré&), maximum equilibrium swelling ratio (&) and swelling rate
constant £, were evaluated following methods reported edgi’-30]. The results are tabulated in Table 2 Th
slow rate of swelling of the GG-PAAm-1 gels is eefled in the lower values of initial swelling rdfi) and
Swelling rate constant (Ks) obtained for these gelmpared to GG-PAAmM-2 gels The maximum equiliforiu
swelling ratios calculated theoretically are in doagreement with equilibrium swelling ratios obtain
experimentally. The initial swelling rate and theemall swelling rate constants decrease with irgirgpcrosslinking
of the gels.

Hydrogels are considered as important materialagncultural, biomedical, pharmaceutical, and emwvinental
applications. The applicability of these hydrogeiay be governed by the mechanism of water diffusitime
absorption process involves the diffusion of watelecules into the free spaces, increasing the seihmobility
leading to expansion of chain segment between lankssresulting in swelling. The dynamics of wasarption
process was studied by analysing the swelling datained for initial 60% of swelling , using tliellowing
equation[30-32].

Swelling ratio(S R) = K t° (5)

Where SR is the swelling ratiomass defined in gghl is a swelling constant related to the struet of the
network; and ‘n’ is the swelling exponent, whichdicates the water transport mechanism. ‘k’ and vere
evaluated from the plots of ‘In S’ versus ‘In thawvn in Figure 7.

26
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00
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Fig 7. Diffusion rate curves of GG-PAAmM-1 and GG-PAAm-2 gelsfor (a) pH 1.2 and (b) pH 9.0

The swelling exponent was calculated from the sloipine lines of ‘ In S’ versus * In t ' plots. Fothe gels made
with MBA, an n value of 0.5 was obtained indicgtifickian diffusion in these gels. The MBA and Ghosslinked
gels gave an ‘n’ value of ~0.6 indicating the pb#ity of anomalous diffusion in these tightly ked gels. This was
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further confirmed by the SR versu¥’tplots (Fig. 8). The curves for GG-PAAmM-1 gels ibited a linear
relationship indicating applicability of Ficks diffion to these gels whereas the curves for GG-PRAdeviated
from linearity.

144 144
13] 1] O
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N w e o N @
P A W
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20 22 24 2 4 6 8 10 12 14 16 18 20 22 24
t 1

Fig 8. Ficks Diffusion curves of GG-PAAm-1 and GG-PAAmM-2 gelsfor (a) pH 1.2 and (b) pH 9.

3.5. Effect of the Crosslinker on swelling of gels

It has been well proved that the nature and conamn of the crosslinker effects the swelling andchanical
properties of the hydrogels[33,34]. The effect melting has been studied in the present case wibhcrosslinking
agents of varying concentration. The results emaded in Figure 9.

20+ 114
- *- - ACIDIC
—e—BASIC

16

14

Equilibrium swelling ratio (g /g)
Equlibrium swellingratio ( g/ g)

104

T T T
0.04 0.06 0.08 0.10 0.12 01 02 03 04 05
MBA con( mmol) GA con(mmol)

Fig. 9: Effect of crosdinker concentration on swelling of (a) GG-PAAmM- 1 and (b) GG-PAAmM-2 gels

Generally, the crosslinker concentration is diseattlated to the density of crosslinks in the geis.lower

crosslinker concentration, the gel may have lowesslinking density and hence higher swellingazity .

Whereas the gel formed with high crosslinker cot@ions will possess higher crosslinking densigusing a
decrease in the distance between the crosslinkgydhrere by lowering the swelling capacity. In ttese of GG-
PAAmM-1 gels, decrease in swelling occurred iniiallith increasing concentration of MBA but furthecrease in
MBA resulted in gels with much higher swelling eajty. Highest swelling was observed in AG-3 samflee

results indicate the intermediate value of MBA tlaes optimum concentration for obtaining maximunehing .

Similar results were reported earlier in literatfoecopolymers containing acrylamide[24].

With increase in MBA content the hydrophilicity tife polymer gel and hence the swelling appearsideease
counterbalancing the action of crosslinking. Santeffect is not observed in GG-PAAmM-2 gels. TH&-BAAM-2

samples showed the expected behaviour of decreasevélling capacity with increasing concentrationGA

indicating that these gels have a compact weltroiad structure compared to the former. The Sngltapacity of
the gels of both types appears to be affected neesaxtent by acidic and basic conditions of snglinedium
indicating the fact that the crosslink density hie tdeciding factor for controlling the swellingpeaity of the
presently studied IPN systems.
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CONCLUSION

In the present investigation, GG-PAAmM IPN systenawehbeen made for the first time with two diffdren
crosslinking agents, MBA and GA. The swelling prdjgs of these gels have been compared with selhsiBatem
made with a single crosslinking agent, MBA. It lieeen observed that the gels containing only MBA {&&Am-
1) swell to higher extent than the doubly cros®thkGG-PAAmM-2) gels under both acidic and basiddanms and
hold higher amount of water. Also, the singly ssimked gels took longer time for reaching theilgium
swelling than the doubly crosslinked gels. Theditonal crosslinks introduced by GA reduced theeling by
about 50%. The swelling of both type of gels isnfddo be a second order kinetic process. The GArRA gels
exhibited slow rate of initial swelling rate (Rijé Swelling rate constant (Ks) compared to GG-PAZgels The
initial swelling rate and the overall swelling ratenstants were found to decrease with increasiragslinking of
the gels. Swelling exponent 'n’ is found to be fhbgels containing only MBA and is higher than @8 gels with
MBA and GA. The mechanism of water diffusion is fiduto be fickian in the first case and anomalogision in
the second.

In the case of GG-PAAmM-1 gels, swelling studiesidate the intermediate value of MBA as the optimum
concentration for obtaining maximum swelling. Wititrease in MBA content the hydrophilicity of thelymer
gel and hence the swelling appears to increaseitexdalancing the action of crosslinking. Sucheffect is not
observed in GG-PAAmM-2 gels. The GG-PAAmM-2 samplaswed the expected behaviour of decrease in sgelli
capacity with increasing concentration of GA indiicg that these gels have a compact well contiadieucture.
However, the crosslink density appears to be #dihg factor for controlling the swelling capigcof the
presently studied IPN systems.
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