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ABSTRACT

Rheology refers to the study of flow and deformation of materials. Rotational and oscillation experiments are most
important methods for rheological profiling of polymers. The objective of the present study was to unvell the
rheological profile of Carbopol 940 hydrogel, at a concentration of 1%w/w, by subjecting to flow, frequency sweep,
creep recovery and thixotropy measurements. From the flow curve measurements it was observed that shear rate
has influence on viscosity and shear stress. Carbopol hydrogel behaved as a viscoplastic or yield stress fluid.
Higher values for loss modulus than storage modulus from frequency sweep experiments indicated that elastic
component is lessis prevailing in the hydrogel than the elastic component. Complex viscosity was found to decrease
on increasing frequency and thus a pseudoplastic behaviour of hydrogel was confirmed. From the creep recovery
plot it was inferred that the hydrogel sample behaves as viscous material at the applied stress. The hydrogel
behaved as an ideal viscous material. High structure recovery ratio and hysteresis area obtained demonstrated a
good thixotropic property for the hydrogel. Future studies with varying test parameters and conditions would be
useful in further elucidating the mechanistic properties of Carbopol hydrogel under stress.
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INTRODUCTION

Rheology refers to the study of flow and deformatid materials under the influence of externalsstrdrotational
and oscillation experiments are most important wdshfor rheological profiling of polymers. Rheolomodifiers
are very beneficial in drug delivery applicatiomslare extensively used. They can control drugasgleresist stress
caused by body or skin movements and adopt shagpptitation area [1]. Carbomers are polymers amsists of
repeated units of acrylic acid and Carbopol is anded carbomer. Carbopol 940 is a cross-linkedaoojjate
polymer and finds its major application in transdal and topical drug delivery systems. Carbopol pdlymers
have been well reported at a concentration of 1% in/hydrogel based drug delivery systems [2, Bktensive
rheological characterization is needed for idecuifion of performance guaranteed products andtalsailor drug
delivery systems with desired rheological charasties. Towards these goals, in the present staffgrts were
taken in unveiling the rheological profile of Capwd 940 hydrogel by subjecting to flow, frequeneyegp, creep
recovery and thixotropy measurements.
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EXPERIMENTAL SECTION

Materials
Carbopol 940 was a gift sample from Noveon CorpomatCleveland, OH, USA. HPLC-grade water (Merck
Mumbai, India) was used for the study.

Preparation of Carbopol hydrogel

Carbopol hydrogel was prepared by dispersing 1% @asbopol 940 in water and subsequently neutrajizive
Carbopol dispersion using triethanolamine. In otdeminimize entrapment of air bubbles in the ¢fe¢, Carbopol
dispersion was allowed to stand before additiortriethanolamine. During neutralization, the samptes gently
stirred to avoid inclusion of air bubbles. The hygkl sample was stored for 120 h at room tempexafoir
equilibration before rheological studies [1].

Rheological characterization

Anton Paar Physica MCR 51 rheometer(Anton Paarz Ghaustria) was used for the rheological profiling
hydrogel. RheoPlus software (Anton Paar, Graz, Wajstvas employed for instrument handling and datalysis.
All the experiments were carried out at a set taatpee of 25°C unless otherwise mentioned. Thellphdate
system employed for the rheological studies wasngaa diameter of 19.957 mm and the gap was 1 njm [4

Flow curve

The flow curve was obtained for hydrogel sampleapplying a shear rate of 0.1 to 108, Shear stress and
viscosity were measured with the change in shdar Tde yield stress value of the hydrogel fromflibsv curve
was determined using RheoPlus software.

Frequency sweep
Frequency sweep test was carried out on the hyHusgeg a parallel plate system. The linear visasiét region of

the sample was determined by strain sweep test fwrioonducting the frequency sweep test. Measunesngere
conducted at a constant temperature of 30°C iequéncy range of 0.1-10 Hz and 1% strain. The gal eovered
with a thin layer of silicon oil to serve the puggoof avoiding evaporation of water during frequesweep test.
Storage modulus, loss modulus, complex moduluscantplex viscosity were recorded.

Creep recovery

The test involved application of constant stresth&ohydrogel sample and measurement of the camesépg strain

is measured as a function of time [5]. In a sheaep recovery test the ability of a sample to retorits original
consistency when the applied stress is evaluatbis. dbility is usually expressed in terms of tatatoverable
deformation {g). A two step method was employed in creep recoveeasurements. In the first step, a constant
shear stress of 100 Pa was applied for 300 s.drsélsond step, the shear stress was completelyeehamd then
the strain was further measured for 600 s. Durinig $tage the net shear stress available on thplsamas 0 Pa.
The creep recovery data was also expressed ag@ @venpliance function. Here the slope of the cepe gives
the ratio of stress to viscosity of the sample. STihuvas possible to determine the viscosity of shemple at the
applied stress from the creep compliance data.

Thixotropy

The study was carried out in 3 steps. In the §itsp, a constant shear rate of‘ss applied for 50 s. In the second
step, the shear rate was changed to 2001s50 s. In the third step, the shear rate wasdint down to 1°$for 300

s. The purpose of first step was to attain a comstacosity by applying a lowest possible shearthle second step
the high shear rate applied for 50 s causes a to@ak of internal structure of the hydrogel. Therdhstep of
immediate reduction of shear rate to the possihest value provides an opportunity for rebuildorgecovery of
the internal structure of the hydrogel.

RESULTSAND DISCUSSION

Carbopol hydrogel was prepared and extensivelyacii@rized for rheological behaviour.
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Rheological characterization of Carbopol gel

Flow curve

From the flow curve measurements the viscositysdrehir stress properties of Carbopol gel were stu@ibear rate
was found to have influence on viscosity (Fig.13l afear stress (Fig. 2). A negative slope in Figndicated a
destruction of internal structure by overcoming ititernal forces. Thus a shear thinning processobkasrved. The
slope of the plot can be utilized to measure therosiructural attractive forces present in Carbdpalrogel. No
plateau phase was observed in the plot. First Neamoplateau which is a measure of the volume iraaf the
structure was not visible for the gel in the apmplahear rate regime. First Newtonian plateau ieebgu to be
observed at low shear rates. The first Newtoniabeplu may be missed out in this study due to ttiettiat it might
be observed for Carbopol hydrogel below a shearvalue of 0.18 Extrapolation of the data to zero-shear value
is also possible from the data. Thus we could tateehe flow property with molecular weight of thelymer used.
Further it could be applied as a parameter to momiatch-to-batch variations in hydrogel manufaomir Absence
of a second Newtonian plateau indicated absenaecomplete loss of internal forces. Thus it colddassumed that
the gel still retains its internal structure in tqgplied shear rate regime.
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Figure 1: Viscosity versus shear rate plot for Carbopol hydrogel
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Figure 2: Shear stressversusshear rate plot for Carbopol hydrogel
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A plot of shear stress versus shear rate is shov#igi 2. From the plot it could be observed thatbhGpol hydrogel
behaves as a viscoplastic or yield stress fluilalt been reported that Carbopol polymer chainsngdalignment
in the direction of flow [1,6,7] and this could biee reason for dependence of shear stress on steaBut a
notable dependence was observed only at higher sfteavalues.

Frequency sweep

The viscoelastic nature of the gel can be studigdréquency sweep tests. The presence of entangtenie
polymers may provide rigidity or elasticity for thegel. It is established that more the elastibigher is the storage
modulus (G') for that gel. Storage modulus candresiclered as the energy stored per unit volumeoitrast, loss
modulus is used as a parameter for expressingxthateof viscous component of gels [8].

Fig. 3a shows the plots of G', G" and complexos#ty of the gel against frequency respectivelywits observed
that the storage modulus is less than loss modahutie hydrogel. This result was indicative of faet that elastic
component is less is prevailing in the hydrogelnthle elastic component. Complex viscosity wasnébto
decrease on increasing frequency values (Fig 38)tlans it could be inferred that Carbopol hydrogehibits
pseudoplastic behaviour [9].
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Figure 3: Frequency sweep plots (mechanical spectra) for Carbopol hydrogel
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Figure 4: Strain versus aver agetime plot for creep recovery studies
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Creep recovery

In the creep test, the hydrogel was subjected ¢orstant shear stress and measurement of time dptestrain
was carried out. The elasticity of the gel sample be understood by measuring the total recoverddftamation
(yr). From the creep recovery plot (Fig. 4) it caniriferred that the hydrogel sample behaves as visomaterial at
the applied stress.

Fig. 5 shows the typical creep and creep recovhnis wf ideal elastic (Fig. 5a), ideal viscous (Fidp) and real
viscoelastic materials (Fig. 5¢). In ideal elastiaterials there is a 100% recovery. In the casiled! viscous
materials there will be no recovery and startsltavf In the case of viscoelastic materials therearis elastic
componentyg) and a viscous component,). In all cases permanent deformation of viscauspmonent occurs in
viscoelastic materials while the elastic componeaiovers after a lag time. In the present case @Wihbopol
hydrogel, the value ofsz was zero as non-recoverable deformatigg)(alone was observed for the sample. Thus
from this data it can be assumed that hydrogel Bailmghaves as viscous sample at the applied sfressmight
have happened due to the fact that viscous formow@weighing the elastic forces in the gel. Theoverable
deformation corresponds to elasticity and non-recalle deformation corresponds to viscosity of bgdt. The
results observed supported data from frequencypsierlies where storage modulus was lower thamhashilus.
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Figure5: Creep and creep recovery plots (a) ideal elastic (b) ideal viscous (c) real viscoelastic

Fig. 6 shows the plot of creep compliance for tled @gainst average time. A higher creep compliaradae

corresponds to a decreased elasticity. The vigco$ithe Carbopol gel (at an applied shear strés006 Pa) was
determined to be 109.20 Pa.s from the slope oplibte
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Figure 6: Creep compliance ver sustime plot

Thixotropy

When triethanolamine is added to an aqueous dispeos Carbopol, uncoiling of polymer molecules occThis
results in molecular extensions and thus polymegllgvg. The rigidity of the gel structure obtainém Carbopol
gels are attributed to the electrostatic repulsibthe carboxyl (-COQ groups present on the extended chains [6].
The rigidity of the gels formed could get affectetla result of internal structural breakdown wharjexcted to high
shear. Fig. 7 shows the thixotropy plot for the lfo@ol gel. Thixotropic gels undergo a slow viscpsitild after
removal of an applied shear. Thus thixotropy staidiEn be utilized for the understanding of struattebuilding of
gels.
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Figure 7: Thixotropy plot for Carbopol hydrogel

Fig. 8 provides an illustration of possible mecktni explanation for the thixotropic response of @arbopol
hydrogel. In the illustration Carbopol polymer mulées are pictorially represented by short curwedi in red
colour. The structural changes can be predicted fite thixotropy plot obtained for the Carbopol fogkl. In this
study the first step involves applying a constamas rate of 1°5for 50 s. From the plot (Fig. 7) it can be
understood that the applied shear was not suftié@eproduce a structural breakdown of Carbopol(g&J. 8a). The
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sample rigidity or elasticity is sufficient to resthis change. But on subsequent changing ofttargate to 100’s
for 50 s produced drastic change in the thixotropgwe. The applied shear prevailed over the foiggsarting
rigidity to Carbopol gel and thus a drastic deceemsgel viscosity was noted (Fig. 8b). During thed step of
reduction of shear to I'dor 300 s, a perfectly thixotropic material is egfed to return to the viscosity value. From
the plot it can be assumed that Carbopol gel etehshifficient thixotropic property as its viscosigturn to more or
less original value (Fig. 8c). High structure reexyratio (70.62% after 60 seconds) and hystesreiz (18189.2 Pa
s') obtained demonstrated a good thixotropic propirtyhe hydrogel [10-12].

(a) Shear rate of 1 s for 50 s (b) Shear rate of 100 s 1 for 50 s (c¢) Shear rate of 1 s for 300 s
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Figure8: Illustration of possible mechanism of thixotropy in Carbopol hydrogel
CONCLUSION

Detailed rheological profiling of Carbopol 940 hgdel at a concentration of 1%w/w was carried olawFcurve
measurements were conducted to study the viscanityshear stress properties of Carbopol hydroglitawas
observed that shear rate has influence on viscasitlyshear stress. Carbopol hydrogel behaved Bs@plastic or
yield stress fluid. The data from frequency swegpeeiments established psuedoplastic behaviour avb@pol
hydrogel. The storage modulus was less than lostulue for the hydrogel. Creep recovery studiesbdistaed the
viscous nature of hydrogel at the applied and sooglastic property was noted. A notable thixotrdgghavior was
observed in the Carbopol hydrogel during rheoldgateracterization. The present study unveiling ynahthe

rheological aspects of Carbopol hydrogel. Appli@atof various rheological test methods also helpddentifying

different rheological properties. The study resultdained could be employed in developing Carbdpalrogel

drug delivery systems with tailored properties.uretstudies with varying test parameters and cammditcould
further light up the path in rheological profiling Carbopol hydrogel.
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