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Shear effects during the gelation of aqueous gelatin

H. Huang and C. M. Sorensen
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Measurements of the viscosity of agueous solutions of gelatin at a wide range of shear rates during and after
gelation are presented. Although the viscosity is shear rate dependent, experiments in which the shear rate was
changed during gelation show a shear rate history independence. This implies that shear does not disrupt
intermolecular junctions between the gelatin molecules; i.e., the bond probabikitynot a function of the
shear ratey. Thus the viscosity is a function @f and y, i.e., = 7(p,y), with the important distinction that
p and y act independently to determine the state of the system.

PACS numbsgfs): 82.70.Gg, 82.35t, 83.50-v

[. INTRODUCTION be described by the extent of molecular aggregate growth,
which is quantified by the bond probabilify; and the shear
Gels are an important and intriguing class of materials infate y acting asindependentariables. This description is
which a small fraction of one Component controls a |argealso.true after the_SO| has set to the SO“d“ke gel where shear
fraction of another, fluid component. The most common ex Melting and freezingupon the alleviation of the sheaare
ample is gelatin, whose molecules can form a thermally reobserved.
versible network that can entrain the water of the pregel so-
lution, or sol, even when the gelatin weight fraction is as low
as 1%[1-3]. Gelation occurs because the aggregation pro- Gelatin is a thermally reversible, physical gel, which as-
cess in polymeric and colloidal solutions yields nondensesociates to form agglomerates through hydrogen bonded,
space filling aggregates, often describable as fractals, whictiiple helix junctions. In our experiments aqueous solutions
eventually fill the volume of the system as they grow. Theof gelatin (Aldrich, 300 bloom,M,,=1.2x 10" determined
current theoretical description of gelation uses percolatioryia ultracentrifugg were prepared at 3.0% by weight using
theory [4_6]’ which predicts Critica]-phenomena-“ke diver- distilled, deionized water. ane qiSSO|Ved, the'S()lUtionS were
gences in key parameters such as correlation length, clustBeld at 45°C fo 1 h to dissociate the gelatin molecular
mass, and viscosity as the sol approaches the gel. This aggglomerate@?]. These hot solutions were then quenched to

proach is parametrized by an extent of reaction parameter &8 “C<T ge=30 °C in the viscometer to cause the sol to
bond probabilityp and gelation occurs ap, the gelation evolve to the gel. Viscosities were measured as a function of
critical point ¢ time after quench, the quench time, by either a Wells-

Perhaps the most observable change as a sol evolves P ?glgle?\l,se%%ng'?gd;ﬁgt%\gsgcgﬁnftgﬁ’.;"thbz\e\i;gﬁ;{er
gel is the large increases in the viscosity that diverges at th@>'e ! 5 5 1 9 .
. ; X . with y about 10°-10"° s~ . The cone-and-plate viscom-
gel point. This observation can be used to infer that the mol-
ecules of the gel material are joining together as the so

evolves to the gel to form larger molecular aggregates. Th

viscosity of gelling solutions is also non-Newtonian such rately m red diameter. tvpicallv 2500 wm. w

that at large shear rate shear thinning, i.e., a decrease ! ae;(/j intea?# € mal € en’t i)r/1p gaig’r | Mt b aid it

viscosity with increasing shear rate, is observed. Thus i oppe 0 he Sample containec a gfass tube a S
gelocnyv was measured by timing its fall as seen through a

might be concluded that shear causes a disruption of th lemi The Vi ity is o by Stoke’s |
molecular aggregates that give rise to the large viscosity. ThEe em'cmsg"pe- € VISCOSily 1S given by SIOKE'S faw as
€=2Apgr /9 and the shear rate is approximately

data presented in this paper indicate that this latter inferenc . . . o
is not correct. Data are presented for the viscosity of aqueou"é_svlzr' Ap is the density difference withp=1.055

gelatin solutions as they evolve from the sol to the gel ancﬂlcm3 fo_r the polystyrene ang=1.002 g/crr_?' for the gela-
also after the gel has set. A wide range of shear rates are us%ﬂ solutions; the Iattgr_ was measu.red V\.”th a pycnometer.
from ca 10°% to 750 s L. The viscosity evolves during ge- un to run reprodu_C|b|I|ty fo_r the viscosity measurements
lation, and by comparing the viscosity measured at fixedVere ~20% due to its sensitive dependence on temperature
shear rate during gelation and the viscosity measured duringd concentration. Gel times were determined by gently tilt-

runs in which the shear rate is quickly changed from ondd @ twin sample at an identical temperature and observing

value to another, a shear rate history independence is oﬁf‘!hen the flow became nonsmooth or lumpy. This method is

served. From these results we conclude that the shear doégbjective, but no other methods seems to work better, and it

not disrupt the molecular aggregates that form during gela MOt critical for the main results of this paper.
tion and hence in no manner impedes the gelation process.
Based on the known behavior of polymer solutions we infer

that the observed shear thinning must be due to more fragile Figure 1 displays the results for the viscosity as a function

intercluster entanglements. Thus the viscosity of the gel caonf quench time for different shear rates. The falling ball mea-

Il. EXPERIMENTAL METHODS

ter had a 4.8-cm-diam cone with a 0.8° cone angle. Both
iscometers were temperature controlled within 0.1 °C. In
e falling ball measurement a polystyrene ball with an ac-

Ill. RESULTS AND DISCUSSION
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FIG. 1. Shear viscosity vs quench time for various shear rates ai
a 3% aqueous gelatin solution quenched to 28°C at zero time. Th
falling ball (FB) measurement is at a shear rate of nearly zero.

surement represents essentially zero shear rate behavior a?ilqp
can be fit with a power law 7o (tge—t)™* with
x=2.5+0.1 andtye=270 min, a time that agrees fairly well
with the visual gel time of 255 min. This exponent cannot be
compared to that predicted by percolation theory (0.7-1.
[4,8]) because of the unknown relationship between time an
bond probabilityp. The power law behavior, however, is in
gualitative agreement with percolation theory and previous
experimental results3]. The implication is that at zero shear
rate the viscosity diverges to infinity a. The nonzero
shear rate viscosities were obtained by keeping the cone-an
plate viscometer on, starting at zero quench time, for thg
duration of the experiment. They follow the zero shear rate
viscosity at early times, but then successively break awa
from this dependency at latter times; the larger shear rat
viscosities deviate sooner. Figure 1 also shows that at long
times all nonzero shear rate viscosities appear to approach
constant, finite value. Figure 2 shows these data ag®h

viscosity (cP)

viscosity (cP)
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arious bond probabilitep with 0<p;<p,<p3<p.<1. The
ond probability is monotonically directly related to quench time
&nd mass.

wn are the falling ball datbut as a function of shear

e. Although the data are limited by the range of the cone-
and-plate viscometer, a distinct pattern occurs. Early after the
quench, there is very little shear rate dependence. As the

ependent viscosifyincreases until a limiting dependency is
btained described by~ y~Y with y=0.8+0.05.

These figures imply that the complete picturerpbersus
v would look like Fig. 3. Figure 3 is parametrized by the
bond probability p, which increases monotonically with
uench time and hence represents quench time when com-
ared to Fig. 2. As time evolveg, increases, hence in-
reases. At finite shear rate, this increase eventually slows as
he non-Newtonian regime is entered. Thgmwould turn off
Yrom the zero shear rate divergent behavior. This describes
the data in Fig. 1 qualitatively.
The next series of figures demonstrates a remarkable
Pear rate history independence of the viscosity. Figure 4

éelation proceeds, non-Newtonian behawvioe., shear rate
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FIG. 4. Shear viscosity vs quench time. The viscometer shear

FIG. 2. Shear viscosity vs shear rate for various quench timesrate was switched from 750 to 37.5 sat differentt.
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FIG. 5. Shear viscosity vs quench time. The viscometer is off,
thus shear rate is zero, until various tinigswhen it is turned on to FIG. 6. Shear viscosity vs quench time. Circle represents when

a shear rate of 37.5°s. The falling ball (FB), essentially zer0 the shear rate is 7.5 from time zero to 331 min, switched to
shear rate curve is shown for comparison. The visual gel time is 2587 5 1 5t 331 min, then switched back to 7.5sat 646 min.

min. Curves represent viscosity runs measured continuously at either 7.5
or37.5st

shows the viscosity as a function of quench time for two

different shear rates. The gelatin solution was quenched in n=n(p,y). (1)

the viscometer and the viscometer was set to a shear rate of
750 s'1. Then at a series of different times after quenchThis “equation of state” for the viscosity is described
(including initially, i.e., no 750-5! period the shear rate graphically in Fig. 3. The shear rate behavior shown in Fig. 3
was changed to 37.57¢, a factor of 20 decrease. In every is also seen in nongelling polymer solutions and melts pa-
case the viscosity quickly changed to the value, within thgametrized by molecular weight©9—-11] rather than bond
20% run-to-run reproducibility, it would have had at that probability. In these systems the viscosity at low shear in-
time (hence at that particular bond probability and clustercreases with increasing molecular mass. The non-Newtonian
mas$ had the viscometer been set to the lower shear rates gower law regime in these polymeric systems has an expo-
zero time. After the change, the viscosity continued to evolvenenty=0.8-1.0, equal to that observed for gelling gelatin,
with the 37.5-s ! curve. This implies that the measured vis- Fig. 2. Thus we proposed a simple model based upon this
cosity is independent of shear rate history. Figure 5 shows @mpirical resemblance. One may envision the gelatin mol-
situation in which the gelatin solution was quenched in theecules as clustering together after the quench with increasing
viscometer, but the viscometer was not turned on, i.e.¢luster mass as quench time proceeds, i.ep mereases. It
v=0. The implication is that increased as described by the is expected that these clusters act the same as polymer mol-
essentially zero shear rate, falling ball measurements draw@cules in a solution or melt with viscosity dependent on clus-
in the figure. At a series of different times, the viscometerter massM and shear rate exemplified by Fig. 3. At zero
was turned on toy=37.5 s 1. In each case the measured shear rate asp—p., the cluster massM—x, hence
viscosity quickly fell to the value it would have had if the 7#—c. At nonzero shear rate we propose tpaand hence
viscometer had been on continuouslyyat 37.5 s ! since M evolve as they did at zero shear rate. The finite shear
t=0. This includestwo situations after the system has rate would equal; at zero shear rate ungl increased to the
gelled; hence what appears to be a shear melting phenonpoint where the non-Newtonian regime in Fig. 3 is entered.
enon is observed. We have also seen the converse, a “shebinen shear thinning is observed hutand M continue to
freezing;” that is, fort>t, once the shear is removed, the evolve independent of shear rate. Observe in Fig. 1 and Fig.
solidlike gel is present in the viscometer immediately after2 that at and after the gel time whe®=p., the nonzero
opening. Finally, Fig. 6 shows a run in which the viscometershear rate viscosity continues to evolve. This implies that the
was initially at y=7.5 s~ switched to 37.5 8! and then p=p., M—x line for the polymer solution must continue
switched back to 7.5°s!. This run is compared to two runs to evolve towards th@=1 line in Fig. 3. Although the av-
for which y=7.5 or 37.5 s ! continuously. Once again com- erage cluster mass is infinite pt=p., percolation theory
plete history independence is seen. shows that the fraction of molecules involved in the infinite
The results above imply that the shear does not disturb theluster is zero ap., but this fraction grows to unity as
sol to gel evolution; i.e., it does not disrupt or break thep.<p—1. It is reasonable to propose that while the zero
growing gelatin molecule clusters. In the language of percoshear rate viscosity is infinite for ap=p., the nonzero
lation theory, the bond probability is not a function ofy. shear viscosity, being finite, would be larger as the fraction
Instead the viscosity is a unique function of these two vari-of molecules involved in bonding increased. This is sup-
ables, acting independently, and we write ported by observations that the helicity of the gelatin gel,
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which can be used as a measurepof[3,12] continues to tems shear affects intermoleculentanglementsind hence

evolve with time long after the gel poifi8]. Finally, as the reduces the viscosify9—11]. Certainly the mass of the poly-

p=1 line is approached, the viscosity will approach a con-mer is not changed by the shear. These entanglements are

stant value. weaker than the junctions that occur between gelatin mol-

Perhaps the most remarkable properties observed are tieeules as they aggregate. Thus we propose that whereas the

shear melting and freezing as the cone-and-plate viscometshear does not disrupt the intermolecular junctionsaclus-

is turned on and off aftetty,. The system gels when ter bond$ formed during gelatin aggregation, it does affect

p=p., henceM —o. An infinite mass polymer solution has the entanglements between the ever growing molecular clus-

infinite viscosity at zero shear rate, but according to the visters (intercluster entanglements

cosity equation of state represented in Fig. 3, it has finite

viscosity at finite shear rate. This explains the “shear melt- IV. CONCLUSIONS

ing” phenomenon in Fig. 5. However, we now see that the

terms “shear melting” and “shear freezing” are misnomers |

because there is no change of phase. The state of the q%ﬁ "
) o : i pli

viscosity is given byp and y. Instead we should view the

liquid nature of the gel as merely the state of the gel at finit<=The intermolecular bond probabilityp is not affected by
shear. shear; the shear does not disrupt the gelation process. Shear

dex;lebzz“a/lag:ggfe?hzb\c/)i\;iézjtlt t?rﬁ Slrza;r:::eswzg%gldseF:;E?inning is due to disruption of the more fragilgercluster
Yy Imp ntanglements. The viscosity of the gel system is determined

disrupt the aggregation or gelation process. Consider, howz ' . : ; o
ever, what would happen if shear did break the junctionV%y the independent variablpsandy, described qualitatively

between individual molecules. Then the decrease in viscosny&lr éhsf Thoedzleil)rigpgusee(: omtr:: elgi- n?iﬁi-[:e\/ir;;)csrict);cacip;;rsooﬁ Q:r_

would be the result of the competition between the a99re9%,1e. At finite shear rate, however, the gel is a liquid with

tion that is occurring as the sol sets to the gel and the fragﬁnite viscosity. It is relevant to ask if the behavior we see in

mentation of the clusters due to finite shear. Our reSUItsaqueous gelatin is universal. We have preliminary data for

however, are inconsistent with an aggregation-fragmentation,_ . : I .
mechanism. In such a mechanism our previous vig14 atactic polystyrene in carbon disulfide, a physical gel, that

shows that chanaes of shear rate. hence a puroorted fragm show the same behavior. Whether the chemical gels show
) 9 ' purp 9M&HS same behavior or not remains to be determined by future
tation rate, would lead to much slower changes to the new :
- . . . experiments.
equilibrium values of viscosity than the very rapid changes

In conclusion, the shear viscosity of a gelling physical
aqueous gelatin, is independent of shear history. This
es that shear does not disrupt timermolecularclus-

ters that form and grow as gelation proceeds. In other words

we_ob_served. Also the_ viscosity cha_nges Woulo! be mono- ACKNOWLEDGMENTS
tonic in an aggregation-fragmentation scenafib3,14,
whereas experimentally they were not. This work was supported in its initial stages by the KSU

What then is the cause of the observed shear rate depeAgricultural Experiment Station. We thank Amit Chakrabarti
dent viscosity? It has been proposed that for polymer sysfor critically reading the manuscript.

[1] The Science and Technology of Gelagdited by A. G. Ward Chem. Socb57, 181(1974.

and A. Courts(Academic, New York, 1977 [8] P. G. de Gennes, C. R. Head. Acad. 286B, 131 (1980.
[2] M. Djabourov, Contemp. Phy29, 273(1988. [9] W. W. Graessley, J. Chem. Phy&Z, 1942(1967).
[3] M. Djabourov, J. Leblond, and P. Papon, J. Phyarig 44, [10] W. W. Graessley, Adv. Polym. Scl6, 1 (1974.

319(1988; 44, 333(1988. [11] J. D. Ferry,Viscoelastic Properties of Polyme(gViley, New
[4] S. Stauffer, A. Coniglio, and A. Adam, Adv. Polym. Sd#, York, 1980.

103 (1982. [12] J. Y. Chatellier, D. Durand, and J. R. Emery, Int. J. Biol.
[5] D. Stauffer, Introduction to Percolation TheoryTaylor and Macromol.7, 311(1985.

Francis, London, 1985 [13] C. M. Sorensen, H. X. Zhang, and T. W. Taylor, Phys. Rev.
[6] P. G. de Gennesscaling Concepts in Polymer Physi@gSor- Lett. 59, 363(1987).

nell University Press, Ithaca, 1979 [14] I. EIminyawi, S. Gangopadhyay, and C. M. Sorensen, J. Col-

[7] D. Eagland, G. Pilling, and R. G. Wheeler, Faraday Discuss. loid Interface Scil44, 315(1991).



