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ABmACT 

The moduh of elastrcrty of calcmm and lead algmate gels Increase wrth trme 
after preparatron, and the temperature dependence of the rate of syneresrs suggests 
an acttvatton energy of 8-!2x IO4 J mol- ’ for the formatron of new Junctrons At 
zero trme, a negatrve temperature-dependence was found for the elastic force measured 
at a low degree of deformanon (4%) Deformatron of the gels was assoctated with an 

increase in entropy and Internal energy When the calcmm Ions in a preformed 
calcrum algmate gel were exchanged for lead ions, which have a lusher affinity for 
algmate, the modulus Increased due to an enhanced increase m internal energy with 
deformanon Reversal of the sequence of mtroducmg the two types of ions gave the 
opposite effect The data suggest that the Junctrons are “weak pomts” rn the gels, 

and that even small deformatrons can cause partral rupture 

INTRODUCTION 

There has recently been drscussron1-3 concemmg the apphcabrhty of the 
statrstrcal theories for ideal, rubber-like elastrcrty4 5 to btologrcal gels having non- 

permanent Junctions, such as algmate gels The baste concept in the classical 
theones 5, and m later refinements6 ‘, 1s that the elastrcny IS entropic m orrgm 
This srtuatron IS explamed mechamstrcally by the less-probable confrguratron taken 

up by the molecular cham m response to an apphed external force 

By some cntena, a&ate gels seem to follow predrctrons from these theones 
For example, the dependence of the modulus of elastrcrty upon the degree of poly- 
menzatron IS of the correct form* 3 8, the ratto between the loss and storage moduh 
IS low’, and the frequency dependence of the latter IS small’ On the other hand, 
there are mdtcatrons that the number of statrstrcal elements (Kuhn segments) in 

an average strand between Junctrons’ * * IS very much smaller than would be reqmred 
to make the statrsttcal theones apphcable Moreover, a close correlatton exrsts 

*Some of the work was performed (3~ I -L A ) at the Department of Chemtstry, The University of 
Trondhelm, NLHT-Rosenborg, N-7000 Trondhelm, Norway 
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between the mod& of elastlclty of algmate gels and the stability of the cross-linkages 
that are introduced by chelation of divalent metal Ions between adJacent chains’ 8 lo 
This correlation suggests2 that the single-chain strands m between Junctions are 
very restncted m their movements, and that the energy applied for deformmg the 
Feels IS partly used to rupture Junctions if this conclusion IS correct, the elasticity of 
algmate gels should be partly energetic m ongm The ObJeCt of the present paper IS 
to clanfy ttis question 

The data needed are values of the modulus of elastlclty at different temper- 
atures, a posltlve temperature-dependence 1s charactenstlc for entropic elastlclty, 
and a negative one for energetic elasticity 4 It 1s confusing that both a positive and a 
negative temperature-dependence have been reported for calcium algmate gels’ **’ 

Such contradictory resuIts can be explained if it IS remembered that algmate gels 
are most probably zon-eqmhbnum gels’ ’ lo The change m thermal energy with 
temperature could therefore aher the gel structure by changmg the degree of cross- 
hniung Smce this reactlon must be time dependent, the time dependence of the 

modulus at different temperatures must be determined before Its temperature depen- 

dence can be evaluated for gels of comparable structure Hitherto, this has not been 
done, and hence httIe slgmficance can be attached to the earher data We now report 
on the time dependence of the modulus of elastxlty at different temperatures, and 

use values evtrapoiated to zero time for evaluation of the thermodynamic quantities 
Any other time would represent an arr>ltrary posltlon with respect to the cross- 
hnkmg reactlon 

TrIEORY 

Systems like those treated here undergo a slow change hlth time*, most 

probably because a cross-hnkmg reactlon cuntmues after the gels have set Slmulta- 
neously, a loss of water (synerews) occurs The systems are therefore not m true 
equlhbnum Smce the first postulate m u-reversible thermodynamics” can be used 
whenever a system IS not too far from equlhbnum, we assume that xt IS pern-usslble 

to use the Gibbs equation From the general equation for the Gibbs energy of a 
closed system wlthout chemical reactron, and the Gibbs equation for a cIosed system 

with pressurejvoluae and elastic work, Flory4 arrived at 

F = PVO,,,+ T(=7~T)Y,I 2 (1) 

where F IS the equrhbnum \aIue of the elastic force (obtamed at zero rate of com- 
pression), U IS the internal ener,v of the system, and i3Z the change m length of the 
system dunng deformatron 

The followmg cross-reIation 1s also valid 

(=IaT),,, = -(as/al), v (-9 

Tlus means that data for the elastic force at constant length and vohume, measured at 
&fferent temperatures, perrmt c&uIation of the change m entropy and internal 
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energy of the system caused by compression at a gven temperature and volume 
These measurements are difficult because of thermal expansion The followmg 
approximation IS vahd for rubber4 

-(as/al), v = (aflaz-.j, =, (3) 

where cz = i/Z0 = the ratlo between the length of the pxece of rubber at an applied 
elastic force, F, and at zero elastic force 

We have found that the assumptions made durmg the denvatlon of equation 3 
are also vahd for our system Thus, no change m volume was recorded m the range of 
compression used here (4”h), and the thermal expansion coefficient was found to 
be negative and small ( z = -0 6 x IO- 3 cm3/K) We conclude, therefore, that it IS 
necessary to measure the elastic force at constant x and P, at a series of different 
temperatures, m order to obtam values for the entropy changes (equation 3) and 
changes m Internal energy (equation 1) 

EXPERIhIENTAL 

Materials - Algmate was prepared m the usual way’ 3 from L IlJperborea, 
old stlpe, harvested at Hustad 415-62 The ratio between D-mannuronic acid and 
L-guluromc acid residues was previously determmed14 to be 0 38, and the block 
structure to be 25% of “MG blocks” and 75% of “GG blocks” The mtrmslc 
vlscoslty m 0 1~ NaCl was 0 94 m3/kg (9 4 dl/g) A 2% (w/w) solution of sodmm 
algmate was prepared, and gels were made by dlalysls m small cylmders as previously 
descrlbed’ ’ Four types of gel were made by dialysis to exhaustlon for 2 days at 
room temperature agamst the followmg 0 34hr aqueous salt solutions (1) CaCl, 
(Ca-gels), (2) pb(NO,), (Pb-gels), (3) CaCl, then Pb(NO,), (Ca/Pb-gels), and 
(4) Pb(N03)2 then CaCl, (Pb/Ca-gels) 

Merho& - Moduh of elastlclty were determined by compresslon at a rate of 
2 mm/mm m an Instron TTK Universal Testmg Machme, as previously described’ 2 
The method” had a standard devlahon of 7% The temperature was regulated to 10 
20, 30, 40, and 50 +O 5” m a thermostatic bath filled with the d_alyas medium A set 
of thermistors was used to estimate the time taken for the gels to reach the desired 
temperature after lmmerslon m the bath Stress-stram diagrams were recorded after 
thrs mnumuln time (600 set), and at time mtervals For each measurement at a given 
temperature or time, 3-6 pellets of gels were compressed, and average vaiues of the 
modulus of elastlclty were calculated with knowledge of the measured, geometrical 
size of the gels12 The elastic force at a degree of compression of 4% was used for 
calculatmg thermodynamic data In some of the experiments, the elastic force was 
determmed at a series of different rates of compression between 0 5 and 10 mm/mm, 
provldmg a comparison l2 of the elastic force obtained at the standard rate of com- 
presslon (2 mm/mini with that obtamed at zero rate of compressron (an extrapolated 
condltlon) The thermal expansion coefficient for calcmm algmate gels was determmed 
from the measured volume n-mned~ately after temperature-equlhbratlon of the gels 
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The degree of ion exchange that had occurred m the Ca/Pb-gels and m the 
Pb/Ca-gels was detemuned m the followmg way The gels were dmlysed four times, 
for at least 5 h, against large volumes of dIstilled water to remove the excess of &vaIent 
metal Ions, and the3 three times for 24 h against 30 cm3 of 0 2~ HiTO to hberate 
the bound metal Ions from the a!gnate -4 Perkm-Elmer atonuc absorpbon spectro- 
photometer Model 290 B was used to analyse for the content of calcmm and lead 
ions m the dlalysates 

RESULTS 

Time dependence of the moduius of eiastlcrty 
Representative results are given for Ca-gels, Pb-gels, and Ca/Pb-gels at 50” 

rn Table I and F1.g 1 The data show a marked Increase m modulus, and a decrease 
m volume, especrally m the Imtlal phase of the agemg process Sun&r results at 
other temperatures (not shown) mdtcated that the rate of agemg was markedly 
temperzture-dependent For example, the agemg was hardly observable at 10” 
w&m the time scale used (20 h) Further, the rate of agemg increased by a factor of 
between 2 and 3 with an mcrease m temperature from 40 to 50” If we assume, as 
before* ’ lo , that the modulus IS proportlonal to the concentrahon ofJunctIons m the 
gel, and that the agemg IS due to formatlon of more Junctxons, the observed tem- 
perature-dependence of the leactlon corresponds to 8-12 x lo4 J/mol(20-30 kcaljmol) 

Thus lngh activation energy suggests that conslderable alteraoon of the gel 
stmcture occurs dunng agemg, makmg extrapolation: to zero hme mandatory for 
elucidation of temperature effects on gels of comparable structure 

The extrapolation to zero time was slmphfied by the factI that the modulus 
of eIashat3 of @mate gels IS proportlonal to the square Jf the a&mate concentration 
Plots of Ex(V-/Vi)2 versus time, where E IS the: measured modulus of elasticity, 

TABLE I 
MODUll OF ELASTICITY, E, AND VOLUME OF GELS, v, AS FUNCTIONS OF TIME AT 50” 

Trme 

(M 

Ca-gelf 
(vp = I 51 cm3) 

&cm 3 
Y 

(cm3) 

Pb-geIp 
(v;=I5_3ct?G) 

V 

&cm2) Ccm3) 

Ca[P&geb’ 

or& = I.36 cm3) 

0 17 172 1 57 157 142 41 2 i 33 
05 18 7 1 53 186 I 36 42 9 129 
1 19 1 1 50 21 6 1 32 45 1 126 
15 186 147 
2 22 1 146 
45 23 I 145 265 I 17 48 8 I 23 
18 23 2 1 45 274 ! 14 52 9 1 23 

Tee Expenmental, for explanation of the abbrekatlons bV& 1s the volume measured at room tern- 
perature nnme&ateIy before the euperunents 



ALKi1NAl-E GELS 275 

60- 

50- 

40- 

N- 38- 
!!i - 
Z 
G 20- 

10- 

O- 

Q 
-__--- ______- _______ 

___*_-____-___-- ____ - _-_-_ __ 

Rg 1 Modulus of elastuty, E, and E X (V/ Va2 (see text) as a function of time at 50” E, - 
X, Ca-gels, 0, Pb-gels, 0, Ca!Pb-gels E c (V/VG)2 - - -, @, Ca-gels, A, Pb-gels, 9, Ca/Pb-gels 

V IS the volume of the geis at the time of measurement, and V; is the volume of the 
gels nnmedlately before lmmerslon mto the thermostatrc bath, yielded straight lmes 
having a slope close to zero, as seen m Fig 1 Such plots were used to carry out the 
extrapolation to Lero t:me 

A4odtrlu~ of elastzczt?, elastic force, and changes m entropy and 

Internal energy durmg compressron of gels 

Moduh of elastlclty of four different types of algmate gels (Ca-gels, Pb-gels, 
Ca/Pb-gels, and Pb/Ca-gels) extrapolated to zero time at different temperatures 
are gven m Tabie II It should be pomted out that the exchange of calcium ions for 
lead Ions In the gels prepared by first dlalysmg agamst talc urn salt and subsequently 
agamst lea3 salt was complete, whereas the reverse sequence of dlalysls gave only 
50% exchange The volumes of the gels, measured at room temperature, are Included 
m Table Ii 

The volume of the sodmm algmate solution prior to dlalysls (VG) was, m all 
cases, 2 3 cm3 Table II shows that a dlffelent amount of shrmkage has occurred 
durmg the &alyas procedures, consequently, the algmate concentration IS also 
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different m the gels In order to compare the gels at the same algmate concentration, 

all the moduh have been corrected ’ 2 by mulfiplymg them with (VA/Q2 before 
calculatioc of the eIastic force, F The results are shown m Fig 2 

From Fig 2, the changes m entropy and Internal energy were calculated, and 
the results are ,olven m Table III 

TABLE II 

hODUL1 OF ELASTICITY OF ALGINATE ~JELS EXTRAPOLATED TO ZERO TIME AT 

DIFFERJST TEMpERATTiREs 

Temp 
(degrees) 

Co-gelr Pb-gels 
(V, = I 61 cm”) o/G = I 52 cm3) 
E (N/cm2) E (N/cm2) 

Ca/Pb-gels 
(V,, = I.36 cm’) 
E (N/cm2) 

PbjCa-gels 
Cv, = I 32 cm3) 
E (iVJcrz2~ 

10 26 I1 31 zkl 65 16 25 zti 

20 24 f3 25 f2 49 f4 20 f.5 
30 21 f2 25 13 47 f3 22 +2 

40 18 f2 19 f3 41 fl 13 f2 
50 17 I1 14 +2 40 f2 15 fl 

10’ r 0 

Temperature (K) 

FX 2 Elastx force, F, at a degree of compresslon of 4% as a function of temperature for 2% 
akmate ge:s x, Ca-gels, A. Pb-gels, 0, Cs/Pb-gels, q , Yb/Ca-geIs 
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TABLE III 

CHANGES IN ENTROPY AND INTERNAL ENERGY DURING COhlPRESSION OF 2% ALGINATE GELS 

The of 
gel 

Temp , 
T 
(K> 

Ca 283 0 59 
293 0 52 70 21 26 
303 046 52 16 21 
313 040 40 13 17 
323 038 

Pb 283 0 56 85 24 30 
293 046 85 25 30 
303 044 85 26 30 
313 0 33 85 27 30 
323 025 85 27 30 

Ca/Pb 283 096 
293 0 73 92 27 34 
303 0 70 55 17 24 
313 064 39 12 19 
323 0 60 

Pb/Ca 283 0 32 37 11 14 
293 026 37 11 13 

303 0 28 37 11 14 
313 0 17 37 12 13 
323 0 19 37 12 14 

DISCUSSION 

The hgh rate of agemg at 50°, seen m Table I and Fig 1, and the high amva- 
t~on energy for the age,ng reaction strengthen the earher concluslon2*8P ’ 2 that algmate 
gels are non-equlhbnum gels, and that a cross-lmkmg reaction 1s contmumg after 
the first settmg of the gels 

The most important feature of the results IS the negattve temperature-dependence 
of the modulus of elasticity and the elastic force obtamed at zero time, as seen m 
Fig 2 and Table III Th.~s result means that the entropy of the system Increases 
durmg compressxon Thus 1s m contrast to the well-known situation for rubber4p5 
Sunultaneously, the internal energy of the system Increases TIE behavlour 1s also m 
contrast to rubber elastic@, where (aU/aZ), V m 0 Because of the favourable change 
in entropy with compressIon, the elastlclty must be ecergetlc m ongm Th.~s sltuatlon 
may be due to dlstorhon of chermcal bonds m the stuff, algnate &am, but IS most 
easily explamed by assummg that some rupture of Junmons occurs durmg compres- 
sion, as suggested earher ’ s2*’ lo Classlcai (entropic) rubber-elasticity theory should 
therefore not be apphed to a&mate gels Thus conclusion conikms that no apphcable 
theory has yet been presented for these types of gels3*“, and that development of 

such theories stands out as an important, unsolved problem. 
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Before dlscussmg the numerical values of the data m Tables 11 and III, It 
should be pomted out that the scatrermg of the pomts m Ag 2 suggests relatively 
large errors, so that only mam tendencies should be regarded as slgmficant More- 
over, a hrnlt of zero rate of compression shouId have been used to ehmmate kmetlc 
effects and to obtam the eqmhbnum value of the elastic force4 As dlscussed earher”, 
it 1s not posnble, for the present types of gels, to use a rate of compresslon lower than 
2 mm/mm, probably because of a pressmg out of water at lower rates of compresslon 
In the present work, we performed expenments with a senes of different rates of com- 
presslon, and found that the FvaIues at 0 2 mm/mm were 8-20% hrgher than those 
obtamed at zero rate of compressron (an extrapoIated condltlon) Fortunately, 
however, the differences were found to be the same at 20 and 50” These contra! 
expenments therefore mdlcate that the F-values m Table III are systematically too 
hgh by 8-20% We have also checked that tlus type of error ~111 not vzolate any 
conclusion to be pven below For example, the F-values for the Ca-gels are too Iugh 
by -2O%, whereas those for the Ca/Pb-gels are too tigh by -8% 33u.s sltuatlon 
makes tl-e difference between the two sets of elastic forces even geater than thal 
indicated m Ta?le III Finally, it should be stressed that the F-values m Table III 
have bee3 scaled’ 2 to the same concentratron of algmate, so that the effect of the Ions 
in causrng dIRerent amounts of shnnkage 3unng dlalysls has been ehmmated 

The data m Table IT show that a twofold mcrease III modulus IS observed 
when calaum Ions are exchanged for lead Ions Alginate IS known to chelate lead 
lons more strongly than calcmm Ions’ ’ l6 The mcrease m modulus accompanymg 
the Ion-exchange reactron IS therefore in agreement with the close correlation observed 
earher’ ’ JO between the affinty of algmate for an 101-1 and rts abxhty to form ngd 
gels Table 111 also suggests marhed hysteresis with respect to gel structure, as (a) the 
Ca/Pb-sets gave higher moduh than the Pb-gels, and (b) even the very incomplete 
exchange of lead Ions for caIcIum Ions gave lower module m the Pb/Ca gels compared 
to the Ca-gels 

A comparison of the values given m Table Ii1 indicates that the gels may be 
dlvlded mto two “groups” The Pb-gels and the Pb/Ca-gels represent the one “group”, 
where the change m entropy and Internal enera dunng compression IS the same over 
the whoIe range tested The different elastic forces observed at different temperatures 
are due only to T m front of the entropIc term (equations I and 2) Thus may be 
Interpreted m terms of a stable structure, it IS unlikely that S and E of the gel change 
m the temperature interval tested The Ca-gels and the Ca/Pb-gels represent the 
other group, where the changes m entropy and Internal energy dunng compressIon 
of the gels decrease with Increasing temperature Thus behavlour IS probably due to 
some Instantaneous reorgamzatlon or rupture ofJunctions upon heatmg As dlscussed 
above, tne structure of the network Imposed by the lead and the caIclum Ions IS most 

probably different It IS therefore not unreasonabIe that the Iugh affinity of algmate 
for lead Ions located m the Junction zones may lead to a more-stable structure w&h 
respect to temperature than do calcium 1011s 

When comparmg the numerical values wlthm the two “groups” of data, it IS 
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seen that the exchange of cakmm for lead Ions Ieads to lugher values of F and of 
both (iYS/iYZ)T,, and (&?S/iY),,, The exchange of lead eons for calcium Ions leads to a 
lowenng of these parameters Because of the probable mamtenance of the structure 
mslde the two groups, these changes may most easily be explamed by agam assuming 
some rupture of Junctions durm g the compresslon By this assumption, it 1s under- 
standable that the energetic term 1s largest for Ions that are more strongly cheIated 
between adjacent chams in the Junction-zones 
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