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The sot-gel transition of biopolymer mixtures has been investigated by rheological and ultrasonic measurements.
A scaling analysis of the data was performed for both types of measurements. A gel time was determined from
rheology for the pure pectin samples, and the data could be fitted to a universal scaling form near the transition
point. Its critical exponents are in good agreement with the predictions of scalar percolation theory. In addition,
the ultrasonic signal of the pectin samples close to the transition was analyzed in terms of a high-frequency
scaling approach for the attenuation and the velocity. For the alginate samples and the mixtures, for which the gel
point cannot be determined reliably from rheology, the ultrasonic measurements were analyzed using the same
scaling form as for the pectin sample, thus providing a method for estimating the gel point, even in the absence
of rheological data.

1. Introduction These scaling laws are specific predictions of a general scaling
form for the complex shear modulus*(w, €), originally
proposed by Efros and Shklovs¥Kiifor the electrical analogue

of G* and valid in the limit ofw, e — 0

It is by now well-understood that the gelation transition in
polymer systems is the result of random bond formation between
monomers in a liquid phase (sol), which eventually leads to a
highly elastic, cross-linked network (gel). The dynamic proper- G*(w, €) = Gyl€) pliwlwy) 1)
ties of gelling systems have been extensively studied in the past.

Rheological measurements on either chemical or physical gelswherewo ~ esttis the characteristic frequency (the inverse of
during the gelation process have shown power-law behavior for the jongest relaxation time) angla universal scaling function.
many physically relevant quantitiés? This phenomenonis a ¢ jow frequency, outside the critical regiom (< wo) where
generic feature of a gelation transition and is observed for the system is homogeneo@* behaves a§' ~ w2, G" ~ w
diverse gelling systems such as biopolymers (pectin, alginate), he|ow the gel point an@' ~ constantG" ~ o above the gel

cross-linked polyuretharfeand chromium-induced gelation of point. Inside the critical region{> wg), both below and above
polyacrylamide. The classical theory of the gelation transition he transitionG' ~ G" ~ A with A = t/(s + t) andG"/G' =

was originally developed by Flofyand by Stockmayet.A _tan(Az/2).1* On the basis of this scaling description, a robust,
detailed description of critical phenomena near the gel point yigely used criterion to identify the gel point and the exponent
was given much later in terms of percolation thedihis theory A associated with the transition has been proposed by Winter
quantitatively describes the connectivity properties that result 504 chamboA213 One plots, for different frequencies, the
from random bond formation on a D-dimensional lattice and |ati0 G"/G' as a function of time and considers the (unique)
predicts universal scaling behavior for structural and dynamical crossing point of the different curves to be the gel point.
properties. Ifp denotes the fraction of bonds formed, the sol- Furthermore, the value o6"/G' at the gel point directly
to-gel transition occurs gi; (the percolation threshold) when  §etermines the exponent

the linear size of the largest clustgr(the correlation length) During the past decade, it has been shown that information
becomes infinitef is expected to scale @~ ¢ " interms of o the properties of materials can be obtained from ultrasonic
the dimensionless measure= |p — pcl/p.. For an experimental  easurements, used as a high-frequency structural ptobe.
systempis the density of cross-links ard its value at the el particular, the method has been used to monitor the structural
point. The critical exponent is universal in the sense that it changes of gelling systems, for both chemfie&and physical

does not depend on material details. gel1718
The rheological properties of a viscoelastic system can be = The physics of an ultrasonic probe are very different from
characterized by the complex shear modulifs= G' + iG the physics of a rheological measurement. The theory of a

or the related complex viscosify = G*/iw. These viscoelastic  |ongjtudinal ultrasonic wave traveling in a viscoelastic material
quantities are also expected to behave in a singular way neaias heen established for a long tifdeThe velocity» and the
P, and the corresponding scaling laws define the dynamical 4itenuationa of a longitudinal wave can be related to the

critical exponentss, t, andA: 7o ~ €S below the transition, complex longitudinal modulubt* = M’ + iM" as follows:
Go ~ €t above the transition, ar@ ~ G ~ @2 at the transition.

Here, 1o is the static (zero frequency) viscositgy the static
elastic modulus, an@' andG" are the storage and loss part of
the complex shear modulus as a function of frequancy

M =K' +%G’ = pv? (2a)

b A 20000 M 2p00° 4
T Institut National de la Recherche Agronomique. M'=K'+5G" = LYV = o C+§ n (2b)
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wherep is the densityK' andK'' are, respectively, the real and

imaginary part of the bulk modulu&;’ and G" the real and
imaginary part of the shear modulus, = 2xf the angular
frequency,¢ the bulk viscosity, andy the shear viscosity.

Audebrand et al.

al.l® attempted to extract critical exponents from a combined
measurement of fluorescence intensity and ultrasound velocity
for two gelling materials, silica (TMOS) and agueous gelatin,
and interprets them in terms of the percolation theory. The

A main issue is whether ultrasounds do exhibit singular dynamical features of the two gels differ, but the measured
behavior at the transition point. More specifically, do the (universal) exponents agree to within experimental errors. In
velocity and the attenuation coefficient behave singularly at the Lairez et al2° gelation of epoxy was monitored by rheology
onset of the network formation, and are ultrasonic measurementsand by ultrasound. The peak of the relative attenuation and the
related to rheological measurements? In earlier Wwéikhas inflection point of the relative velocity occur prior to the gel
been shown that in weak gels~99% water) ultrasonic  point as determined by rheology, but the result might be
measurements are very sensitive to the state of aggregation ofnfluenced by the proximity of the glass transition. In an earlier
the gelation process, but it is impossible to separate the bulk study by Bacri et al* the attenuation is used to determifig
and shear contributions of the measured moduli. In such gels,the gel fraction, and the associated exporfefdar polyacryla-
the network formation involves only electrostatic interactions mide and gelatin.
without a change in density. Therefore, even though the We conclude that there is no generally valid criterion for
contribution from the bulk modulus is dominant, gelation can identifying the transition point from ultrasonic measurements.
still be monitored by ultrasounds as long as one assumes thatThis contrasts with rheology, where percolation theory provides
the bulk modulus remains constant, and only the shear modulusa microscopic basis for static and dynamic properties near the
changes with the evolution of the gelation process. This transition. To better understand the ultrasonic data, we have
assumption may be justified by the fact that at low polymer undertaken a combined rheological and ultrasonic study. We
concentration the cross-link density is very low, and its change have chosen to investigate calcium-induced pectin and alginate
during gelation is even lower. model gels, because they are well-charactefiz8and because

To our knowledge, up to now there has been only one study they fully confirm the theoretical prediction for the rheological
that attempts a quantitative scaling analysis of ultrasonic behavior near the transitic¥f.
measurements during gelati¥hin this investigation, Sidebot-
tom interprets the critical behavior of an epoxy resin near its
sol—gel transition in terms of a scaling theory that differs
significantly frc_)r(‘)n the Ic_>\_/v-frequency scall_ng theory O_f E_fros 2.1. Pectin. Pectin consists of randomly connected(1,4)-d-
and Shkolovskik? The critical exponents derived from this high- galacturonic acid units and their methyl esters. The citrus pectin used
frequen_cy model are not the same as the exponents for them this study was a sample supplied by Copenhagen Pectin (Denmark)
rheological properties at low frequency, but the following set ,ng is referenced as Genu pectin type X-6010. The fraction of
of relations have been derivéd. galacturonic residues which were esterified was 47%, and its intrinsic

In the low-frequency limit (rheology) viscosity measured at 2@ in 0.1 M Nacl was §] = 0.336 L/g.

2.2. Alginate.Alginates are binary heteropolymers consistingeaf
guluronic acid (G) an@-p-mannuronic acid (M) in various proportion
and sequences. The two different monomers are distributed in a block
pattern with pure M-blocks and pure G-blocks. Each polymer then
consists of a sequence of blocks of varying length. We have used a
sodium alginate sample isolated frobaminaria hyperboreastipe
kindly provided by Kurt Draget from NOBIPOL in Trondheim, Norway.

Its guluronic content was 68%, and its intrinsic viscosity at’@0in
0.1 M NaCl was §j] = 0.520 L/g. The dependence of the gel properties
on the alginate parameters has been described in ref 23.

2.3. Preparation of Gels.Both polymers are able to form a gel in
the presence of divalent cations such as calcium. In pectin gels, junction
zones result from the lateral association of homogalacturonic acid chain
sequences induced by the chelation of the calcium dbhs.alginate
gels, only the G-block sequences can be associated by calcium into
. . itiofs dimers or multimerg®
In his study of epoxy resins close to thesgkl transitiod® (a Following the recipe already published by the NOBIPOL graup,

st_rong gel as qpposed to the vyeak gels considered here)'the polymer powder was dispersed in deionized water under high-speed
Sidebottom applies these expressions and assumed furthermorﬁ]agnetic stirring in order to obtain &2% (w/w) solution. After

that relaxation phenomena are absent in the frequency range,gjysting the pH to 7, these stock solutions were filtered and stored at
considered. Equations 2 can then be written as 4 °C. The calcium ions were added in two different ways. In the first
one, a solution of CaEGTA was added, and in the second one, calcium

2. Materials and Methods

ne~e k=t lu-1) p<p, (3a)

G, ~ € tb=t, (u+1) p>p, (3b)

and in the high-frequency limit (ultrasounds)
n~e k=tu-1)  p<p. (30

G ~ €™ P> p, (3d)

and neaip

G ~ " (3e)

AV~ G ~ (4a) carbonate powder was added directly. In both cases, a progressive
3 iy release of calcium ions was induced by slowly decreasing the pH
Ao’y ~n ~¢ (4b) through the addition of glucond-lactone (GDL). The gelation rate

) o ) depends on the amount of calcium ions freed.

The A in eq 4 signifies that relative values must be used. In 531 Gelling by CAEGTAA 100 mM stock solution of CAEGTA
practice, we have subtracted from the velocity and the attenu-5¢ prepared by dispersing 3.8 g EGTA in 50 mL of deionized water
ation their value at the beginning of the experiment. For the together with 1.47 g CaglH,0. The pH was adjusted to 7 by adding
epoxy resing? the values fort., and k., obtained from these  approximately 30 to 40 mLfal M NaOH, and then, the volume was
equations aré., = 0.47 andk., = 4, respectively. adjusted to 100 mL by adding water. For a maximum release &f Ca

Several others experimental investigations have tried to find from CaEGTA, the stoichiometric ratio [GDL)/[CaEGTA] must be close
an ultrasonic signature of the sajel transition. Ratajaska et  to 4. The GDL solution (in water) must be prepared just before b(ar&/



Combined Study of Gels near the Sol—Gel Transition

Table 1. Composition of the Samples Used in This Study

polymer calcium GDL sample
pectin 1% 30 mM CaEGTA 120 mM Pe 1 30 120
pectin 1% 15mM CaCO; 30mM Pe 11530
alginate 1% 15mM CaCO; 30mM Al11530
alginate 0.25% + pectin 0.75% 15 mM CaCO; 30 mM 25/75
alginate 0.5% + pectin 0.5% 15 mM CaCO; 30 mM 50/50
alginate 0.75% + pectin 0.25% 15 mM CaCO; 30 mM 75/25

added. Its concentration was calculated from the desired final composi-
tion of the mixture. Appropriate amounts of each solution (polymer,
CaEGTA, GDL) were mixed together in order to obtain a final polymer
concentration of 1%. The amounts of CaEGTA and GDL were chosen
according to the desired gelation rate. We have worked with 30 mM
of CaEGTA. Under these conditions, the final pH wa4.7.

2.3.2. Gelling by CaC® The CaCQ powder must have a very small
average particle size to prevent sedimentation and the formation of an
inhomogeneous gel. We have used an “Eskal 500" quality powder with
average particle size below 10n. An appropriate amount of CaGO
powder was first dispersed in 1 or 2 mL of water. Polymer and GDL
solutions were then added. To ensure a complete freeing of &ll Ca
and a final pH in the gel of6, the molar concentration of GDL must
be compared twice with CaGOIn most cases, we have worked with
15 mM CaCQ. Time was measured from the moment when GDL was
added (under stirring). To avoid sound scattering by GGair bubbles,
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Figure 1. Frequency dependence of the moduli G' (W) and G" (O)
at several stages of the gelation process of pectin Pe 1 30 120. The
bottom spectrum, at t = 2520 s, is below the gel point; the next one,
at t = 3030 s, is at the gel point; and the following three, at t = 3532,
3782, and 4533 s, are above the transition. For better visualization,
each spectrum has been shifted upward vertically by one decade with
respect to the previous one.

(sample Pe 1 30 120). Five data series @r(solid) andG"
(open) below, at and above the transition are shown. For easier
visualization, each series is shifted vertically by one decade with

the mixture was degassed at low pressure before being poured into therespect to the previous one. The first spectrum was taken at the
measurement cell. Table 1 summarizes the compositions of the differentbeginning of the gelation process! and G behave as in a

samples used.

2.4. Rheology Small-amplitude oscillatory shear experiments were
performed at 25C using a Rheometrics fluid spectrometer (RFSII)
with cone-plate geometry (5 cm diametet,cbne angle). This apparatus

macromolecular solution; their low-frequency behavior ap-
proaches the expected limiting power law, with slopes of 2 for
G’ and 1 forG". Measurements at even lower frequencies, below
and at the transition, are limited by the sensitivity of the device.

was pr_ogrammed to record a series of mechanical spectra during gehyyith time, due to the steady release of calcium ions (induced
formation. The frequency range of the spectra was chosen to cover aby GDL hydrolysis upon lowering of the pH), small isolated

fairly large range (0.660 rad/s) and still execute rapidly enough. Under

these conditions, the apparatus takes 2 min to record an entire spectrum

Measurements were carried with a strain amplitude of 5%.
2.5. Ultrasounds.The change in ultrasonic velocity and attenuation

coefficient of the samples were measured using the same experimenta

setup as described in detail by Audebrahd@he sample was placed in

a cylindrical measurement cell which was kept at 25 by a
thermostated bath. Two commercial transducers with nominal frequency
of 50 MHz were tightly fitted on each side of the cell; the path length

clusters grow in solution, and the moduli begin to increase
gradually. Progressively, new clusters form, and existing clusters
aggregate up until they form a percolating network at the gel
point (Tg). The next spectrum in the series was recordet,at

to within 1 min. As predicted by theory, bo® andG" exhibit

a power-law behavior with a universal exponarit= 0.7 which
extends over the entire frequency ran@e € G ~ w%7). This
agrees with the exponent already found for other weak 3fels.

is defined by moving them along their axes. The path length was taken At Tg, the total amount of calcium has not yet been released.
as~1 cm (i.e., a cell volume of2 mL). The first transducer was ~ The pH continues to decrease, and further releasef@aates
excited with a pulse, and the transmitted longitudinal wave was then additional cross-links which increases the strength of the gel.
processed with a fast Fourier transform analysis (FFT). By taking the This can be seen on the later spectra, above the gel point, where
first sample as reference, the comparison of the amplitude spectrum of G' necessarily crosses'" as the former becomes constant at
the FFT during the gelation process allowed us to determine the low frequency. Three such spectra are shown at the top of the
frequency dependence of the relative absorpft{w). In the same figure. All are characteristic of a gel. The data qualitatively
way, from the comparison of the phase spectrum the frequency confirms the behavior predicted by theory. At low frequency,
dependence of the relative velocityy(w) was obtained. The change  the material behaves like an elastic medium with a storage
in ultrasonic velocity and attenuation was measured at 25 MHz, which modulusG' which is frequency-independent and a loss modulus
corresponqls to the peal§ of the attengaFion spectrum. Experimental datag' \which decreases with decreasing With increasing time
were acquired automatically at 4 min intervals. or extent of reaction, the crossing frequenay and the
corresponding crossing point modulGg =G, = G} increase
and satisfyGy ~ wy®.

Another method to determine the gel point is to identify the

3.1. Pectin Gelation.We have considered pectin gelation time when the zero-frequency viscosity diverges or the static
by the two different Ca release mechanisms in order to elastic modulus vanishes. In Figure 2, the gel pdiand the
investigate the influence of the reaction speed and the homo-critical exponentsk, andty are estimated from the mechanical
geneity of the release mechanism. Both samples yield compa-spectrano(t) and Go(t) close to the transitiorye and Gy are
rable rheological and ultrasonic transition properties, with the obtained from extrapolating the finite frequency measurements
slower and more homogeneous mechanism producing betterto zero frequency. Below the gel point, the viscosity was plotted
scaling results over a wider range in frequency. in the form o~ as a function of time, withk, a critical

3.1.1. Gelling by CaEGTAFigure 1 is an example of the  exponent. By adjusting, to have the best straight line behavior
mechanical spectra obtained during the gelation of a 1% (w/w) close to the gel point, we obtaify = 3058(20) s ando =
pectin solution with 30 mM CaEGTA and 120 mM GDL 0.70(2). In practice, the points very close to the gel pointébev

3. Results and Discussion
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Figure 2. Scaling analysis for the rheological data of the Pe 1 30 ® (rdfs)
120 sample. The zero frequency viscosity (O) and elastic modulus ) i . .
(m) are plotted in scaling form, oY 0 (T, — T) and Golo 0 Figure 3. Ratio G"/G' as a function of w for Pe 1 30 120 at different

times (log—log). From top to bottom, the curves correspond to
increasing measurement times across the gel point. The horizontal
line corresponds to the transition point G'/G' = tan(Ax/2), with A =
0.71. At high frequency, G"'/G' approaches the constant value tan-

. - (Am/2), both below and above Tg. At low frequency (w — 0), it
not taken into account, because the finite frequency measure-pcreases linearly below T, and decreases linearly above T,.

ments cannot be extrapolated reliably to zero frequency.

Similarly, data points too far from the gel point deviate from 300 3
the scaling fit as they lie outside the scaling range. The value
for T4 obtained fromyo coincides with the one obtained from
the mechanical spectra in Figure 1. From adjusé@gtf> above

the gel point in the same way, we firig= 1.70(2) and the
same gel point. The estimates fag from 7o and Gy are
consistent with each other. A more stringent combined fijof
and Gp—imposing a common gel poirtalso yields the same
estimates foify and the exponents. Both exponents are in good 0 T T 0
agreement with previous experimehtnd with theory: In 0 20000 40000 60000

addition, they satisfy the exponent relation predicted by scaling

theory: A = to/(ko + to). In general, for the weak gels under time (s)

consideration here, collecting data below the gel point is difficult Figure 4. Variation with time of the relative attenuation Ao (0) and
because of the fluctuations due to the limited sensitivity of the the relative velocity Av (M), at 25 MHz during the gelation of Pe 1 30
rheometer and also because the measurement times at low20:

frequency become too long such that the system may evolveihe ahsorption increases sharply and then approaches a steady
during a measurement. state. The variation of the velocity is very slightZ m/s), but

We have also tried the WinteChambon methdd*® of the curve has the same general shape as the absorption data.
identifying the gel point. Because of strong fluctuations®f  with the estimated accuracy of the method being 0.5 m/s, we
below and near the gel point, the curves do not cross in a uniquejgnored the very slow increase over the first four points. The

(T — Ty), respectively. The exponents ko and t are varied to obtain
the best straight line near the transition. Both data sets extrapolate
to the same gel time, Ty = 3058 s.

N

o

(=
1

Av (m/s)

Aot (Npim)
3

point. steady change in absorption and velocity is clearly the result of
The scaling aspect can be emphasized by plotting the datathe network formation, but the smooth evolution does not

differently and considering the rati@" (v, €)/G'(w, €) = ¢"- provide a method for a direct distinction of the different stages

(iw/wo)l¢'(iwlwo) as a function ofw. As can be seen from eq  of the aggregation process.

1, this has the advantage that the téBp(e) is eliminated from We now attempt a scaling analysis of the ultrasonic data, as

the scaling expression, and the resulting scaling function only suggested in eq 4. As the gel point cannot be determined directly

depends on the single variabléwo. At high frequency ¢ > from the ultrasonic data but has been measured accurately from

wo), ONe expects the rati@"/G' to be constant; at low frequency  rheology, we use the rheological value iy

(v < wg), it rises (linearly) belowly and decreases (linearly) In Figure 5, Aa.®) - and A2 are plotted as a function

above Ty Furthermore, the constant value Gf'/G' at high of time. For both data set3y is fixed atTy = 3058 s, which

frequency is equal to tang/2). The changing of the slope at  determines the exponerits = 1.20(1) and., = 0.88(5). The
low frequency identifies the gel timg,. All these features are  value of the exponerk. is highly sensitive to the fit, whereas
verified for the Pe 1 30 120 sample, as shown in Figure 3. From t,, hardly varies. Figure 5 shows that the data points fall well
the figure, we also conclude that the crossover region betweenon a straight line, which confirms the scaling proposed by eq
the low-frequency regimes and the high-frequency regime is 4. Furthermore, the fit fot., holds over a remarkably large time
rather broad. range. As suggested in ref 15, the high-frequency exponents
In parallel with the rheological measurements, the ultrasonic obtained from fitting the ultrasound data differ significantly from
data have been recorded for all the samples studied. Figure 4the rheological low-frequency exponents. The values obtained
shows the evolution with time of the relative attenuatidba here also differ from those measured by Sidebottom for epoxy
and the relative velocithv at 25 MHz for Pe 1 30 120. The  resinsk. = 4 andt, = 0.471° This might be related to the fact
first data point always serves as a reference for the relative that the physical gels investigated here contain much solvent,
measurements used in the analysis. During the first 15 000 s,in marked contrast with epoxy resins. CDV
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3 6 From top to bottom, the curves correspond to measurements for
— ko=0.84 1=1.72 increasing times. The horizontal line corresponds to the theoretical
" 2 14 c plateau, G'/G' = tan(Ax/2) with A = 0.71. At frequencies below ca.
n“; Q. 3 Hz, the expected universal scaling can be seen; a change in slope
g" 8 occurs between the data sets for T= 1650 s and T = 1899s. This
s 11 492 F(B fits well with the value Tq = 1759 s from Figure 6.
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Figure 6. Scaling analysis for the rheological data of the Pe 1 15 30 1- —o—60
sample. The best straight line fits for no~Y% (O) and Golo (M) are
obtained for ko = 0.84(1) and &, = 1.72(1), respectively, with the 0.5 . !
common value Ty = 1759 s for the gel time. 1600 2000 2400
3.1.2. Gelling by CaC®@ As an alternative way to introduce time (s)
calcium ions, CaCeghas been used. In this case, gelation takes rigye 8. /G as a function of time, for Pe 1 15 30. The different
place at a pH close to 7 (final pkt 6). curves are parametrized by frequency w. The common crossing yields

In Figure 6, the scaling analysis of Figure 2 is applied to the an estimate for the gel point and the exponent A.
rheological data of the gelation of a 1% (w/w) pectin solution
with 15 mM of CaCQ and 30 mM of GDL (Pe 1 15 30). The s with A = 0.57(3). These values differ considerably from the
gel point, as determined by the modul@s and the viscosity ones from the other analyses. The more detailed analysis of
7o, IS at 1759(20) s, and the exponents are estimatdg =t Figure 7 explains the discrepancy. The curve for 2120 s appears
0.84 andty = 1.72, again in good agreement with theory. A to be almost perfectly flat with a value &'/G’' = 1.2 over the
more refined analysis of the frequency dependenc&' aind frequency range considereduaranteeing a unique crossing
G" shows scaling over a much smaller frequency range than point in the Winter-Chambon plot. The discrepancy between
for Pe 1 30 120. the two methods can be resolved by noting that scaling is valid
In Figure 7, we plot the rati@"/G' against frequency for  in the zero frequency limit and that the curve for 1899 s, which
measurements for increasing times (from top to bottom). The seems below the transition in the Wint&thambon analysis,
expected increase of'"/G' with decreasingw below the actually turns down at low frequency and therefore is past the
transition is only observed in the upper frequency range becausetransition. We conclude that the true transition is around 1750-
of the limited sensitivity of the rheometer at low frequency. (100) s and that the measured crossing in Figure 8 is a finite
Only beyond 1650 s is the signal strong enough to have reliable frequency effect.
data for all frequencies. Then, the plateau at high frequency Ultrasonic measurements were also performed for Pe 1 15
and the changing slope &} at low frequency become visible. 30, and the same scaling analysis as for Pe 1 30 120 was
The expected scaling and the valdé/G' = tan(An/2) = 2.04 performed. In Figure 9, the exponeris andt., are adjusted
of the plateau level can be identified only for frequencies below such that Aow®) % and A~ cross the time axis at the
~3 Hz. A possible explanation for the reduced scaling range in rheological gel timely = 1759 s. The exponent valugs =
o of the CaEGTA system is that the system is inhomogeneous 1.20(2) and., = 0.89(2) and the straight line behavior ndgr
due to the localized release of the Ca into the solution. In fact, again confirm scaling. Both exponents coincide with the ones
the CaCQ powder may not be completely dissolved, thus determined for the Pe 1 30 12CaEGTA system.
creating inhomogeneities in the Ca concentration which leads 3.2. Alginate Gelation.The gelation of alginate was studied
to small aggregates and to an inhomogeneous gel. This will under the same conditions as pectin (1% (w/w) alginate, 15 mM
influence primarily the short scale, high measurements. CaCQ, 30 mM GDL). The alginate system gels earlier than
As for Pe 1 30 120, we have applied the Wint&@hambon the pectin system, because it has a higher reactivity with calcium
analysis to the CaEGTA system, expecting fewer fluctuations than pectin.
than in the former case. Indeed, the curves for different In Figure 10, the ratidG"/G' versusw from rheology has
frequencies are very stable, and they all crosb &t2095(50) been plotted in order to test the validity of scaling. From &BV
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Figure 9. Scaling analysis of the ultrasonic data for Pe 1 15 30. A
straight line fit of (Aa®)~Vk (O) and (AV’)Ve (M) through the
rheological gel point Ty = 1759 s determines k., = 1.20(2) and t., =
0.89(2), respectively.

Figure 11. Scaling analysis of the ultrasonic data for Al 1 15 30.
(Aav®)~Vk: (O) and (AVR)Ye (M) are plotted with k. = 1.2 and t. =
0.88 from the pectin samples. The gel times are Tq = 731(10) s from
(Aov®)~Vks and Ty = 681(35) s from (AV2)Ve,
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Figure 10. Ratio G"/G' as a function of w for Al 1 15 30 (log—log).
From top to bottom, the curves correspond to measurements for
increasing times. Scaling fails altogether. No constant G"'/G' = tan-
(Ax/2) scaling regime for large w and no transition regime with a
change of slope for low w are visible.

25/75. (Ao®)~Vks (O) and (AV2)Y% (M) are plotted with the values k.,
= 1.2 and t, = 0.88, yielding the gel time Ty = 1669(44) s.

gels?! Three different alginate/pectin ratios were investigated,
with gelation always induced with 15 mM CaCO3 and 30 mM

GDL. The total polymer concentration was kept constant at 1%
(w/w) in all the samples. The mechanical spectra recorded for

these systems are radically different from the ones for the pure

figure, it is clear that the expected scaling properties hold systems. Early during the gelation proceGqw) and G'(w)
nowhere in the accessible frequency range. In particular, therecross each other twice in the measured frequency range,
is no high-frequency scaling regime with constant r@&lgG’ excluding any scaling analysis. To understand these systems,
= tan(Axz/2), and there is no low-frequency range where a one has to keep in mind that the reactivity of alginate with
change of slope would signal a transition. A possible reason is calcium is much higher than the reactivity of pectin with
the inhomogeneities, as already observed for Pe 1 15 30, andcalcium. Therefore, over a wide range of alginate/pectin mixing
which are likely to be more pronounced for alginate because of ratios, gelation is only governed by the calcium/alginate ratio.
the higher reactivity. In addition, also because of the faster A decrease in the alginate/pectin ratio therefore leads to an
gelation rate, the system may evolve significantly during the effective increase in the calcium/alginate ratio. For very low
measurements. It is also clear from Figure 10 that a Winter alginate concentrations, this even leads to the formation of
Chambon-type plot cannot be used, as there is no flat portion aggregates, and the system no longer gels macroscopically. A
anywhere for any of the curvest necessary condition for a  pectin gel with embedded alginate aggregates may still form.
common crossing point. These inhomogeneities have been visualized directly by confocal

As the gel point cannot be determined from rheology, another scanning laser microscopy (CSLN¥f.Because of the strong
method was used to determine the transition. We noticed thatinhomogeneities, rheology at the available frequencies is unable
the ultrasonic data has the same general form for all pectin andto detect any setgel transition.
alginate samples. For both pectin samples, a phenomenological As ultrasound probes the system very differently from
scaling fit of the ultrasonic data near the (rheological) gel point rheology, we attempted to identify the transition in this manner.
is possible and can be characterized by the same expdaents We have performed attenuation and velocity measurements for
andt.. Assuming that these exponents are also valid for the alginate/pectin mixtures with ratios 75/25, 50/50, and 25/75.
alginate sample, the ultrasonic data of Al 1 15 30 can been The data were then analyzed like the pure alginate system,
used to determine the gel point. Such an analysis is presentechssuming the same values for the exponéats; 1.2 andt., =
in Figure 11. The straight line fits forNow®)~** and Az?)* 0.88. The fow®) and (A+?) data plotted in scaling form are
determine two independent estimates of the gel tifiges 731- shown in Figure 12 for the 25/75 mixture. The crossing of the
(10) s andTy = 681(35) s, respectively. The values of the time axis of the straight line fits determines the gel poifiig,
exponents., andt., are confirmed by the fact that the straight = 1156(44) s for the 75/25 mixturdy = 1432(31) s for the
lines do fit the data. 50/50 mixture, andy = 1669(44) for the 25/75 mixture. The

3.3 Alginate—Pectin Mixture. Our study of alginate and  data clearly show that the gel point for the mixtures smoothly
pectin was completed by measurements on several mixtures ofinterpolates between the gel points of the pure systems. Starting
the two biopolymers, known to form highly inhomogeneous from pure alginate, the gel points rise linearly with increas&'ﬂgv
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pectin fraction and saturates for high pectin fractions. In other time determined in this way interpolates between the gel times

words, adding small amounts of pectin linearly increases the of the pure systems. The questions regarding whether the

gel time from its alginate value, whereas small quantities of ultrasonic data fundamentally is singular at the gel point and

alginate barely lower the pectin gel time. whether the associated exponektsandt. are universal are
These results show that ultrasound can be used as a qualitativepen questions at present.

method to detect the sebel transition in cases where rheology
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