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ABSTRACT: The primary nucleation rate I and radial growth rate G of the isothermal spherulitic growth ofpoly
(ethylene oxide) in tripropionin solutions of 5, 10, and 30 wt% polymer concentrations were studied by direct in situ ob
servation using a CCD camera. I was found to decrease with pre-annealing at 200°C up to ca. 200 h, while G was almost 
constant. These results suggest that there exist micro-residuals of a crystalline-like structure that act as dominant seeds 
for primary nucleation and that they become dissolved with structural relaxation during pre-annealing, resulting in the 
solution approaching a homogeneous state. The supercooling dependencies of I and G were independently investigated, 
and it was found that the fold surface free energy and activation energy of the polymer diffusion increase with decreases 
in the polymer content of the solution. The frictional interaction between the polymer and solvent is also discussed on 
the basis of the reaction rate theory ofKramers. 
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Crystallization of polymers in solutions includes es
sentially complicated phenomena. These phenomena are 
affected by the solution properties (structure and dy
namics) in a non-equilibrium supercooled state as well 
as by the phase separation phenomenon, and their ki
netics is not fully understood. It has been found that, in 
general, both the crystallization rate and the crystalline 
morphology are strongly dependent on the solvent,1 indi
cating that the polymer-solvent interaction in the super
cooled state plays an essential role in both the kinetics 
and thermodynamics of crystallization. At the present 
stage, it is of great importance to elucidate how the poly
mer-solvent interaction influences both the initial pri
mary nucleation and the growth behavior in solution 
crystallization. 

Our previous study on the spherulitic growth of poly
(ethylene oxide) (PEO) in a viscous solution of tripropi
onin (glycerol tri-n-propionate, referred to as TP hence
forth) has shown that pre-annealing for dissolution at 
200°C considerably slows the total crystallization rate.2 

This indicates that certain structural relaxation pro
ceeds with the dissolution, and this is very sensitive to 
the crystallization behavior. When the pre-annealing for 
dissolution is not sufficient (in terms of time or tempera
ture), the solution is not in an equilibrium state. In such 
a heterogeneous solution, primary nucleation can easily 
occur because micro-residuals of a crystalline-like struc
ture remain in the solution, leading to a higher total 
crystallization rate. As structural relaxation proceeds 
over a long annealing time at a high temperature, the 
micro-residuals are dissolved and annihilated, and fi
nally, a sufficiently homogenous structure is attained in 
which the primary nucleation rate reaches its asymp
totic low value. If the above consideration is valid, an
nealing treatment suppresses mainly the primary nu
cleation rate. 

We have also found that for spherulitic growth in a 
PEO-TP solution at a high concentration (30 wt%), the 
apparent activation energy of the diffusion factor is 
lower than that of the viscosity of TP.2 This indicates 

that the diffusion aspect belongs to the low-friction limit 
of the reaction rate theory of Kramers,3

•
4 i.e., the fric

tional interaction between the polymer and solvent is ex
tremely low. The same feature has also been found in so
lution crystallization of an isotactic polystyrene-TP sys
tem, 5 and this may be an unique character intrinsic to a 
solvent with high viscosity such as TP.2

•
6

•
7 

In the present study, we investigated the primary nu
cleation rate and radial growth rate of spherulitic 
growth in a PEO-TP system in order to elucidate their 
behavior with pre-annealing as well as their supercool
ing dependencies at three PEO concentrations (5, 10, 
and 30 wt%). We then evaluated the surface free energy 
parameters and activation energy for the diffusion of 
PEO molecules. Based on the results, discussion on the 
nucleation process, polymer-solvent frictional interac
tion, and morphological change with supercooling is pre
sented. 

EXPERIMENTAL 

Solution Preparation and Measurements 
Commercial PEO (M,,=2.04Xl04, Mw=2.16Xl04, 

MJM,, = 1.06) was purchased from Scientific Polymer 
Products, Inc. TP (Tokyo Kasei Co.) was distilled under 
vacuum and was filtered using a 0.2-µm mesh Millipore 
filter just before use. In a dust-free atmosphere (class 
100), PEO was added to TP to make 5, 10, and 30 wt% 
(PEO content) mixtures. These were degassed and 
sealed under vacuum ( < 10- 5 mmHg) with several pump
and-thaw cycles in a quartz cell of 1 or 10 mm in thick
ness, and then the pre-annealing for dissolution was 
executed at 200°C. 

The isothermal spherulitic growth in the above de
gassed solutions sealed in cells was observed using a 
CCD camera (Flovel HCC-600) equipped with a zoom 
lens (Navitar Macro Zoom), after various pre-annealing 
times. The image data were recorded by a videotape re
corder. The crystallization temperature was fixed to 30, 
33, and 35°C for 5, 10, and 30 wt% solutions, respec-
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Figure 1. Typical profiles of the number density of spherulites n 
with respect to crystallization time in 10 wt% PEO-TP solution af
ter various pre-annealing times as indicated in the figure. The 
crystallization temperature is 33°C. The solid lines indicate the fit
ted curves of eq 2 by the non-linear least squares method. 

tively. Temperature was kept within ±0.02°C by a 
thermo-regulated water bath controlled by a Taitec DG-
10. The primary nucleation rate I was evaluated by 
counting the number of spherulites in a fixed area at dif
ferent crystallization times. The radial spherulitic 
growth rate G was evaluated by measuring the time 
variation in maximum diameter of an arbitrary selected 
spherulite. Such measurements of G were done for sev
eral spherulites, and their average was taken as the ex
perimental value of G. We also investigated the crystal
lization temperature (supercooling) dependencies of I 
and G for solution pre-annealed for 200 hat 200°C in the 
range t!,,T = 14-44 K. In these measurements, the sam
ple solutions were re-annealed for dissolution at 70°C for 
8 min and were quenched to various crystallization tem
peratures. 

Determination of the Equilibrium Dissolution Tempera
ture 
We prepared several crystallized PEO samples of dif

ferent lamellar thicknesses by a self-seeding method es
tablished for PEO :8•

9 the PEO as-received sample was 
(1) heated at 93.6°C (=Tm+30 K, where Tm was deter
mined for the as-received PEO by a DSC heating scan at 
0.5°Cmin- 1) for lOmin, (2) quenched to 40°C, (3) held 
for 20 min, (4) again heated to 63.1 °C (self-seeding tem
perature) at a rate 0.1 °C min - 1

, (5) held for 20 min, and 
finally (6) cooled rapidly to various crystallization tem
peratures. All these procedures were done in a DSC ap
paratus Perkin Elmer DSC 7. The lamellar thicknesses 
of these samples were determined by electron micros
copy, as described below. 

We executed the etching procedure for the above crys
tallized PEOs according to Cheng et al. 10 in a C2H5ONa/ 
C2H5OH (21/79 weight fraction) mixture at 25°C, and we 
washed them with C2H5OH at the same temperature. 
The etched specimens were obliquely shadowed with Pt
Pd by vacuum evaporation, followed by carbon coating, 
and then the carbon replicas were separated in water. 
Observation was done using a transmission electron mi
croscope Jeol JEM-2000 FXII, and the lamellar thick
ness of each specimen was estimated from the average 
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width of the shadows of the observed lamellae. To deter
mine the dissolution temperature Tct in TP, DSC heating 
scans were executed at a rate of0.5°C min -l for PEO-TP 
mixtures (5, 10, and 30 wt% of PEO) in aluminum sealed 
pans. 

Finally, we determined the equilibrium dissolution 
temperature Tct

0 

from the obtained data on the following 
relationship : 

(1) 

where Tm 
O 

is the equilibrium melting temperature, Cle is 
the fold surface free energy (for the above self-seeded 
melt crystallization), Mlm is the heat of fusion, and l is 
the lamellar thickness. The obtained equilibrium disso
lution temperatures are 322.3, 322.2, and 322.0 K for 5, 
10, and 30 wt% solutions, respectively, and these values 
were employed in the data analysis. 

Measurement of the Heat of Dissolution 
In order to estimate the surface free energies, we de

termined the heat of dissolution Mid for the present 
PEO-TP system by DSC measurements. As-received 
PEO and TP mixtures of 5, 10, and 30 wt% (PEO con
tent) were put into aluminum sealed pans, and heating 
scans were executed at 2 °C min - l by a Perkin Elmer 
DSC 7. We evaluated the heat of dissolution by integrat
ing the detected endotherms. The obtained values were 
corrected by taking into account the degree of crystalli
zation of the as-received PEO, which was determined by 
density measurement. 

RESULTS AND DISCUSSION 

Pre -annealing Effect 
Figure 1 shows typical profiles of the time-evolution of 

the number density of spherulites n during isothermal 
crystallization. The non-linearity observed in Figure 1 
suggests a heterogeneous nature of the primary nuclea
tion event. In addition, it should also be considered that 
the decrease in the PEO content in the liquid phase dur
ing isothermal crystallization as the phase separation 
proceeds also slows the primary nucleation rate. We 
analyzed the experimental data with the empirical equa
tion 

n(t)=nr{l-exp[-c(t-t0)]) (2) 

by the non-linear least squares fitting. From the results, 
we obtained the values of the primary nucleation rate I, 
the ultimate spherulite density nr (asymptotic final value 
of the number density), and the induction period t0 • Here, 
we define the primary nucleation rate I as the absolute 
value of the initial slope of then us. t curve, i.e., I =ntc. 

Figure 2 shows the variation in I with respect to pre
annealing time. The figure clearly shows that I de
creases with pre-annealing time up to ca. 200 h. We pre
viously confirmed by viscometry and infrared spectros
copy that degradation or depolymerization is scarcely 
detected even after 200 h of annealing at 200°C. 2 Hence, 
the present decrease in I is attributed to the structural 
relaxation of the solution approaching an equilibrium 
homogeneous state. The fact that this decrease in I is 
more remarkable at higher concentrations supports the 
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Figure 2. Primary nucleation rate I with respect to pre
annealing time (200°C). The crystallization temperatures are 30, 

33, and 35°C for 5, 10, and 30 wt% solutions, respectively. 
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Figure 3. Ultimate spherulite density nr with respect to pre

annealing time. The crystallization temperatures are the same as 
those in Figure 2. 

above speculation, because it is difficult to obtain a ho

mogeneous solution at high PEO concentrations. Figure 

3 shows changes in nrwith respect to pre-annealing time. 

It can be seen that nr also decreases with pre-annealing 

time, indicating that the number of heterogeneous sites 

where primary nucleation can take place decreases as 

pre-annealing proceeds. The above results indicate that 

the primary nucleation of the present system is a kind of 

heterogeneous nucleation; i.e., the seed for primary nu

cleation consists of a small portion of PEO molecules 

which are not fully dissolved and aggregate in a certain 

crystalline-like structure or conformation. 
Figure 4 shows typical time variations in the diameter 

of growing spherulites. We can see that the spherulites 

grow linearly with time, in contrast to the number den

sity of spherulites. This suggests that the spherulitic 

growth rate G, compared with I, is rather insensitive to 

the decrease in PEO concentration during crystallization. 

The present measurements were done in the initial 
stage of crystallization because of the experimental limi

tation : counting the number and measuring the diame

ter d of spherulites are possible only when they are iso

lated with no overlapping that occurred in the later 

stage. In practice, the time range of the present rate 
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Figure 4. Time variations of the diameter d of the growing PEO 
spherulites in the pre-annealed TP solutions. The annealing times 

are 48, 56, and 50 h for 5, 10, and 30 wt% solutions, respectively. 
The crystallization temperatures are the same as those in Figure 2. 
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Figure 5. Radial spherulitic growth rate G with respect to pre
annealing time. The crystallization temperatures are the same as 

those in Figure 2. 

measurements did not exceed 30% of the total crystalli

zation time in which the crystallinity reaches its final 

value. Thus, the effect of the decreasing PEO concentra

tion of the liquid phase during crystallization may not be 

significant for the measurements of G. 
Figure 5 shows the values of G obtained from the 

slopes of d vs. t plots with respect to pre-annealing time. 

As can be seen in this figure, G is almost constant ex

cept for the data of 30 wt% solution in the early anneal

ing time region ( <ca. 4 h) where a rapidly decreasing 

profile is observed. The fact that G is not susceptible to 

pre-annealing indicates that the decrease in the total 

crystallization rate with pre-annealing2 is mainly due to 

the decrease in the primary nucleation rate. However, 

the steep decreasing tendency seen in the initial part for 

30 wt% solution suggests that a rapid structural relaxa

tion in the initial annealing stage impedes even radial 

growth, i.e., arrival and attachment of PEO chains to the 
growth surface or surface nucleation. n-13 

Primary Nucleation Rate 
The above results indicate that the structural relaxa

tion effect in the PEO-TP solutions seems to be satu

rated after pre-annealing at 200°C for 200 h. We there-
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fore investigated the supercooling dependencies of the 
two rates I and G for solutions pre-annealed under this 
condition. To treat the nucleation rate in polymer solu
tions, an entropic contribution to the free energy of nu
cleation due to separation of polymer from solvent 
should be taken into account. 1

•
14

,
15 In this case, the free 

energy of formation of the primary nucleus depicted in 
Figure 6 can be expressed as : 

2 

t!.<jJ=-a 2lt!.{+4ala+2a 2ae-kT~ 2 lnc (3) 

where N is the free energy difference between the amor
phous and crystalline states in the polymer-solvent mix
ture (t!,.f =Aflctt!.T I Tct

0 

), <J is the free energy of the lateral 
surface, k is the Boltzmann constant, T is the crystalli
zation temperature, b is the thickness of a stem, and c is 
the volume fraction of the polymer. The last term of the 
right hand side of eq 3 is derived from the probability of 
selecting a 2/b 2 chains oflength l from the solution. From 
eq 3, the critical nucleus sizes a* and l * are derived as 

*-40 l *-4<Je _ 2kT 1 a - N , - M b 2 N n c (4) 

and the free energy for this critical nucleus formation is 

t!,_/4 * =32 <J
2

<Je _ 16 a
2
kT Inc (5 ) 

'I' (t!.{)2 b 2(t!.[)2 

Thus, the primary nucleation rate I is given by 

I=I exp [ A(Tctol2 + B(Tctol2lnc] (6) 
0 

T(t!.T)2 (t!.T)2 

with 

A 

Since the variation in T - i in the exponent of eq 6 is 
practically negligible compared with that of t!.T- 2 in the 
present experimental range of T, I can approximately 
be written as 

with 
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I=I exp [-A'(Tctol2] 
o (t!.T)2 

(7) 
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Figure 7. Plots ofln I us. t,.T- 2 at different PEO concentrations. 
The solid lines were obtained by the least squares method. 

A' _A(T
d0 

)
2 

- B (Td0 J2 ln c 
Tav 

(8) 

where Tav is the average crystallization temperature of 
experiment. Figure 7 shows ln I plotted against t!.T - 2. 
We obtained best-fit lines from the data in Figure 7 by 
the least squares method and estimated the values of pa
rameter A' from their slopes. Table I lists the results. 
Apparently, the value of A' decreases with increases in 
the PEO content, which is qualitatively consistent with 
the c dependence of A' seen in eq 8. 

Radial Growth Rate 
Figure 8 shows plots of G vs. T for the pre-annealed 

solutions. We analyzed the present data on the basis of 
the surface nucleation theory11-13,16 taking into account 
the diffusion factor. 2'5•

17 Here again, we introduce an ex
tra entropic term characteristic to the crystallization 
from polymer-solvent mixture in the similar manner to 
that in the previous sub-section, and the radial growth 
rate of spherulites are given as15 

G=G [- CT/ +DT/lnc) [-(E +E )/kT](9) o exp T t!.T t!.T exp a fl 

with 

C =xb<J<Je D =_J__Q_ 
kAflct' bAfld 

(10) 

where Ea is the activation energy of polymer diffusion in 
the radial growth process, Eri is the activation energy of 
solvent viscosity, and x is a constant depending on the 
regime of surface nucleation (2 or 4). In eq 9, it is as
sumed that the diffusion aspect of the crystallization 
process belongs to the Kramers diffusion limit, i.e., the 
apparent activation energy is equal to Ea+ Eri.3

•
18 This 

postulate means that the frictional interaction between 
the polymer and solvent is extremely large (which is 
usually the case for an equilibrium solution). 

We analyzed the data in Figure 8 by directly fitting 
the calculated curve of eq 9 to the data by the non-linear 
least squares method, G0, C, D, and Ea being treated as 
variable parameters. Here, we employed Eri = 6.5 kcal 
mol-1, which was obtained previously.6 The results are 
shown by solid curves in Figure 8, which indicate that eq 
9 can provide good fittings. From the obtained best-fit 
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Figure 8. Radial spherulitic growth rate G with respect to crys
tallization temperature. The solid lines indicate the fitted curves 
of eq 9 by the non-linear least squares method. 

Table I. Heat of dissolution and parameters obtained from 
the primary nucleation rate and radial growth rate data 

PEO concentration /wt% 5 10 30 

C 0.0444 0.0892 0.274 
Afid (109 erg cm- 3) 2.39 2.31 2.29 
Results from primary nucleation rate 
A'(l03 K2) 4.22 2.83 1.85 
Results from radial growth rate 
C(K) 133 92.1 26.8 
D 0.103 0.127 0.120 
cr (erg cm- 2) 5.5 6.8 6.3 
cr .. (erg cm - 2 ) 83 47 15 
Ea (kcal mol -1 ) 

Diffusion limit 17.8 14.6 -1.76 
Low-friction limit 24.3 21.l 4.74 

parameters, we estimated cr and O"e, assuming that b = 
4.63 A.19 and x =2 (regime II). The results are listed in 
Table I. We can see that the fold surface free energy O"e 

decreases with increasing c, while the lateral surface 
free energy cr shows no apparent dependence on c. This 
may be due to the heterogeneity associated with incom
plete dissolution still remaining at higher polymer con
centrations even in the pre-annealed solution. 

In the above analysis of radial growth rate, we have 
taken into account the diffusion factor. We have also 
done the data analysis neglecting the diffusion factor, 
but in this case, unrealistic negative surface free ener
gies have been obtained. Thus, it is revealed that in the 
analysis of G with respect to t,,.T, we should introduce 
the diffusion factor. For the primary nucleation rate I, 
however, plots in Figure 7 seem to be linear without tak
ing into account the diffusion factor. This is mainly due 
to the stronger dependence on t,,.T of I than that of G, 
and the former overcomes the temperature dependence 
of the diffusion effect in the present temperature range. 

The value of the parameter Ea decreases with in
creases in the PEO concentration (Table I), and for 30 
wt% solution, we have an unrealistic negative value in 
the case of the diffusion limit. This indicates that the as
sumption of the diffusion limit is not appropriate for 30 
wt% PEO solution, as was reported in our previous pa
per.2 In the case of the low-friction limit, Ea is 6.5 kcal 
mo1- 1 (=ET\) higher than in the case of the diffusion 
limit, as shown in Table I. The value of 4. 7 4 kcal mo1- 1 
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Figure 9. PEO spherulites appeared in 10 wt% TP solution at 
(a): ~T=24K,(b): ~T=19K,and(c): ~T=16K. 

for the 30 wt% solution may be somewhat high even con
sidering the calculated result for the local motions of a 
PEO chain.20 At any rate, the result indicates that the 
frictional interaction between polymer and solvent is 
rather weak, and this may be due to the unique feature 
of viscous solvents with ester groups such as TP, where 
molecules tend to associate with each other via ester 
groups and to form a network structure.2 Probably in the 
present PEO-TP system at 30 wt%, PEO chains merely 
diffuse through the set network ofTP with a weak inter
action. As for the two lower concentrations, on the other 
hand, Ea is rather high even when we assume the Kram
ers diffusion limit. These results suggest that the ele
mentary process of polymer diffusion during spherulitic 
growth at a low concentration contains large scale mo
tions that require the PEO chain to overcome a high en
ergy barrier. Spherulitic growth in a solution with a low 
PEO concentration would require aggregation from 
more highly isolated state of PEO molecules, and in this 
case, PEO chains must travel through longer paths, and 
comparatively large scale motions are needed. 

Morphology 
In the present PEO-TP system, the spherulites were 
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relatively large compared with those grown in the other 
solvents such as toluene, and N, N-dimethylacetamide. 
This indicates that in the PEO-TP system, the primary 
nucleation rate is relatively small compared with the ra
dial growth rate. This tendency is dependent on the sol
vent and, therefore, reflects differences in both the sur
face free energies of the critical nucleus and the heat of 
dissolution with respect to the solvent. In addition, the 
low primary nucleation rate for the PEO-TP system may 
be partially due to the high viscosity of TP. However, 
this is not the place to discuss in detail the solvent de
pendence ; such discussion will be presented in a forth
coming paper. 

The morphology of a PEO spherulite in a TP solution 
changes according to both the supercooling and the PEO 
concentration. Figure 9 shows some typical appearances 
of spherulites obtained in the 10 wt% solution. At higher 
supercoolings, each spherulite has a spherical shape 
with an apparently smooth surface, as shown in Figure 
9a. At lower supercoolings, on the other hand, non
spherical particles with a rather ragged contour or rough 
surface appear as shown in Figure 9c. These probably 
consist of a number of aggregated small crystallites (axi
alites). 

The mechanism of the above spherulite-axialite tran
sition according to l'lT is not clear at the present time. 
The problem concerns the mechanism of the spherulitic 
growth of PEO. 10

• 
21 At higher supercoolings, splitting 

and branching may occur in the initial precursor lamel
lae, and also they tend to grow into a multi-layer struc
ture leading to spherulitic morphology, while at lower 
supercoolings, the precursor lamellae grow into axialites 
with less splitting and branching. The growth mecha
nism may be controlled by both the mobility of PEO in 
the viscous medium and the nucleation rates (primary 
and surface), and thus, the ragged particles tend to occur 
when the polymer diffusion rate is relatively high com
pared with the nucleation rates. 

The results of our experiments also revealed that the 
critical supercooling l'lT * below which spherulites with 
a ragged shape are clearly observed decreases with in
creases in the PEO concentration ; i.e., l'lT *"" 24 K at 5 
wt%, 22 Kat 10 wt%, and 11 Kat 30 wt%. This indicates 
that the ragged particles are easily formed at low PEO 
concentrations, where the mobility of PEO is high and 
the nucleation rates are low. 

CONCLUSIONS 

The present study revealed that the primary nuclea
tion rate of spherulitic growth in PEO-TP viscous solu
tions decreases with pre-annealing time, while the ra
dial growth rate is almost constant except in the initial 
stage of annealing (within ca. 4 h). This result suggests 
that the heterogeneous sites that promote the primary 
nucleation tend to be annihilated by annealing at 200°C 
for over ca. 200 h. Also, the concentration dependencies 
of I and G can be interpreted by introducing the extra 
entropic terms that are due to separation of polymer 
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from polymer-diluent mixture. However, even for solu
tions pre-annealed under the above condition, a hetero
geneous feature due to incomplete dissolution (or impu
rities) is still suggested by estimation of the folding sur
face free energy from the data of G with respect to l'lT. 

The present results also showed that the activation 
energy Ea of polymer diffusion during radial growth de
creases with increases in the PEO concentration. This 
result indicates that the elementary motional modes in
volved in the PEO diffusion process vary with the PEO 
concentration and that smaller scale motions become 
dominant at higher PEO concentrations. Also, the fric
tional interaction between PEO and TP was found to be 
extremely weak (Kramers low-friction limit) at 30 wt%. 
This may reflect the specific character of the viscous sol
vent TP which possesses ester groups. On the other 
hand, we could not elucidate the frictional feature at the 
two lower concentrations (5 and 10 wt%). More precise 
experimental data for solutions of low concentration are 
needed to scrutinize this point. 
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