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ABSTRACT: The fundamental rheological properties of a wide molar mass Mw range of poly(butylene succinate)s (PBSs) are investi-

gated. For entangled samples and a reference temperature of 140�C, the shear viscosity is described by the Carreau–Yasuda model.

The plateau modulus is estimated at 1.5 3 105 Pa, the average activation energy of PBS melt is �E a 5 45:02 6 3:09 kJ mol 21, and

the critical molar mass for entanglement Mc is found to be 16,000 g mol21 (PS equivalent). The dilute solution properties of PBS are

also studied. A size exclusion chromatography equipped with a triple detection system is used to estimate the Mark–Houwink–Sakur-

ada (MHS) parameters of PBS in solution in chloroform at 30�C. The exponent a and the coefficient K of the MHS relationship are

found to be 0.71 6 0.1 and 39.94 3 1025 6 6.31 3 1025 dL g21(g mol21)2a, respectively. VC 2014 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2014, 131, 40887.
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INTRODUCTION

Currently, the polymer and materials industries face two signifi-

cant challenges: fossil resource depletion and waste manage-

ment. Concerning the latter, one solution involves incinerating

plastic waste, thereby converting it to energy. An alternative

solution would be to recycle plastic waste.1 While recycling is

attractive from an environmental standpoint, incineration is not

due to its significant contribution to greenhouse gas emissions.

The research sector of the plastics industry has actively pursued

the development of natural and synthetic biodegradable poly-

mers derived from renewable resources, as biodegradability

offers an attractive alternative to incineration by transforming

polymers into biomass.2,3

Among biodegradable polyesters based on agro-resources such

as poly(lactic acid) and poly(hydroxyalkanoate)s, poly(butylene

succinate) (PBS) is of great interest as a replacement for polyo-

lefins such as polyethylene or polypropylene. In addition to its

desirable physical–chemical properties (biodegradability,

mechanical and thermal properties, processability, etc.), another

advantage of PBS lies in the origin of its two monomers: suc-

cinic acid (SA) and 1,4-butanediol (BDO). In fact, the biotech-

nological route to obtaining SA from fungi, yeast, and bacterial

strains was first explored a few decades ago.4,5 More recently, an

intensive research effort has focused on natural bacterial strains

such as Anaerobiospirillum succiniciproducens, Actinobacillus suc-

cinogenes, Mannheimia succiniciproducens, and on recombinant

Escherichia coli in order to improve SA production yields.6–9 In

spite of the fossil fuel origin of the major part of BDO produc-

tion, this second monomer can also be biosourced. For exam-

ple, BDO can be synthesized by reduction of SA or succinic

anhydride.9–11 Genomatica recently reported that recombinant

E. Coli is capable of producing BDO from glucose.12

Although the general literature on PBS is extensive, there is an

obvious lack of information about fundamental rheological

properties of PBS, such as critical molar mass Mc, plateau mod-

ulus, or PBS melt activation energy Ea. Indeed, most articles

describing PBS rheological properties are about high molar

PBS,13,14 PBS nanocomposites,15–19 PBS blended with other

polymers,20,21 or PBS foam.22 Thus, our findings on the influ-

ence of molar mass on PBS rheological properties are reported

in the first part of this study.

Mark–Houwink–Sakurada (MHS) parameters of PBS in solu-

tion in chloroform are reported in the second part of this study,

as no reference reporting these values could be found in
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literature. The estimation of these parameters is very useful as

Mw evolution can be monitored during polymerization or deg-

radation of a polymer by solution viscosity measurements. We

chose chloroform because it is widely used as a PBS solvent.

EXPERIMENTAL

Materials

BDO (99%), SA (99%), titanium (IV) butoxide (TBT) (97%),

and chloroform solvent (Sigma-Aldrich, 99.8%) were purchased

from Sigma-Aldrich and used without further purification.

Synthesis of PBS

About 0.15 mol of SA and desired amounts of BDO and TBT

were charged in a 250-mL glass reactor equipped with a

mechanical stirrer, a nitrogen inlet, and a Dean-Stark (D-S)

apparatus with a condenser. The apparatus was immersed in a

silicon oil bath and initially heated from 120 to 200�C for 1 h

under nitrogen atmosphere to limit the evaporation of BDO

during the formation of the first oligomers. Then, a tempera-

ture of 200�C was applied for 1 h under nitrogen atmosphere.

In the second step of the reaction, vacuum was gradually

applied over a 20 min time period, after which the temperature

was maintained at 200�C for 2 h. Finally, the temperature was

raised to 220�C to increase the molar mass of the resulting

PBS.

Techniques

Size Exclusion Chromatography. Molar masses of PBS studied

in rheology were obtained by size exclusion chromatography

(SEC) using a Waters HPLC system equipped with a Waters 600

HPLC pump, a Waters 710plus automated injector, a Jasco CO-

965 column oven, a Waters 410 Refractive Index (RI) detector,

and a set of two PLgel 5 lm MIXED-D columns 300 3 7.5

mm. Chloroform was used as eluent at a flow rate of 1 mL

min21, and an approximate sample concentration of 1.5 mg

mL21 was used. Polystyrene standards were employed for the

calibration curve. The oven and the RI cell temperature were set

at 35�C. Samples were filtered through a 0.45-lm poly(tetra-

fluoroethylene) (PTFE) membrane prior to be injected.

Rheological Properties. Rheological properties of PBS were

studied using an AR 2000 ex Rheometer (TA Instruments) with

parallel plate geometry of 25 mm diameter and a gap of 1 mm.

The rheological measurements were carried out in the angular

frequency range of 100–0.1 rad s21, and each sample was stud-

ied at five different temperatures: 120, 130, 140, 150, and 160�C
with a constraint strain of 10%. The constraint strain was deter-

mined after a prior strain sweep study at an angular frequency

of 10 rad s21 in order to estimate the Linear Viscoelastic Region

(LVR) of the samples. All samples analyzed in the temperature

range of 120–140�C were first heated at 150�C for 5 min and

cooled to the desired temperature in order to remove any crys-

talline fraction. The samples were first dried in an oven over-

night at 60�C before each measurement. The closure of the gap

was carried out exponentially to avoid breaking the structure of

samples.

Dilute Solution Properties. A size exclusion chromatography-

triple detection (SEC-TD) was used for dilute solution analysis

of PBS in chloroform. The system was equipped with a 390-LC

Multi Detector Suite (Varian) with a 290-LC pump (with an

injection valve and an online degassor module), a GPC PS 510

column oven, a 390-LC refractive index detector, a 390-LC four-

capillary viscometer detector, a 390-LC two-angle light scatter-

ing (15� and 90�; k 5 650 nm) detector, and a set of two PLGel

5 lm MIXED-D columns 300 3 7.5 mm. Chloroform was

employed as eluent at a flow rate of 1 mL min21, and an

approximate sample concentration of 2 mg mL21 was used.

Eluent was filtered through a 0.2-lm PTFE membrane before

using. The oven and detectors temperature were set at 30�C.

Samples were filtered through a 0.45-lm PTFE membrane prior

to be injected.

RESULTS AND DISCUSSION

Influence of Molar Mass on the Rheological Properties of PBS

Frequency Sweep. Melt-rheological properties of PBS with dif-

ferent molar masses (Table I) were characterized by a parallel

plate rheometer. Each sample was studied at five different tem-

peratures: 120, 130, 140, 150, and 160�C. The temperature

influence on the storage modulus G0 and the loss modulus G00

of sample PBSh is shown in Figure 1. As can be seen, for a

given frequency, the increase in temperature decreases the value

of both G0and G00.

Table I. Molecular Characteristics, Parameters of the Carreau-Yasuda Relationship, and Zero-Shear Viscosity from (2) of PBS Samples at 140�C

Sample PBSa PBSb PBSc PBSd PBSe PBSf PBSg PBSh PBSi

Mw (g mol21) (PS eq.) 4000 6000 23,800 88,800 99,700 109,400 122,400 146,400 155,400

Ipa 1.5 1.9 1.83 2.16 2.24 2.27 2.23 2.4 2.47

g0 (Pa s)b (From (2)) 0.079 0.188 1.16 129 230 297 330 1410 1960

g0 (Pa s)c (from C-Y) – – – 129 228 298 330 1444 2066

k (s)d – – – 0.024 0.034 0.05 0.049 0.251 0.328

md – – – 0.83 0.72 0.73 0.71 0.61 0.58

ad – – – 1.39 1.08 1.12 1.09 0.82 0.78

a Polymolecularity index of PBS samples.
b Zero-shear viscosity determined from eq. (2).
c Zero-shear viscosity determined from the Carreau-Yasuda relationship.
d Parameters of the Carreau-Yasuda relationship (1).
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We observed that the sample reaches its terminal region at a

higher frequency value when temperature increases, meaning

that the relaxation time decreases. A similar behavior was

observed for the samples PBSd to PBSi. We measured a con-

stant G00 slope for the samples PBSa to PBSc for each tempera-

ture in the frequency range studied. In addition, the G0 curves

of these three samples showed no linear behavior. These results

can be explained by a phase angle d, between the complex stress

and the complex strain, higher than 89�, meaning that the elas-

tic component of the complex modulus G* is insignificant com-

pared to the viscous component.

Therefore, results of all samples will be presented at the refer-

ence temperature T0 5 140�C, by applying the Temperature–

Time Superposition (TTS) principle to the experimental data.

The master curves of the reduced plots of the storage modulus

G
0
r and the loss modulus G

00
r versus xaT , where aT is a

temperature-dependent shift factor, are presented in Figure 2.

As can be seen, G
0
r and G

00
r moduli increase when molar mass

increases. We can also note a great scattering and a decrease in the

G
0
r slope, for the samples PBSd to PBSg, when the frequency

becomes lower than 1 rad s21, while G
00
r slope is still constant.

Here again, this behavior is due to a phase angle higher than 89�.

These data show that all samples reach the terminal region in

the frequency range studied. This phenomenon is illustrated by

the slope change of moduli G
0
r and G

00
r between the high and

low frequency areas for the samples PBSd to PBSi. This result is

a first sign of the presence of entanglements within these sam-

ples. As can be seen, increasing molar mass decreases the fre-

quency at which PBS enters in its terminal region. In other

words, the relaxation time of PBS increases as molar mass

increases. However, curves of modulus G
00
r for samples PBSa to

PBSc show that samples are in the terminal zone in the entire

frequency range studied, which means that there is no entangle-

ment within these three samples. Finally, in the terminal region,

the slope of log G
00
r versus logxaT is equal to 1 for all samples,

while the slope of log G
0
r versus logxaT is equal to 2 for PBSi

and equal to 1.9 for the samples from PBSd to PBSh, which is

in agreement with theory.23

The Complex Viscosity. Determination of the complex viscosity

jg�j was carried out from frequency sweep analyses. The Cox–

Merz equality suggests that, for a neat polymer, complex viscos-

ity jg�j is almost equal to shear viscosity gð _cÞ.23,24 Assuming

that the Cox–Merz equality can be applied to our samples, Fig-

ure 3 represents the viscosity g versus the shear rate _c for the

samples PBSd to PBSi at 140�C. Samples PBSa to PBSc behave

like Newtonian fluids. As can be seen, for a given shear rate _c,

g increases when Mw increases. Non-Newtonian behavior of

samples PBSd to PBSi confirms the presence of entanglements

within these samples. Figure 3 also shows that the data fit very

Figure 2. Master curves of reduced (a) storage modulus G
0
r and (b) loss

modulus G
0
r versus xaT of PBSs at 140�C.

Figure 1. Temperature influence on (a) storage modulus G0 and (b) loss

modulus G00 versus angular frequency of PBSh.
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well with the Carreau–Yasuda model (black lines), which is

defined by the following relationship:

g 5 g0 11 k _cð Það Þ
m21

a (1)

where k is a characteristic transition time between the Newto-

nian and the pseudoplastic region, m is the index of pseudo-

plasticity (m 5 1 for Newtonian fluid and m 5 0 for a rigid

solid) and a is an adjustment coefficient between the Newtonian

plateau and the power law region. All these parameters and the

zero-shear viscosity g0 are given in Table I.

As expected, relaxation time k, reflecting the time of disentan-

glement of a polymer, increases when Mw increases. In addition,

the decrease in m highlights the non-Newtonian behavior of

PBS with the increase in Mw. Finally, a good correlation was

found between the zero-shear viscosity g0 calculated from the

Carreau–Yasuda model and the one calculated from the follow-

ing relationship:

g05 lim
x!0

G
00

r =x (2)

Wang et al.13 found a g0 situated between 800 and 900 Pa s for

a PBS with a Mw of 142,000 g mol21 at 140�C. By comparison,

we measured a g0 of 1410 Pa s for a Mw of 146,400 g mol21.

A very well-known relationship connects the zero-shear viscosity

g0 of a molten polymer to its molar mass Mw: g0 5 KM a
w ,

where K is a constant depending on the nature of the

polymer.25 According to theory and numerous experimental

data in literature, g0 changes in two different regimes separated

by a critical molar mass Mc.
23,25 In theory, when Mw<Mc, g0 is

proportional to Mw (a 5 1). In practice, a can be between 1

and 2.5. And when Mw>Mc, g0 becomes theoretically propor-

tional to M 3:4
w . Many experimental data showed that a can be

between 3.4 and 3.7.26

Figure 4 shows the experimental data of lng0 versus lnMw for

all samples studied. Two more samples (Mw 5 12,400 and

14,900 g mol21, respectively), synthesized under the same pro-

tocol described in the experimental part of this article, were

added in order to complete the area of low molar mass.

As expected, we observe two distinct domains from these exper-

imental data. Mc was estimated from the linear fittings of these

two domains. The first linear fitting corresponds to the low

molar mass region comprised between 4000 and 12,400 g

mol21 where lng05 1:37 3ln Mw2 13:804. The second domain

corresponds to the high molar mass region and is situated

between 14,900 and 155,400 g mol21 where

lng05 3:31 3ln Mw2 32:595. The values of a are in agreement

with the theory and the experimental data obtained for other

polymers. Thus, we calculated a critical molar mass Mc of

16,000 g mol21. This value is in agreement with Mc mentioned

in the literature for other aliphatic polyesters such as poly(lactic

acid) (PLA) or poly(e-caprolactone) (PCL). Indeed, Mc of PLA

has been estimated between 9000 and 16,000 g mol21,27,28 while

that of PCL has been estimated between 8000 and 16,000 g

mol21.29–31

The Activation Energy Ea of Melt PBS. The activation energy

Ea of melt PBS was calculated from temperature-dependent shift

factor aT , determined from the TTS principle. Under our exper-

imental conditions, PBS is above its temperature of fusion and

the reference temperature T0 (140�C) is well above Tg1100�C
(Tg � 232�C). Thus, the dependence between aT and the tem-

perature of experiment T (120, 130, 150, and 160�C) is defined

by the Arrhenius law: aT 5exp ðEa=Rð1=T21=T0ÞÞ, where R is

the gas constant. We used the shift factors obtained from the

preparation of the loss modulus master curves G’’
r , and Ea of

each sample was calculated from the slope of the linear fitting

of ln aT versus (1/T 2 1/T0). The linear regression was higher

Figure 5. Activation energy Ea versus molar mass Mw (PS equivalent) of

PBS samples. Black line is the average and dashed lines are the average

deviation in the range 23,800<Mw< 178,800 g mol21.

Figure 3. Viscosity g versus shear rate _c of PBS samples at 140�C. Black

lines are the fitting of the Carreau–Yasuda model.

Figure 4. lng0 versus lnMw of PBS samples. Dashed lines and black lines

are the linear fitting used to estimate Mc.
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than 0.99 for all samples (Supporting Information Figure S1).

So Ea versus Mw is represented in Figure 5.

The two lowest Ea were attributed to the two samples with the

lowest molar mass PBSa (4000 g mol21) and PBSb (6000 g

mol21). We estimated an average energy �E a for the rest of the

series: �E a 5 45:02 6 3:09 kJ mol 21. The average energy and

average deviation are represented by the solid line and the two

dashed lines in Figure 5, respectively. As can be seen, two values

fall outside the average deviation (88,800 and 122,400 g mol21).

This average value �E a suggests that the activation energy of PBS

melt is independent of molar mass for Mw� 23,800 g mol21.

This first observation is in agreement with experimental data

found in literature about other polymers.32,33 The activation

energy of a molten polymer can be described as an energy bar-

rier crossed by a segment of a definite size of the chain from an

occupied site to an empty site.34 In other words, it means that

the flow of a polymer can be considered as a succession of ele-

mentary transition acts attributed to segments of the chain

called flow segments. According to Siline and Leonov,33 for high

molar mass polymers, the length of the flow segment is less

than the length of the polymer chain between entanglements.

Moreover, it is well established that the molar mass between

entanglements Me is about one half of Mc, that is to say, Mc �
2Me.

23,35 Taking into account the previously determined value

of Mc 5 16,000 g mol21 and the lowest molar masses of the two

samples, Mw<Me � 8000 g mol21, we find an explanation for

the respective Ea< �E a for these two samples.

Finally, the average activation energy calculated here is almost

the same as the one found by Ray et al.18 (42 kJ mol21) for a

commercial PBS (Bionolle 1020) with a Mw of 101,000 g mol21.

Estimation of the Plateau Modulus G0
N . The plateau region is

one of the most important viscoelastic properties distinguishing

entangled polymers from unentangled polymers. The plateau

modulus G0
N is linked to the molar mass Me as follows: G0

N 5qR

T=Me where q is the density of the polymer. In practice, there

are several methods to determine G0
N .36 The easiest way is by

visualizing directly this plateau on the storage modulus curve.

But in this study, this region was not reached for several rea-

sons, including measurement temperatures well above the glass

transition temperature of PBS (Tg � 232�C) and insufficient

molar masses. Han and Kim37 reported a method to determine

G0
N for polymolecular polymers from the evolution of log G

0

versus log G
00
. In this case, there are two different linear evolu-

tions of log G
0

5 f ðlog G
00 Þ. The first part, the linear region

where 0 << swx� 1 (with sw the terminal relaxation time), is

located toward the high values of G
0

and G
00

and is defined by:

log G
0

5 xlog G
00
1 ð12xÞlog 8G0

N=p
2

� �
. The second part, the

terminal zone where swx << 1, is located toward the low val-

ues of G
0

and G
00

with a slope of 2. This behavior can be seen

in Figure 6 for the samples PBSd to PBSi.

We observed two linear regions with different slopes. According

to the previous estimation of Me, entanglement effects are dom-

inant for all samples in Figure 6. Also, these curves are inde-

pendent of molar mass.23

Figure 7. Intrinsic viscosity [g] versus molar mass Mw (black points) of PBS4 in the range 20,000<Mw< 150,000 g mol21. Black line is the linear fitting

traced by software Cirrus.

Figure 6. log G0 versus log G00 of PBS samples.
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The shift occurring between these curves is due to the difference

in Ip of these samples (Table I). Indeed, the curves overlap for

samples with the same Ip but different Mw. This is the case for

two groups composed of PBSe, PBSf, and PBSg on the one

hand and of PBSh and PBSi on the other hand. In theory, the

increase in Ip decreases the slope x of the linear region. This

was confirmed by the decrease in x from 1.59 to 1.32, while Ip

increases from 2.16 to 2.47 (Table I). Even if these first observa-

tions are in agreement with theory, we only observed a nearly

constant value of G0
N at an average of 1.51 3 105 Pa for samples

PBSd to PBSg. G0
N of PBSh and PBSi decrease because these

two samples are not under the required conditions: 0 <<

swx� 1. Indeed, we determined a terminal relaxation time sw

of 0.53 s for PBSi with the equation sw 5 g0J 0
e , where J 0

e is the

steady-state compliance. Thus, sample PBSi is almost out of the

conditions of the equation proposed by Han and Kim.37 The

terminal relaxation time of PBSh was not determined but the

evolutions of G’
r and G’’

r are fairly close to those of PBSi. So, it

can be assumed that this sample is also almost outside of the

equation conditions. Finally, the G0
N average of 1.51 3 105 Pa is

in the same range as the ones reported for other biodegradable

aliphatic polyesters like PLA: 0.9 3 105 and 2.03 3 105 Pa or

like PCL: 1.46 3 105 and 5.52 3 105 Pa.38

Dilute Solution Properties of PBS in Chloroform

A SEC with the triple detection system (SEC-TD) was used to

determine the MHS parameters of PBS in solution in chloro-

form at 30�C. The MHS relationship is defined by:

g½ � 5 KM a
v , where the MHS parameters K and a are depend-

ent on a given polymer–solvent couple and on the measurement

temperature. The exponent a gives information about the con-

formation of the polymer studied in solution. a is between 0

and 0.5 for a branched polymer, between 0.5 and 0.8 for flexible

chains, between 0.8 and 1 for stiff molecules, and between 1

and 1.7 for highly extended macromolecules.39 Moreover, a is

0.5 at unperturbed state (H condition) and is 0.8 for a polymer

in a good solvent. Finally, considering the non-Gaussian charac-

ter of small chains, the MHS relationship can only be applied

for a polymer with a molar mass higher than 20,000 g mol21.40

Generally, MHS parameters are determined by measuring

intrinsic viscosity [g] on the one hand and molar mass Mw on

the other hand. However, for polydisperse polymers such as

PBS, viscosity and weight average molar masses, Mv and Mw

respectively, are not exactly the same. This can lead to an error

in the estimation of the MHS parameters. Thus, SEC-TD allows

determining simultaneously the absolute molar mass and the

intrinsic viscosity of a polymer for each elution fraction. This

last point is very interesting because each elution fraction is

composed of an isomolecular population.

Samples used for the dilute solution properties study are issued

from a different synthesis series than the ones used for the

rheological properties. Here, samples are named PBSi, with

i 5 1 to 4. Figure 7 represents log[g] 5 f(log Mw) of PBS4.

The MHS parameters are calculated by the software Cirrus from

the linear fitting (black line) of the experimental data. In this

example, the values of a and K are 0.698 and 46.05 3 1025 dL

g21(g mol21)2a, respectively. Parameters calculated for all sam-

ples are grouped in Table II. Three injections per sample were

realized because dead volume between detectors can be a source

of error for MHS parameters determination.41

On the whole, the MHS parameters are consistent for all sam-

ples. A small increase in K of the two samples PBS3 and PBS4

could be observed. Thus, the average MHS parameters of PBS

in chloroform at 30�C were calculated: a 5 0.71 6 0.1 and

K 5 39.94 3 1025 6 6.313 1025 dL g21(g mol21)2a. As

expected, the value of a confirms the statistical coil behavior of

PBS in solution in chloroform. As an estimation of the MHS

parameters was not yet reported in the literature, we could only

compare these values with those of other aliphatic polyesters

such as PLA and PCL. For example, exponent a of PLA in solu-

tion in chloroform at 30�C was estimated at 0.777.42 However,

there is a disagreement on the estimation of exponent a of PLA

because values between 0.72 and 0.83 have also been reported at

25�C.43 Several values are also available in the literature for PCL

in solution in chloroform: 0.786 (25�C),44 0.71 (25�C),45 and

0.828 (30�C).46

CONCLUSIONS

First, we studied the influence of molar mass on the rheological

properties of PBS. We were able to apply the TTS principle from

the data obtained with frequency sweep measurements, and we

observed a significant increase in modules G0 and G00 when molar

mass increases. In addition, shear viscosity of PBS followed the

Carreau–Yasuda relationship. Two fundamental parameters which

are not reported in the literature were estimated in this study: the

critical molar mass for entanglement Mc 5 16,000 g mol21 and

the plateau modulus G0
N 5 1.51 3 105 Pa. These two values are

close to the ones reported for other aliphatic polyesters such as

PLA and PCL. Finally, average activation energy of PBS melt

(�E a 5 45:02 6 3:09 kJ mol 21) was calculated for molar

masses between 23,800 and 178,800 g mol21.

Table II. Parameters of the Mark-Houwink-Sakurada Relationship of PBS Samples

Sample
Mw range
(g mol21) a1 a2 a3

Average
a

K1 3 105

(dL g21

(g mol21)2a)

K2 3 105

(dL g21

(g mol21)2a)

K3 3 105

(dL g21

(g mol21)2a)

Average K 3

105 (dL g21

(g mol21)2a)

PBS1 25,000–70,000 0.693 0.725 0.736 0.718 43.12 29.67 29.323 33.138

PBS2 24,000–90,000 0.724 0.716 0.729 0.723 33.748 38.266 31.882 34.632

PBS3 30,000–130,000 0.702 0.711 0.702 0.705 44.814 38.87 48.562 44.085

PBS4 30,000–140,000 0.682 0.698 0.703 0.694 50.366 46.05 44.61 47.012
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In the second part of this study, we estimated values of the

MHS parameters of PBS in solution in chloroform at 30�C.

This was achieved with a SEC-TD from which we obtained val-

ues of the couple [g]–Mw for each elution fraction of the sam-

ples. Thus, from three injections for each one of four samples

studied, we obtained the following average values for the MHS

parameters: a 5 0.71 6 0.1 and K 5 39.94 3 1025 6 6.31 3

1025 dL g21(g mol21)2a.
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