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Cellulose/Water: Liquid /Gas and Liquid/Liquid Phase Equilibria
and Their Consistent Modeling
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Liquid/liquid and liquid/gas equilibria were measured for the water/cellulose systenftat &ing three different

polymer samples. For these experiments we prepared cellulose films of approximatd$ 2 in thickness

and determined their equilibrium swelling in water. Thereafter the polymer concentration in the mixed phase was
increased by means of a stepwise removal of the volatile component, and the equilibrium vapor pressures were
measured using an automated combination of head space sampling and gas chromatography. Contrary to the
usual behavior of polymers, the swelling of cellulose increases as its molar mass becomes larger. Fhe Flory
Huggins interaction parameters calculated from the measured vapor pressures pass a pronounced minimum as a
function of composition; for high cellulose contents they are negative, whereas they become positive for water-
rich mixtures. All experimental findings are consistently interpreted by means of an approach accounting explicitly
for the effects of chain connectivity and for the ability of macromolecules to respond to environmental changes
by conformational rearrangement.

1. Introduction All measurements presented here were performed &C80
in view of similar experiments that we are presently performing
The importance of cellulose for chemistry and every day life with the NMMO/water/cellulose system, which require this
is beyond doubt. Nevertheless our knowledge on the interactionsminimum temperature. The melting point of NMMO monohy-
of this biopolymer with other compounds is far from being drate is somewhat less than 8G. The literature data vary
satisfying. The most interesting substance in this context is petween 72,752 or 78°C 1% The melting point of anhydrous
water, not only because of the well-known interaction of NMMO is reported to be 184.2C1! In view of the high
cellulose with the moisture of the air, but also for technical yiscosities of the mixture, temperatures higher thah@ould
purposes, in particular in the context of the Lyocell process, pe desirable to attain phase equilibria within reasonable time.
where water constitutes the required precipitant of cellulose from However, to avoid degradation during measurement times,
its solutions inN-methylmorpholineN-oxide (NMMO). which can reach several weeks, we refrained from such
The capability of cellulose to incorporate large amounts of experiments.
water is one of its outstanding features and has been known for
a very long time. Despite this situation, publications describing ] ]
the equilibrium swelling of cellulose and the influences of its 2. Experimental Section
molar mass on it are to the best of our knowledge still missing. ) )
However, considerable labor has been devoted to the study of 21 Materials. The cellulose sample_s were k'nd.ly donated by
the kinetics and mechanisms of water sorption as well as to the -"ZIn9 AG (Austiia). The molecular weights stated in Table 1 were
structural changes induced by water. Some recent examplesqlven by the SUp.p“er and. are based on gel permeat'on.Ch.romatography
. measurements in the mixed solvent dimethylacetardideiCl. For
(containing references to the older work) are quoted. The our investigations we used bidistilled water
methods that are being applied in this context include all kinds 2.2. Procedures.2.2.1. Vapor Pressure Measuremen@m auto-
of NMR techiques;? Fourier transform infrared studiés, o R

. . mated combination of head space sampling and gas chromatography
sorption proceduresX-ray scattering methodsthe Knudsen has been used to determine the vapor pressures of water. Well-defined

effusion techniqué,and ever_ potential measurements. amounts of the equilibrium gas phase coexisting with the swollen

In this work we wanted to investigate the possibilities for e yjose sample are taken from vials (10 mL) via a septum by means
the application of thermodynamic methods that are well of 5 syringe and transferred into a gas chromatograph (thermal
established for solutions of synthetic vinyl polymers to the water/ conductivity detector), which determines the mass of the solvent that
cellulose system. To erase to the highest possible extent thewas present in the known volume. The details of the procedure have
dissimilarities in the structures of cellulose samples stemming already been report&t
from different sources, we have first and foremost completely  2.2.2. Sample PreparatiorCellulose films of approximately 20
dissolved the polymers in the mixed solvent dimethylacetamide 25 um in thickness were prepared by means of the phase inversion
+ LiCl. From these solutions we have then prepared thin films process usually employed for the preparation of membranes. In the
(20—25 um in thickness) to ease the establishment of the present case solutions of cellulose in the mixed solvent dimethylac-
thermodynamic equilibria by minimizing diffusion distances of etamide+ LiCl were developed, using acetone as a nonsolvent, and
water into the cellulose bulk phase and out of it. washed with water. The complete removal of salt from the membrane
was controlled by testing the wash water with AgihN®he membranes

* Author to whom Correspondence should be addressed. E-mail: were then kept ina SUrpIUS of water at ®Duntil they reached constant
bernhard.wolf@uni-mainz.de. weight. To check the attainment of swelling equilibrium, the membranes
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Table 1.
Mhn My U=
cellulose particularities (kg/mol) (kg/mol) (Mw/Mp) — 1

Solucell 270 least content of 46.8 96 1.05

hemicelluloses

and slightly higher

—COOH content
Solucell 500 82.0 228 1.78
Borregaard highest content of 97.3 536 4,51

1200 hemicelluloses

were repeatedly taken out of the water, cleaned from droplets on the
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or vapor pressures. In the latter case the following relation holds
true

AG,

—nk
RT In b, 3)
so thaty is given by
_In(p/py) —In(1 — ¢) — (1 — 1IIN)g
x= 4)

g02

In the above equationp stands for the equilibrium vapor
pressure of the solvent as established above the polymer

surface by means of tissue, and weighted. After that we have stepwisesplution, andp, is the vapor pressure of the pure solvent. For
removed water by vacuum treatment to prepare films of different water most Systems of practica| interest there is no need to use
contents for the vapor pressure measurements. The establishment ofygacities instead of the actual vapor pressures.

equilibria after such changes in composition takes approximately 1 day;
to be on the safe side we always waited at least 2 days. At the end of
the vapor pressure measurements the membranes were driedGt 60

and under vacuum until they reached constant weight to determine the

total amount of cellulose.

3. Theoretical Background

3.1. Original Relations. Because of its simplicity and
versatility the present theoretical considerations use an
extended form of the FloryHuggins theory, which will be
briefly recalled in the next section. The starting point of that
concept is the well-known expressiérfor the Gibbs energy
of mixing formulated here for polymer solutions and 1 mol of
segments (indicated by a bar over the corresponding quantity)
ineql

AG

r=1-@)Inl—g) +¥ing+al-gg )
whereg represents the volume fraction of the polymer &hd
is the number of segments of the polymer (defined as the ratio
of the molar volumes of the polymer and the solvent). The first
two terms of the above relation constitute the so-called
combinatorial term, a hypothetical reference behavior of mixing,
whereas all deviations of real systems from that idealized
performance are incorporated in the third term. According to
the original concept of Flory and Huggins the integral interaction
parameteig should only depend on the variables of state but
neither on the composition of the mixture nor on the chain length
of the polymer.

Due to the difficulties in the direct determination of Gibbs

The values of the interaction parameters defined by means
of the egs 1 and 2, respectively, are for a given system normally
not identical, because of their composition dependence. The
following phenomenological relation permits the interconversion
of g andy

— 99
r=9-(1-9)g ®)
The integral interaction parametgris, for instance, required
for the modeling of phase equilibria employing a direct
minimizatiort>1® of the Gibbs energy of the system. This
method—avoiding the identification of the conditions for which
the chemical potentials become identied particularly useful
for the modeling of multicomponent mixtures or of systems
requiring expressions for the description pfp) that are
mathematically complicated.

3.2. Extended RelationsModifications”~1° of the relations
presented above are required by two characteristic features of
chain molecules, which have been neglected in the original
considerations. One of them is the fact that the segments of a
given linear macromolecule cannot spread out over the entire
volume, even in the case of an infinite surplus of solvent (chain
connectivity). The other particularity of chain molecules consists
of their variability in spatial extension, which enables them to
react on changes in their molecular environment (conformational
response).

To incorporate the contributions of these two features into
the interaction parameter, the dilution process (underlying the
interaction parametey) is conceptually divided into two clearly
separable steps. The first one consists of the opening of contacts
between two segments belonging to different polymer molecules
by inserting a solvent molecule in between them such that the

energies, the only practical way to check the validity of eq 1 arrangement of the molecular environment remains unchanged.
consists of the measurements of chemical potentials, i.e., byThis step does normally not yet suffice to establish equilibrium,
studying phase equilibria, where liquid/liquid and liquid/gas because the macromolecules (and to a lesser extent also the
equilibria for the solvent are the most commonly applied solvent) are able to respond to changes in the neighborhood. It
options!* The following relation holds true for the Gibbs energy is only during the second step, the conformational rearrange-
of dilution (the chemical potential of the solvent, index 1, in ment, that the Gibbs energy of the system acquires its minimum.
the mixture minus the chemical potential of the pure solvent)  One important element of the refined approach consists of
the quantification of the effects of chain connectivity. To
establish the required parameter we consider the equilibrium
between the “microphase” formed by an isolated polymer coil
and the sea of pure solvent that surrounds it. In these
considerations the equilibrium size of an isolated coil isnot
where y stands for the original FloryHuggins interaction  as usuatdeduced from entropical considerations (deviation
parametet? Equation 2 constitutes the most commonly used from unperturbed behavior); here the final extension of the chain
basis for the determination of interaction parameters, becauseis obtained by means of the equilibrium condition of phenom-
AG; is conveniently measurable in terms of osmotic pressures enological thermodynamics. CDV
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If we denote the volume fraction of segments within such an surfaces of the solvent molecule and of the polymer segment
isolated coil by®,, then the chemical potential of the solvent (of equal volume) are normally different. The parameder
inside the mixed phase can be formulated by analogy to eq 2 quantifies the effect associated with the opening of a contact
as between two polymer segments belonging to different macro-

molecules at infinite dilution. It constitutes the basis of solvent
1 1 s quality and affects the other system-specific parameters, above
RT In(1 -, + (1 N N)‘I’o +tioS =0 (6 all the conformational responsg The parameter accounts
for the fact that the shapes of solvent molecules and polymer
The parametei defined in this manner constitutes an intramo- segments influence the number of intermolecular contacts that
lecular interaction parameter, measuring the effect of opening can be opened upon the addition of further solvent at higher
a contact between two polymer segments belonging to the samepolymer concentrations; is related to, but not identical with,
macromolecule by the insertion of a solvent molecule in the the purely geometrical parameterdefined as
case of already established equilibrium. Larg@givalues require

larger A values to raise the chemical potential of the solvent (F0) 4,
inside the mixed phase (defined by the extension of the isolated y=1- 2~ "/polymer (12)
molecule) to the value for the pure solvent (surrounding the (S/V)sotvent

coil). More specifically, due to the fact that the volume fraction

of segments within the equilibrium coil increases as the molar wheres and v are surfaces and volumes of the components,
mass of the polymer declines, the intramolecular interaction respectively. The parameter can be easily calculated from
parameterl must assume larger values for shorter chains; in tabulated increments for the different chemical #its contrast
other words, the restrictions of chain connectivity become more to v, which measures effective surface to volume ratios and also
stringent than those for higher molar masses where the segmentglepends on the particular thermodynamic situation as quantified
can spread out over considerably larger volumes. Equation 6by o. Some experimental findings indicate thamnight become

yields the following generally valid relation far identical withy for theta conditions (where. = 0.5 and; =
0). In this context it is interesting to note that the very unique
1= —In(1 - @) — (1 - IN)P, @ behavior modeled by the original FlorHuggins theory is
(1)02 regained by the present approach in the very special case of

theta systems, for whicth = 0 and only for components with
To obtain®, from easily accessible information, we relate it the same efficient surface to volume ratio, ixe5 0.
to the intrinsic viscosity of the polymer. Because of the low  All contributions of the extended approach accounting for
@, values, which normally lie below 0.01, we may expand the chain connectivity and conformational relaxation are contained
logarithm in eq 7 in a Taylor series and obtain the following in the second term of eq 9. According to the above it is obvious

simple expression thatZ andA cannot be totally independentaf To what extent
1 the conformational relaxation contributesywill be governed
1= > + NG L (8) by the flexibility of the polymer chain and by, the effect

characterizing the first step of dilution. Similarty will also
in which axuy stands for the KuhaMark—Houwink exponent modify the chain connectivity parametérwhich is primarily

of the corresponding viscosigmolecular weight relationship ~ determined byN; in the case of estimating the volume of an
andx represents a system-specific constant, containing the pre-Selated coil by means of the intrinsic viscosityy]] this
exponential factor of this relation. influence ofa. becomes immediately obvious. Smalievalues

The second central element of the refined approach consistdead to larger §] and alleviate the restrictions of chain
of the incorporation of the effects stemming from the confor- connectivity because of the larger volume that is available for
mational variability of chain molecules. To quantify these the segments. According t@e a quantitative description of
contributions we have introduced a paramétetalled confor- the thermodynamic behavior of polymer solutions requires four
mational response. For the (pseudo-ideal) theta conditions System-specific parameters. Howewerand{ 4 are so closely
assumes the value of zero. This means that no rearrangemeninterrelated for a given class of polymers that one parameter
of the segments is required in the second step of dilution can be eliminated once this functionality is established. In view
discussed above. Positive values contribute favorably and  of the manifold and often complex behavior of such systems
negative values adversely to the mixing tendency of the the necessity of the remaining three parameters appears reason-

components. able and justified. In any case the new approach has turned out
The considerations outlined above have led to the following to be helpful to rationalize a number of hitherto incomprehen-
expression for the differential interaction parameger sible experimental observations, such as molecular weight
influences up to the polymer meéfthe reasons for the solubility
¥ = Lz — (A +2(1- ) 9) of 1,2-po|ybutadieng im-hexane and .the insolubility of 14
1=y polybutadiene in this solveft, the existence of two critical

points for a binary polymer solutioff, two different theta
temperatures for binary polymer blertdsind inversions of heat
effects with composition for polymer solutiof.

a The first example for the usefulness of eq 9 refers to the
:m — &1+ (1= 2)9) (10) molecular weight dependence of the second osmotic virial

coefficientA,. This measure for the pair interactions between

The first term of eq 9 represents an early modificatfaf the the macromolecules is related gg, the interaction parameter
original Flory—Huggins theory, accounting for the fact that the in the limit of infinite dilution, by CDV

The integral interaction parameteg,which is required for the
direct minimization of the Gibbs energy results in

g



1868 Biomacromolecules, Vol. 8, No. 6, 2007 Eckelt and Wolf

05—,

= (12) H,0/Cellulose (Solucell 270)
P2 V1

2

In the above relatiop. is the density of the polymer, and is 3
the molar volume of the solvent. Settigg= 0 in eq 9 yields E 0501 =
the following expression fog,

0.25 %5~ o
= - 0.00 . , .
Xo=0 — CA (13) 000 025 050 075 1.00

|;.’Cellub%? Solucell 270

The problem in the area of high dilution consisted of the Figure 1. Composition dependence of the vapor pressure of water,
observation (as already reported by FfSryears ago) thaf, divided by the vapor pressure of pure water as a function of the
may increase with risingl, in contrast to all theoretical volume fraction of cellulose Solucell 270 at 80 °C. The broken line
considerations. This finding automatically implies that the S€'Ves asaguide forthe eye only. The two-phase area of the system
second osmotic virial coefficient does not necessarily become 's given prominence by shading.

zero in the limitM — . Experiment and theory can be
reconciled in terms of negativé values. According to the H,0/Cellulose (Solucell 500)
present approachy, does only exceptionally vanish for infinitely 1.001 %

long chains; in normal cases it is assumes small but finite ®

(positive or negative) values. Qg w8
The composition dependence pfformulated in eq 9 has = 0.501 Z
meanwhile proven very useful for the quantitative description R éq?
of numerous systems with very diverse dependencies on ' B2
composition including the passage of extrefh&urthermore, i e T P

the new approach is capable of explaining the changes in the
sign of the heat of dilution with composition observed for several
polymer solutiong? It was also successfully applied for the

Peemioss Solucsil 500

Figure 2. Same as Figure 1 but for cellulose Solucell 500.

rationalization of the conditions under which the demixing of

polymer/solvent systems becomes anomafinghe sense that B e e
they exhibit two different critical points. In the case of polymer 1.00 gmr—ga

blends the new approach predicts well-defined critical composi- Ay j 5

tions (normally realized at different temperatures) in the limit i N

of infinite molar masses of both polymetsin contrast to the = 0501 il

original Flory—Huggins theory. To th_e best of th_e knowled_gg 0.25] “5‘%\?

of the authors the concept accounting for chain connectivity il

and conformational relaxation provides the tools to describe e S P i g 5"_3""1'0

liquid/liquid and liquid/gas equilibria by means of the same set
of parameters for the first time. Furthermore it is able to explain
in a straight forward manner the fundamental differences in the
solubility of 1,2- and 1,4-polydiene?.

Petuloss Boragaardi200

Figure 3. Same as Figure 1 but for cellulose Borregaard 1200.

Solucell 500 and least for Solucell 270. The reasons for these
dissimilarities are presently unclear.
4. Results and Discussion 4.2. Interaction Parameters and Their Modeling. Out of
the three cellulose samples under investigation Solucell 500

4.1. Vapor Pressures and Swelling.The composition yielded the most accurate and Solucell 270 the least precise
dependencies of the equilibrium vapor pressures of water for data. For these reasons the evaluation of vapor pressures with
the three cellulose samples are shown graphically in the nextrespect to the composition dependence of the interaction
three diagrams. These results display several striking featuresparameters by means of eq 4 starts with the former sample and
First of all they document that cellulose can take up considerably ends with the latter.
more than 80 vol % water before a second phase, consisting of The values of the interaction parameters for the water/
practically pure water, is segregated. The two-phase area, withincellulose system and the range that they cover upon the variation
which the vapor pressure is identical with that of the pure water, of composition differ extremely from those observed for typical
is in Figures 3 accentuated by shading. At least as unexpected synthetic vinyl polymers, even if the shapexgfy) resembles
as the large degree of swelling is the observation that the higher-that of the cyclohexane/poly(dimethylsiloxane) systérfihe
molecular-weight cellulose samples incorporate more solvent fact that practically all vapor pressures yield negative interaction
into the polymer-rich phase than the lower-molecular-weight parameters indicates that the interaction between water and
ones. This uncommon increase in mixing tendency with rising cellulose is highly favorable at high polymer concentrations.
molecular weight of the polymer is consistent with the fact that However, this does not permit the conclusion that the compo-
the vapor pressure of water above a 50/50 mixture (v/v) with nents are completely miscible over the entire range of composi-
cellulose is approximately half that of pure water in the case of tions because it is the shape of the composition dependence of
Solucell 270, whereas it is only about one-third for the other the Gibbs energy that determines the phase state. Demixing sets
two polymer samples. in as the second derivative of this function becomes negative.

Another remarkable feature consists of the pronounced The experimentally observed segregation of a second phase upon
differences in the scattering of the data points for the individual dilution is obviously due to the pronounced ascenj qand

polymer samples. The experimental accuracy is highest for consequentyg). CDV
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Figure 4. Composition dependence of the interaction parameter for 7
water/cellulose Solucell 500 at 80 °C. The two-phase area is shaded
again. cyclohexane / poly(vinyl methyl ether)
Table 2. Number of Segments, N, of the Different Polymer () I 4 ]
Samples, Lowest Volume Fraction of Cellulose in Homogeneous k (-ve) ,
Solutions, @swel, Parameters of Eq 9 Describing the Composition N __
Dependence of y, and &, Calculated from 4 by Means of Eq 7 “ 21 e il
o N
N Pswell Yo o8 14 C A D, %‘ 0 \.-—_——/
Solucell 270 1630 0.16 3.9 56.8 —0.561 37.9 1.397 0.835 %
Solucell 500 2940 0.15 6.0 56.8 —0.561 37.9 1.342 0.822 £ 21 “‘“~~"<.,_T~~:f_(’~*2("")“’)
Borregaard 3390 0.11 5.3 56.8 —0.561 37.9 1.361 0.828 e
1200 . e R

00 02 04 06 08 1.0

The curve ShOWI‘l |n F|gure 4 COI‘I‘ObOI’ateS thIS I|ne Of Figure 5. Full |inesy X(¢) as formulated in eq 9’ broken |inesy
argument and demonstrates that eq 9, established for vinylindividual contributions of the two steps of dilution to the differential
polymers, reproduces the experimental findings quantitatively, interaction parameter. (a) Water/cellulose Solucell 500; (b) cyclohex-
despite the different nature of cellulose. However, the parametersane/poly(vinyl methyl ether) at 35 °C.° To demonstrate the different
of this relation that are necessary for such a modeling acquire m]aegﬂtugisbm the effects, the full line of part a is shown as a dotted
values, which are up to 100 times larger than those for any partb.
other system studied so far, can be seen by comparing the dat
collected in Table 2 of this work with that of the Tables 1 and
2 in ref 18. For instance, the value for water/cellulose exceeds

Andi > 1. Concerning the reasons for the different signs of
these parameters we can presently only speculate. In the case
. X ~ 2. of v the explanation could lie in the pronounced self-association
50 _and lies _vveII outside the small range around 05 which is tendencies of the components, which makes their effective
typical for vinyl polymers. For a better understanding of the g, tace tg yolume ratios very different from the values expected
particularities of the water/cellulose system it is helpful to ¢ purely geometrical consideratigh.Similarly the large
calculate the individual contributions of the two steps of dilution  pain connectivity parametet may be caused by the pro-

and to compare them with the data for an ordinary solvent/ g nced intramolecular interactions of cellulose, which impede
polymer system exhibiting approximately the same shape of  {he spreading of segments into a larger volume, even in the
(¢), namely, with the already mentioned cyclohexane/poly- case of very long chains.

(dimethylsiloxane) (cf. Figure 1 of ref 18). Figure 5 shows the

’ ] Let us now come back to the observation that the parameters
results of this evaluation.

o and A assume values on the same order of magnitude for
For both types of systems the first term of eq 9 is very adverse the aqueous solutions of cellulose, as observed with the solutions
for dilution, in contrast to the second term strongly favoring of vinyl polymers. To check whether the theoretically expected
this process. In fact no exception from that feature has hitherto and for vinyl polymers also experimentally witnessed interrela-
been observed, which indicates that polymer solubility in low- tion betweena and A remains valid for the water/cellulose
molecular-weight liquids is primarily a consequence of the system, we plot the data obtained for Solucell 500 together with
ability of macromolecules to readjust their conformation to a that reported earlié? in Figure 6.
new environment. These considerations are not in disagreement The interrelation established for vinyl polymers is surprisingly
with the experience that the heat of mixing can be anywhere well corroborated by the present finding. In the validation of
between endo- and exothermal and may even change its sigrthe results shown in Figure 6 it should be kept in mind-that
with compositior?” The reason is that each step of dilution strictly speaking-each molar mass of the polymer yields its
contributes to the total, experimentally accessible heat effect own line, because the factarof 4 depends oM. For typical
with its own, concentration-dependent enthalpy change and canvinyl polymersa is small, and the variation df (cf. eq 8) can
thus compose the overall behavior in many different ways. be neglected for most purposes; the lines for higand large
addition to the very dissimilar values of and ¢4 for the two A may, however, fan out considerably.
systems compared in Figure 5 (starting points of the individual ~ The water/cellulose system does not provide direct access to
contributions atp = 0), the composition influences are opposite. 1 via the Kuhn-Mark—Houwink relation. In this case the
In the case of cyclohexane/poly(vinyl methyl ether), behaving miscibility gap between the components extends to so minute
in the normal way, the first term of eq 9 becomes more adverse, polymer concentrations that intrinsic viscosities become ex-
and that of the second term becomes more favorabjerases; perimentally inaccessible. Under such unfavorable thermody-
the reason lies in the typical valuesiof 0 andl < 1. For the namic conditions we must anticipate highly collapsed coils in
water/cellulose system, however, the first term of eq 9 becomesthe limit of vanishing polymer concentration, i.e., lardg
smaller and that of the second term larger, because €f0 values. To check, whether thé value obtained from th%DV
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A

water/cellulose

o methyl ethyl ketone/PDMS
v acetone/PMMA
o iso-octane/PIB

0 10 20 30 40 50 60
o
Figure 6. Interrelation between the two terms determining the
interaction parameter in the limiting case of infinite dilution (eq 13).
The data for the vinyl polymers were reported in ref 18. PDMS, poly-
(dimethylsiloxane); PMMA, poly(methyl methacrylate);?® PIB, poly-
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44 Borregaard 1200
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Figure 8. As in Figure 4 but for Borregaard 1200.

assumes its maximum value in the pure state and falls upon the
uptake of water. From the observed mechanical stability of the
cellulose films down to the onset of the segregation of a second

isobutylene. phase consisting of virtually pure water, we may conclude that

1 the addition of water remains rather inefficient until the polymer
concentration falls below a critical value; this inference appears
reasonable in view of the distinct thermodynamic preference
for intersegmental contacts over solvent/segment contacts.

Out of the four parameters contained in eq 9 we have not yet
dealt withv. As already briefly discussed earlier, it accounts
for the effective differences in the surface to volume ratios of
the components. According to the present measurements the
water/cellulose system requires negative values for the correct
description ofy(¢). In terms of purely geometrical consider-
ations (eq 11) this would mean that the surface to volume ratio
o should be smaller for water than that for cellulose segments,
Figure 7. Intramolecular interaction parameter 4 as a function of ®,, which according to the data calculated by means of Bondi's
the volume fraction of segments in an isolated polymer coil, calculated increment is not the case. From earlier measurements it is,
according to eq 7, neglecting N with respect to unity. Also shown is however, well documented that special effects may overrule
the data point for Solucell 500 and the first member of the series . . . . . . .
expansion of the logarithm in eq 7. simple geometrical conS|de_rat|ons. For msta_ﬁ?c_ze;s positive

for n-butane/1,2-polybutadiene, whereas it is negative for

adjustment of the interaction parameters according to eq 9 reallyn-butane/1,4-polybutadiene. This fundamentally dissimilar be-
yields a®, value that is in accord with that postulated, we havior of two polymers differing only in the spatial arrangement
determine®, by means of eq 7. The result is shown graphically of their chemical units in mixtures with the same solvent may
in Figure 7. be tentatively explained in terms of differences in the acces-

The A values obtained for Solucell 500 correspondhig~ sibility of their molecular surfaces. It is imaginable that the vinyl
0.82. This result appears reasonable in view of the observationside groups of 1,2-polybutadiene shield parts of the segments
that water cannot dissolve cellulose to a detectable amount. Thisfrom contact withn-butane. This would explain the different
observation seemingly contradicts the fact that cellulose incor- signs of the parameter. Concerning the unexpectedvalue
porates huge amounts of water up to on the order of 80% asfor water/cellulose one might speculate that the explanation lies
demonstrated by Figures-B. The two findings can, however, inthe pronounced self-association tendency of the components;
be easily reconciled if one considers the distinct thermodynamic in the case of water, this phenomenon leads to the formation of
preference of intersegmental contacts over contacts betweerclusters, which change in size and number with composition.
solvent molecules and polymer segments. This situation leads 4.2.1. Borregaard 1200 and Solucell 278ccording to the
to a dramatic decrease in the volume fractidnpf the segments  theoretical concept underlying the discussion of the present
of a given cellulose molecule within the volume it occupies at measurements, all parameters, excepffahould be indepen-
finite polymer concentrations, in comparison wik, as the dent of the molar mass of the polymer. For that reason we
polymer concentration becomes sufficiently high. This means evaluate the measurements with these two cellulose samples
that the individual segments of that macromolecule can spreadsetting o, ¢, and v identical to the parameters obtained for
out in space and increase the entropy of the mixture consider-Solucell 500 and adjugtonly. For Borregaard 1200 one obtains
ably. The reason for this change lies in the incorporation of 1 = 1.361 in this manner; the individuglvalues and their fit
segments belonging to other cellulose molecules into the realmaccording to eq 9 are depicted in Figure 8.
of a particular coil, which enables the coils to expand. In the  Within the limits of experimental uncertainties, which are
(hypothetical) limit of pure liquid cellulose&h should have fallen particularly large for this highest-molecular-weight sample of
to the value determined by the unperturbed dimensions of the cellulose, the experimental findings can be modeled satisfactorily
individual coils. by eq 9. The range gf values and the shape of the curves plus

The situation just discussed with respect to the concentrationthe extrapolatedy, are very similar for Solucell 500 and
influences of® should also play an important role in the context Borregaard 1200. The solutions of the lowest molecular sample
of the mechanical stability of water-swollen cellulose films. The Solucell 270 however exhibit noteworthy differences as can be
central variables for that property are the degree of coil overlap seen from Figure 9.
and the intersegmental interactions, where we have already dealt For cellulose Solucell 270, the composition dependenge of
with the pronounced preference and strength of the contactsexhibits a considerably shallower minimum, apglis much
between the cellulose segments. The degree of coil overlapsmaller than those for the other two samples. Despite tEeS\e/
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Figure 9. As in Figure 4 but for Solucell 270.

Figure 10. Swelling of cellulose in water as a function of the number
differences it is again possible to describe the curve by adjustingof segments N. Open symbols, experimental data; full symbols and
the parametet only. Table 2 collects the characteristic data of full line, calculated by means of eq 1 as described in the text. The
the three cellulose samples and the parameters of the preserﬁOttEOI line represents the normal swelling behavior and is calculated

. - y means of the original Flory—Huggins theory, setting the interaction
evaluation, the corresponding parameters of eq 9 andbthe

parameter equal to 0.54.
values calculated from.

4.3. Comparison of Measured and Predicted Swellingdone
of the most striking features of the present measurements
consists of the observation that the lower-molecular-weight
samples of cellulose can take up less water than the higher-
molecular-weight ones. For Solucell 270 the polymer-rich phase
in equilibrium with practically pure water contains 84 vol %
water [(1— @swer) x 100], whereas this value is 89 vol % for
Borregaard 1200. This finding implies that the interactions
between the components become more favorable with rising
chain length, in contrast to the normal behavior.

To rationalize this fundamental difference qualitatively, we
recall thata, the central parameter of the present approach, is
larger by 2 orders of magnitude for water/cellulose than that
for normal systems. This particularity leads to extraordinarily
largey values in the range of high dilution, which impede the
formation of dilute solutions, but to very smglvalues (which 5. Conclusions
are even more favorable than those for ordinary systems) at
large polymer concentrations (cf. Figure 5b). Pure cellulose will ~ The experimental results and theoretical interpretation pre-
take up added water as long as the segments encounter &ented here indicate the absence of fundamental differences
sufficiently high number of partner segments in their immediate between mixtures of water and cellulose on the one hand and
surroundings. In the course of dilution the extent of chain organic solvents and ordinary vinyl polymers on the other hand.
overlap will fall below a critical value, and the cellulose These two types of systems distinguish themselves only in the
molecules can no longer evade the formation of extremely values of the parameters that are required for their quantitative
adverse contacts between its segments and water, which meangodeling by means a general approach, which allows for the
that phase separation sets in. From simple considerationsspecial effects of chain connectivity and conformational vari-
concerning the chain length dependence of the size of polymerability and yields composition-dependent interaction parameters.
coils it becomes obvious that this critical situation will be This similarity of systems is, for instance, verified by the
reached at higher dilution by larger-molecular-weight samples observation that the composition dependence of the Hory
than by smaller-molecular-weight ones. The just described Huggins interaction parameter for water/cellulose has the same
situation explains why the uptake of water increases as the chainshape as that for the cyclohexane/poly(vinyl methyl ether) (CH/
length of cellulose rises. PVME) systent8 The main difference between the two systems

We are now asking to what extent the interaction parameterslies in the range of values that this dependence covers; for the
obtained from the measured vapor pressures (i.e., from liquid/ latter systeny varies between approximately O and 1, whereas
gas equilibria) predict the influence &f on the swelling of this interval extends from approximatety to +6 for cellulose
cellulose in water (i.e., liquid/liquid equilibria). To calculate and water. That distinction by an entire order of magnitude
the compositions of the coexisting phases, we have employedresults from the much larger intermolecular forces between water
the method of direct minimization of the Gibbs enéfgif using and cellulose as compared with those between CH and PVME.
the integral interaction parametgfas formulated in eq 10) by  In terms ofa and ¢ these dissimilarities manifest themselves
means of the system-specific parameters, £, andZ, collected asa ~ 1.5 and¢ ~ 2 for CH/PVME buta ~ 55 and{ ~ 38
in Table 2. The outcome of this computation is shown in Figure for water/cellulose. In addition to the differences in these leading
10 for the two higher-molecular-weight cellulose samples parameters the values ferand A are also rather dissimilar,
(excluding the third sample because of its particularitieg-in ~ namely,» ~ 0.35 andl ~ 0.50 for CH/PVME and’ ~ —0.56
(¢)) together with the experimentally determined tie lines. To andA ~ 1.35 for water/cellulose.
obtain the functionalitypswen(N)—the full line in Figure 16- The situation described above can be discussed in more detail
we have assumed thdt, increases linearly with the number by the following considerations. For CH/PVME the moderately
of segments (connecting the data points for Solucell 500 and adverse interaction upon contact formation (positiyjes for
Borregaard 1200 by a straight line) and calculated the requiredall concentrations overcompensated by a sufficiently large
A value by means of eq 7. favorable conformational relaxation (positiy@alues). The ratioCDV

The results shown in Figure 10 demonstrate that the miscibil-
ity gap of cellulose and water, predicted from the measured
vapor pressures by means of the composition-dependent interac-
tion parameters, matches the directly measured swelling be-
havior surprisingly well. Above all, the information obtained
from liquid/gas equilibria, cast into eq 10, predicts the observed
diminution of the two-phase region with rising molar mass of
the cellulose. The lack of quantitative agreement should not be
overestimated, because of the pronounced sensitivity of calcu-
lated @swen With respect to the exact value of the central
parameten, which is demonstrated by the fact that a reduction
of a by less than 3% would suffice to lower calculaiggye to
the experimental value.
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Cla =~ 43 is large enough to result in complete miscibility of
the components over the entire range of compositions. With
water/cellulose however a similar compensation of adverse and
favorable effects is no longer feasible at all concentrations
because of the much smaller rafifa ~ /3, which is probably
caused by the marked chain stiffness of cellulose in solution.
For the mixed solvent LiCl plud\,N-dimethylacetamide a
persistence length of 252 A was reporf@de., a value that is

at least 1 order of magnitude larger than that of ordinary vinyl
polymers.

This handicap of cellulose concerning the conformational
relaxation creates a problem at low concentrations. Under these
conditions the individual cellulose molecules can no longer
evade contact with water by contacting other solute molecules;
in this case the only way out consists of self-association; i.e.,
the largea values force the coils to collapse. It is this particular
situation that explains the observed anomalous swelling. For a
given polymer concentration the degree of coil overlap increases
as the molecular weight of cellulose rises. This means that the
critical value leading to phase separation is reached at higher
dilution.
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List of Symbols

A, second osmotic virial coefficient, eq 12
akvH, exponent of the KuhaMark—Houwink relation, eq 8

AG, segment molar Gibbs energy of mixing

AG;, segment molar Gibbs energy of dilution

g, integral interaction parameter, eq 1

N, number of polymer segments

p, vapor pressure of the solvent above the polymer solutions

Po, Vapor pressure of pure solvent

s, molecular surface, eq 11

V, molar volume

v, molecular volume, eq 11

o, contribution of the first step of dilution to the Flory
Huggins interaction parametgs, eq 13

¥, geometrical factor quantifying the difference in the surface
to volume ratios of the components, eq 11

¢, conformational response, quantifying the rearrangement
of the components in the second step of dilution, eq 9

Kk, parameter of eq 8 containing the pre-exponential factor of
the Kuhn-Mark—Houwink relation

4, intramolecular solvent/segment interaction parameter for
isolated polymer coils, eq 6

v, thermodynamically effective difference in the surface to
volume ratios of the components, eq 9

p, density

@, volume fraction of the segments belonging to an individual
macromolecule within the realm of the corresponding polymer
coil

Eckelt and Wolf

Do, @ in the limit of infinite dilution of the polymer, eq 6
@, volume fraction of the polymer
@swel, @ Of the phase that is in equilibrium with the pure

solvent

., differential interaction parameter, eq 4
Xo, differential interaction parameter in the limit of infinite

dilution, eq 13
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