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Synopsis

The swelling kinetics of cellulose hydrogels have been studied in experiments where partially dried
gels were reswollen to equilibrium in liquid water. The swelling interval studied was from the dry
state to 3.6 g water/g dry gel, and the temperature range was from 15 to 65°C. The experimental
arrangement and the theoretical analysis was based on the unidimensional, unsteady sorption of
water into a swelling sheet. The effects of sheet thickness, temperature and the initial degree of
swelling were investigated. The integral sorption curves obtained were sigmoid in shape when plotted
as the sorbed amount of water versus the square root of time. These anomalous, non-Fickian sorption
curves were analyzed under the assumption that the anomalous behavior is due to a slow establish-
ment of concentration equilibrium at the boundary surfaces. Each sorption curve can then be de-
scribed by a combination of a mutual diffusion coefficient and a surface relaxation rate. The sig-
moidicity of the sorption curves is accordingly determined by the ratio of a characteristic diffusion
time to a characteristic surface relaxation time. More classical, Fickian-type behavior is then ex-
plained by an increase in this ratio. The experimental sorption curves were found to become more
nearly classical as the sheet thickness, the temperature and/or the initial degree of swelling was in-
creased. The relaxation process was found to be associated with a higher apparent activation energy
than the diffusion process.

INTRODUCTION

Diffusion of penetrants into polymers is a subject of great interest from both
a technological and a fundamental point of view.

Knowledge relating to the transport of water in cellulose is needed for the
analysis of many important cellulose processing steps. Examples of such pro-
cesses are the wetting and drying of cellulose in the manufacture of paper. An
understanding of the diffusion process is also essential in many applications of
cellulose materials, since the physical properties of cellulose materials are highly
dependent on the water content.

The kinetics of sorption of water into cellulose has only received limited at-
tention in the literature and studies have usually been restricted to comparatively
low water contents. A review of early papers on the transport and sorption of
water in wood and cellulose has been published by Stamm.!

Hermans? was apparently the first to note the influence of the initial water
content on the sorption kinetics when cellulose filaments are brought into contact
with liquid water. In carefully dried regenerated cellulose, a sharp, slowly moving
boundary develops between a swollen outer part and an interior part. No clear
boundary line is observed if the cellulose initially contains more than 6%
water.

In a number of papers, Newns3 has reported on the sorption and desorption
kinetics of regenerated cellulose films in moist air. If the change in relative
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humidity is small (differential sorption), two-stage behavior is found for sorption
curves in which the amount of sorbed water is plotted versus the square root of
time. The first stage is linear in such a diagram while the second stage has an
inflection point and gives sigmoid curves.

Stamm?* studied the steady-state permeation as well as the sorption of liquid
water and water vapor into regenerated cellulose films containing 25% of glycerine
plasticizer. The sorption curves for liquid water are initially linear and no in-
flection point is found.

Thus, different types of diffusion behavior have been reported in these studies.
However, a common feature is that the calculated diffusion coefficients increase
considerably with increasing concentration of water.3:

In earlier papers in this series,® the preparation, swelling, and mechanical
properties of cellulose hydrogels have been investigated. The object of the work
presented in this paper was to study the kinetics of the process of reswelling of
partially dried gels in liquid water. An attempt is made to analyze sigmoid
sorption curves in terms of a combination of classical diffusion and relaxation
effects. The results are also discussed in relation to the earlier investigations
of the cellulose-water system.

THEORETICAL CONSIDERATIONS

The unsteady, unidimensional diffusion of a diluent, or a solvent, into a
swelling plane sheet of infinite area is here considered. The sheet is assumed
to be exposed to the diluent on both sides. In this analysis, two reference frames®
are used for diffusion fluxes and coefficients, namely the volume-fixed and the
polymer-fixed frames.

The diffusion process in the volume-fixed reference frame is described by a
single diffusion coefficient. This coefficient is unambiguously defined if there
is no overall change of volume on mixing and is then called the mutual diffusion
coefficient, D,,. Normal units of lengths are used in this frame. In the poly-
mer-fixed frame, a reference frame is chosen which moves with the local velocity
of the polymer.”® In this case, each section of unit length includes a constant
amount of dry polymer. The corresponding diffusion coefficient is denoted D4.
By definition, the diffusion coefficient of the polymer, D§, equals zero in this
case. In order to derive a relation between D,, and D, the following consider-
ations were made.

In the polymer-fixed reference frame, the thickness of a swelling sheet is
constant and equal to its dry thickness 2I’. If isotropic swelling is assumed, the
volume element (dx’, dy’, dz’) in this frame then equals v~1 (dx, dy, dz), where
~ is a local expansion factor and unprimed coordinates refer to the volume-fixed
frame.

If the flux of solvent per unit area in the thickness direction (the x axis) is
denoted J in the volume-fixed frame of reference, then the flux in the polymer-
fixed frame will be equal to J’ = y2J. If the concentration of solvent is given
as the number of moles per unit total volume, ¢, then ¢’ = y3¢ and is given as
moles per unit dry volume. For each reference frame, Fick’s first law can be
written

oc
J=-D, — 1
ox (1)
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J’ = —=D% (dc’/ox") (2)

By combining egs. (1) and (2) and by use of the relations between the fluxes and
concentrations in the two frames, it follows that

D,, = $;2° D} (3)

since 2 equals ¢;*?, where ¢ denotes the volume fraction of polymer in the
mixture. Note that eq. (3) refers to an isotropically swelling sheet. Buckley
and Berger® used the relation D,, = ¢72 D§ when studying the swelling kinetics
of a gum butyl vulcanizate in organic solvents. This relation may be derived by
analogous reasoning if the sheet is assumed to swell along the x direction only,
i.e., if the swelling increase is anisotropic.

In the units defined for the polymer-fixed frame, the diffusion equation

oc’ 0 [ _poc
ot dx’ (DA bx’) “)
can be derived.® Standard mathematical techniques can now be employed to
solve this equation, since the coordinates of the boundaries of the sheet do not
move with time in the polymer-fixed reference frame. The D% values obtained
by solving eq. (4) will give a kind of average value over the concentration interval
if D] is a function of the concentration. If the concentration changes from c;
to c., the average D% can be assumed to be an integrated mean value,102i.e.,

Di=—" {7 e 5)

Co —C;

2/3

A solution to eq. (4) can now be given that can describe both classical and
anomalous diffusion. The term “classical diffusion” is taken to mean here that
the boundary conditions are not time dependent and the diffusion coefficient
depends only on concentration and temperature. This type of diffusion is also
often referred to as Fickian or Case I diffusion. It will be assumed here that
anomalous diffusion behavior is due to a change in the boundary conditions with
time at a rate corresponding to a relaxation at the surface. This type of boundary
condition has been used to explain both sigmoid sorption curves and two-stage
behavior810b:11,12 and can be written

t=0 =lU'sx’'<V ¢ =c; (6)
t>0nx' =+l ¢/ =c;+ (c. —c)(1 —eBY) (7)
where 3 is a surface relaxation rate. Equation (4) can be solved for this boundary
condition, which yields8
M, ¢ —c;

— = - =1 — a~ Y2 exp (—ab?) tan (al/2)
Mw Co ™ C;

82 exp{—0.25(2n + 1)2112b%}
112 ;26 (2n + 1)2[1 — (2n + 1)%0.25112a 1))
where M, denotes the total amount of solvent that has diffused into the sheet

at time ¢, ¢’ is averaged over the sheet thickness, and the parameters a and b are
given by

(8)

p()?
DY

a =

9)
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3 DAtz

(l/)21 (10)

Whena — «,i.e.,§/ — = or I’ — =, it follows from eq. (8) that the sorption curves

M,/M . vs. t1/2/l’ will show features characteristic of classical diffusion!!: (i)

the sorption curves reduce to a single curve in experiments where !’ is varied (ii)

the curves are initially linear and later concave with respect to the t1/2/]” axis.

For finite values of the parameter a, the sorption curves have an inflection
point and are thus sigmoid in shape.

In this context it is appropriate to consider the concept of the Deborah dif-
fusion number (DEB)p recently introduced by Vrentas et al.13:14 for diffusion
in amorphous polymers. The Deborah number is defined as the ratio between
amechanical relaxation time and a diffusion time of the system, and can be used
to characterize the diffusion type.

A region can be established for (DEB)p where the diffusion and relaxation
times are comparable in magnitude and which is experimentally demonstrated
as anomalous diffusion behavior. This region of so called viscoelastic diffusion
is located around the glass-transition temperature T, in the polymer-solvent
systeml4,

Well above Ty, where the mechanical relaxation time is much shorter than
the diffusion time [(DEB)p « 1], the diffusion type is classical and referred to
as viscous diffusion. Also well below T, where (DEB)p > 1, the diffusion type
is classical and is referred to as elastic diffusion.

It is interesting to note here the similarity in definition between the Deborah
diffusion number and the parameter e, which is defined as the ratio between a
characteristic diffusion time, (I)2/D%, and a characteristic relaxation time, (3)~1.
Therefore the parameter a is related to [(DEB)p] ™1, although differences in the
definitions of the diffusion and relaxation times prevent a quantitative com-
parison between the two numbers.

EXPERIMENTAL

The gels were prepared by crosslinking sodium cellulose xanthate with dif-
ferent amounts of epichlorohydrin followed by regeneration of the cellulose. The
preparation, crystallinity, and swelling behavior of these gels have been described
in a previous communication.® The same notation for the gels is also used here,
i.e., a figure denoting the amount of epichlorohydrin added (percent w/w on
cellulose) and a letter denoting the preparation batch. The degree of swelling,
determined by weighing the gels before and after oven drying at 105°C, is given
as g water/g dry gel which is abbreviated g/g.

The gels were cut to cylindrical disks and then partially dried to a known degree
of swelling over saturated salt solutions or P3Oj5 in desiccators. The gels were
then polished with a fine abrasive and the edge surface was covered with a vac-
uum grease, Apiezon Grease N (Shell Chemicals).

The diameter of the gels was measured with a sliding caliper and the thickness
of the disk was measured with the linear variable differential transformer
(LVDT) in the viscoelastometer described earlier.5%? The dry thickness, 21/, was
approximately 1 mm unless otherwise stated, and the diameter of completely
dried gels was 4.5 mm.

The gels were mounted between two sintered glass filters as shown in Figure
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A

Fig. 1. Experimental method used to obtain swelling kinetic curves (A: rod (weight 41 g) connected
to the linear variable differential transformer of the viscoelastometer (Ref. 5b); B: sintered glass
filter; C: grease; D: gel disk).

1. Each experiment was started by putting this unit into a large, thermostated
bath containing deionized water. The increase in the gel thickness with time
was measured using the LVDT in the viscoelastometer.

The role of the grease is to make the edges hydrophobic, reducing the diffusion
into the gel phase to the unidimensional case. A number of tests revealed that
the grease possessed the desired properties. Partially dried gels did not increase
their water content on immersion for 24 h in water if they were totally covered
by the grease. In another experiment, the edge of a gel disk was covered and the
gel was allowed to partially reswell after which the faces of the disk were also
covered with grease. No continued reswelling could be detected when the gel
was replaced in water. Thus, under normal experimental conditions the grease
prevents water penetration through the edges even when the disk expands.
Owing to the small dimensions of the gels and the sticky character of the grease,
it was, however, difficult always to guarantee complete coverage of the edge.

In order to ensure that the glass filters contained no entrapped air, they were
boiled in deionized water before use. The surfaces to be in contact with the gel
were dried using an absorbent paper in order to prevent the swelling process from
starting immediately. Glass-filter No. 2 was used with pore diameters of 40-90
um. No significant change in the sorption behavior was found when filter No.
1 with pore diameters 90-150 um was used instead.

The increase in the degree of swelling during the experiments was found to
be isotropic when the final increases in thickness and diameter were compared.
Thus the increase in thickness could be recalculated into a weight gain. The
density of swelling water was set to 1.0 g/cm? at all temperatures. It has earlier
been shown®2 that above 0.13 g/g and at 23°C, the partial specific volume of gel
water is constant and equal to the specific volume of bulk water. The correctness
of the calculated swelling values was checked by a comparison with the weight
gain at equilibrium. Normally the values agreed to within £10%.

RESULTS
The ratio M;/M, in eq. (8) can be written

M, _ Q-4 an
M. Q-—-@;
where @ denotes the degree of swelling in g/g. Since M,/M., is initially linear
versus t1/2/1” if classical diffusion prevails, @; will then also be a linear function
of 12/,
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Fig. 2. Some typical sorption curves recorded at 20°C.

Figure 2 shows some representative integral sorption curves recorded at 20°C.
The curve shape is obviously sigmoid in character and thus the diffusion type
is not classical. The final degrees of swelling for the gels in the sorption curves
are equilibrium swelling values, which are lower the drier the gels are when re-
placed in water. The swelling increment, (Q. — @;), increases with increasing
initial degree of swelling. The equilibrium swelling values are determined by
the irreversible drying effect discussed earlier.’2 From Figure 2 it can also be
concluded that the initial part of the sorption curves gradually becomes more
linear and classical in form the higher the initial degree of swelling.

It also appears from Figure 2 that there is no significant effect of the degree
of chemical crosslinking (2-20% added epichlorohydrin) provided the sorption
curves are compared at the same initial degree of swelling. A closer analysis of
the curve shapes shown in Figure 2 and of other sorption curves not presented
here confirmed this observation.

When the temperature is increased the sorption curves become more classical
in form, as illustrated in Figure 3. At the highest temperature studied, 65°C,

e 15°C

o 65

m')

Fig. 3. M,/M.. as a function of t1/2/l’ for gels 2-A at different temperatures. @ increased from
0.40 to 1.12 g/g during the experiments.
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the deviation from linearity is very small. The increment (§. — Q;) was found
to be independent of the temperature within the experimental resolution.

The influence of the gel thickness was also investigated, and the results are
given in Figure 4. The dry thickness (2!’) was varied from 1.08 to 3.6 mm and
the curves became less sigmoid and more classical in shape as the thickness was
increased.

It can thus be concluded since sigmoid curves are obtained in Figures 2-4 that
the sorption behavior is of the anomalous type. However, as the initial degree
of swelling, the temperature, and/or the sheet thickness is increased, the diffusion
process approaches the classical type.

DISCUSSION

The experimental observations can be discussed in relation to the earlier in-
vestigations of the cellulose-water system. This discussion adopts the diffu-
sion-terminology based on the Deborah diffusion number. In addition, the term
“Case II diffusion” 1% is useful since it denotes the limiting case of anomalous
diffusion below T, that gives linear curves in diagrams showing the sorbed
amount versus time instead of versus the square root of time. The rate of Case
I1 transport is controlled by relaxation processes and this diffusion type can be
found if the concentration changes are large.!® A characteristic feature of case
II transport is that a sharp boundary is observed that separates an inner glassy
core from a swollen rubbery shell.

At very low water contents in cellulose, either case II diffusion? or elastic dif-
fusion? is observed, probably depending on the magnitude of the concentration
change. At water contents exceeding approximately 6%,23 the diffusion type
approaches the viscoelastic region. The diffusion type is viscoelastic at least
up to a water content of 22% at 15°C.3 Stamm* noted that glycerine added to
cellulose as plasticizer can further change the diffusion behavior into the viscous
type.

It was found for the sorption curves reported in this paper that in general they
are not initially linear if plotted versus time. Since, in addition, the sorption
curves are not linear versus t1/2, it can be concluded that the curves are of the
viscoelastic type. Thus the characteristic relaxation and diffusion times are of
about the same order of magnitude. Newns? also interpreted sigmoid sorption
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Fig. 4. Thickness dependence of the sorption curves obtained. Gels 2-B at 20°C; half the dry
thickness is given in the figure; swelling interval from 0.36 to 1.15 g/g. The calculated points are
based on the values given in Table I and the theory outlined in the section Theoretical Consider-
ations.
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curves as being related to mechanical creep or relaxation. The experimental
data in Figure 2 and 3 on the effects of the initial degree of swelling and tem-
perature on the shape of the sorption curves may thus be interpreted in terms
of a gradual transition from viscoelastic to viscous diffusion in regenerated cel-
lulose.

It can be noted here that in the case of semicrystalline polymers, anomalous
diffusion behavior is often observed even well above T,.1917.18 This is pre-
sumably due to the presence of ordered regions in the polymer, which restrict
the segmental mobility near the interfaces of the crystallites. Fujita et al.1® have
discussed this effect and concluded that for semicrystalline polymers, e.g., for
cellulose, it is difficult to obtain purely viscous diffusion.

In order to analyze the sigmoid curves quantitatively, the approach with a
time-dependent surface concentration was adopted. Long and Richman?2® have
experimentally shown that for the sorption of methyl iodide vapor into poly-
vinylacetate and cellulose acetate the surface concentration actually slowly varies
with time. They interpreted the surface relaxation rate to be a qualitative
measure of the rate of stress relaxation.

It must be emphasized that 3’ is probably not characteristic of a well-defined
physical stress relaxation process. If relaxation processes in the bulk of the gels
also influence the swelling kinetics, 3’ can not be interpreted as purely a measure
of surface relaxation rate. However, this approach represents a fairly
straightforward way of including relaxation effects into the solution to the dif-
fusion equation as was shown in the theoretical section.

As ' is determined in the polymer-fixed reference frame, the same type of
relation for the surface concentration as that in eq. (7) does not strictly hold in
the volume-fixed reference frame. The interpretation of 5’ as a surface relax-
ation rate is, however, not dependent on the frame of reference.

D%, 3, and D,, were thus determined from the sorption curves in the following
way. Firstly, the experimental M;/M.. values were plotted against log [¢/({")2]V/2.
The curve form obtained was then compared with theoretical curves [eq. (8)]
showing M,/M, vs.log b with a as parameter. D was obtained from the hori-
zontal shift between curves agreeing in shape and 3’ was calculated from the
parameter a, which characterizes the curve shape, and the known dry sheet
thickness 2/,

From the assumption of a time-dependent surface concentration it follows
that the curves are expected to become less sigmoid and more classical in form
with increasing thickness of the gels since the characteristic diffusion time will
then increase while the characteristic surface relaxation time is constant. This
corresponds to an increase in the parameter a in eq. (9) and when the thickness
of the gel is large, classical diffusion characterized solely by D& prevails.

In Figure 4, the sorption curves obtained when I’ was varied are compared with
the theoretical curves calculated for the D and 38’ values given in Table 1. Ac-
cording to the theory used, D& and 8 are expected to be independent of I”. 3’
was also found to be independent of I’ within the limits of experimental accuracy,
whereas D% increased by a factor of 2 within the studied length interval. It can
be concluded that the theory at least approximately can describe the change in
sorption curves caused by the variation in gel thickness. However, successful
curve fitting cannot alone be considered as a proof of the correctness of the as-
sumption of a nonconstant surface concentration.
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TABLE 1
Values Used for the Calculated Points in Figure 4
Dry —

Thickness D% x 1010 B x 103
(mm) (m?%/s) (s7Y)
1.08 0.69 1.2
1.91 0.59 1.0
2.76 1.11 1.2
3.60 1.31 14

When the theoretically predicted and the experimentally determined curve
shapes were compared, a systematic difference was found near equilibrium where
M;/M’, increased more slowly with time in the experimental curves than in the
theoretical curves. This may be due to the elastic restraints from crosslinks,
which probably become appreciable near swelling equilibrium. A two-stage
behavior was also indicated, since M;/M ", generally increased more rapidly than
predicted by theory at shorter times. Due to the large concentration changes,
it was difficult to make a clear distinction between the two stages, as was also
noted by Newns3 for interval sorption. The difference in the curve shape be-
tween the experimental and theoretical curves led to an error in 3’ estimated to
be at least £35%. However, the curve fitting was in general better than that
depicted in Figure 4.

The sorption curves yield a D value, which is an average value over the in-
terval (. — @;) studied. Flgure 5 shows that D% varies in a linear fashion with
the average @ = (Q; + Q.)/2. Itis then reasonable to assume that D% depends
on @ in a linear manner which by use of eq. (5) yields

= D(@) (12)

The ¢ value corresponding to @ was obtained by assuming volume additivity,
which yields

b2 = (papy 1@ + 1)1 (13)

where pg denotes the density of dry gels,>2 which is approximately equal to 1.52
g/cm?, and p,, is the density of water.
The mutual diffusion coefficient D,, could then be calculated from D and
the corresponding ¢s value by use of eq. (3) since the expansion due to swelling
was found to be isotropic.
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Fig. 5. D as a function of § = (@; + @«)/2. Gels 2-A and 2-B at 20°C.
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In Figure 6, the D,, and 3’ values determined from the sorption curves in
Figure 3 are shown in an Arrhenius-type diagram. The apparent activation
energy was found to be 22 kJ/mol for D,, and 58 kJ/mol for 8. As is also ex-
pected from the shape of the curves in Figure 3 and the definition of the pa-
rameter a, the relaxation process is thus associated with a higher apparent ac-
tivation energy than the diffusion process.

In Figures 7 and 8, D,, and {3’ values determined from sorption curves recorded
for gels 2-A and 2-B are shown as a function of ¢o. There is some scatter in the
data, but it appears as though the dependence of both D,, and 8’ on ¢ is of the
exponential type. [’ is more concentration dependent than D,,.

At 20°C and a mean degree of swelling of 1 g/g, 8’ equals 0.0065 s~! and D,,
equals 1.15 X 10719 m2/s. The 5’ value corresponds to a relaxation time of about
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Fig. 6. D, and 3’ values determined from the sorption curves in Figure 3 versus the reciprocal
of the absolute temperature.
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Fig. 7. Concentration dependence and temperature dependence of D,, determined for gels 2-A
and 2-B.
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Fig. 8. Concentration dependence and temperature dependence of 3’ values obtained for gels
2-A and 2-B. The arrow indicates that 8 was found to be infinite. Symbols are the same as in Figure
7.

150s. As can be expected, this relaxation time is shorter the higher the degree
of swelling.

D, is also considerably concentration dependent, although the dependence
is less marked at higher temperatures. Furthermore, it is clear from Figure 7
that the apparent activation energy for D,, decreases as the degree of swelling
increases.

The point where the activation energy of the diffusion process corresponds
to the activation energy of 771, where 7 is the viscosity of the penetrant, has been
suggested by McGregor® to mark the transfer from “small-pore” to “large-pore”
transport. Pores are considered to be “large” if they are very much larger than
the average jump distance for diffusion.

From viscosity data for water,2! an activation energy of 16 kJ/mol is obtained
for n~! as an average value in the temperature interval 15-65°C. From the data
in Figure 7, the activation energy of D,, can be estimated to be 16 kJ/mol at a
degree of swelling of 1 g/g.

In principle, the data in Figure 7 may be analysed in terms of the free-volume
theory of diffusion.11:1422 However, besides the basic problem of converting
mutual diffusion coefficients to self diffusion coefficients®22 (it is only in the limit
¢2 — 1 that these coefficients have identical values?2), there are other factors
that complicate such an analysis. The gels are semicrystalline and the volume
fraction of nonpermeable crystallites in the gels depends on the degree of swelling.
Furthermore, the gels contain both chemical crosslinks and, probably more
important, crosslinks due to secondary bonds which increase in number as the
degree of swelling is decreased.®®

The authors are indebted to Dr. Bo Nystrém and Dr. Jaan Roots, University of Uppsala, Sweden,
for valuable discussions of this paper and to Petter Kolseth at this laboratory for valuable comments
on the manuscript.
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