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Capillary penetration in fibrous matrices studied by dynamic spiral magnetic resonance imaging
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The dynamic spiral nuclear magnetic resonance~NMR! imaging technique was used to investigate the water
imbibition into cellulose fiber matrices. The advancing water boundary, water concentration distribution, and
swelling degree within the fiber matrix samples were monitored as a function of time over the entire absorption
process. A combined image that shows the time evolution of the absorbed water concentration distribution
within the fiber matrix was synthesized from the dynamically acquired NMR image data set. The NMR
imaging data clearly demonstrated that water imbibition into a fiber matrix consists of two different processes:
water penetration into capillaries between fibers and water diffusion into the cellulose fibers. The advancing
liquid front is primarily determined by the water capillary flow and can be quantitatively described by Wash-
burn equation. The slower water diffusion process in fibers is mainly responsible for the fiber swelling. The
time evolution of the absorbed water concentration distribution can be qualitatively interpreted in terms of
steady capillary flow and concentration-gradient-driven diffusion into fibers with a constant permeability. The
effects of pore morphology, tortuosity, and surface heterogeneity to the water absorption process are also
discussed.@S1063-651X~97!15708-7#

PACS number~s!: 47.55.Mh, 47.90.1a, 76.60.Pc
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INTRODUCTION

Solvent diffusion into polymeric materials in gener
@1–3# and water penetration into fibrous matrices in partic
lar @4–6# have been extensively investigated. The molecu
dynamics and thermodynamic properties of the mobile m
ecules are known to be modified when they are confi
between macromolecules@2#. Porous polymer materials ar
often found in applications where the transportation throu
spatial restrictions is important. Understanding these p
cesses is therefore fundamentally important to the new
velopments in such diverse fields as biomedicine, chem
engineering, textile, and the petroleum industry. For
ample, water penetration in fibrous matrices is an import
aspect for printing processes, surface sizing, and the co
of paper coating. The quality of many fiber products, such
diapers, sanitary pads, and incontinence systems, is als
sentially influenced by water absorption capacity and
spreading speed of the water phase into the fiber matrix.
successful control of water penetration in industrial fib
products requires the knowledge of the absorption determ
ing factors of the fiber matrix.

Various methods to measure water absorption in fiber
trix have been proposed in the literature@7–15#. With these
methods, the liquid transport into a fiber matrix is monitor
by the physical changes, such as weight, fluorescence, re
tance, transmittance, electrical conductivity, etc. For
ample, the Bristow method@15#, which measures the trans
ferred liquid volumes as a function of the contact time,
widely used to determine the absorption coefficient and
wetting delay during short time intervals. Different tec
niques such as microscopy and Wihelmy dynamic con
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angle measurement@16# have been applied to characteriz
the local structure and surface changes of individual fib
caused by liquid wetting. However, none of these meth
can simultaneously provide information both on the abso
tion kinetics and the microstructure changes within a fib
matrix. Two types of experiments@17–22# have been used to
study the kinetics of the water absorption process: unidir
tional penetration from a large liquid reservoir into a fib
matrix and penetration of a finite liquid drop deposited
the fibrous assembly. The results obtained from these
types of systems cannot be directly compared and have g
rise to some confusions about the fundamental understan
of water absorption in a fiber matrix. Unidirectional penetr
tion of water into a fiber matrix clearly demonstrates that
kinetics of the process follows Washburn equation@23,24#,
whereas the kinetics of radial penetration of a finite liqu
drop into a fabric does not follow any hitherto known the
retical predication. In a porous medium such as a fiber ma
with a nonuniform pore size distribution and a wide varie
of pore microgeometry, the local capillary driving force
likely to be highly heterogeneous. When the amount of l
uid is limited as in a finite drop penetration experiment, b
sides the initial imbibition there might be liquid redistribu
tion processes involved between the pores of different s
and microgeometry.

Although the advancement of a liquid boundary in an u
directional penetration experiment with unlimited water re
ervoir can be well described by Washburn equation, sev
simplifications are made. For example, the interfacial con
angle is assumed to be constant and the pore morpholog
simplified to an equivalent cylindrical pore radius. In realit
the microscopic variations in chemical composition, disco
tinuity, and roughness of the fiber surfaces are likely to
responsible for dynamic contact angle hysteresis. The p
morphology in a fiber matrix is even more complex. Por
2035 © 1997 The American Physical Society
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have a wide variety of shape, size, connectivity, and w
continuity. In a saturated fiber matrix, there are void spa
occupied by water that might not participate in active flo
transportation due to mechanical obstructions such as
lated or dead-end pores. In addition to water trapped in
lamella slits within the cell wall, in the lumen, and the pit
the arrangement of fibers in a fiber assembly can also cr
a large amount of dead-end pores or stagnant regions w
are less likely to participate in the liquid flow. This is pro
ably one of the main reasons why the pressure drop for fl
in fibrous structures is very high while the porosity of t
fiber webs is typically not low. It remains to clarify whethe
it is adequate to approximate such a complex pore morp
ogy as in a fiber matrix by an effective cylindrical pore r
dius.

There might be many driving potentials involved in liqu
transport in porous materials, such as capillary pressure
ternal pressure, vapor pressure, concentration gradient,
temperature gradient. Besides capillary flow in the pores
described by the Washburn equation, diffusion transp
within the fibers might also be a very important mechanis
For example, it has been reported that in sized paper sh
the liquid front advances in proportion to the contact tim
and it had been postulated that diffusion within the fibers
the primary transport mechanism@9#. There are even hypoth
eses@12,13# that the surface adsorption of the vapor pha
onto fiber surface taking place ahead of the advancing liq
boundary might also be an important mechanism for wa
transport in fiber matrices. However, the complexity of t
system and the lack of experimental techniques to prov
both kinetic and structural information within the fiber m
trix have hampered attempts to clarify the role of diffusi
and surface adsorption in water imbibition into a fiber m
trix. The primary objective of this investigation is to try t
clarify some of these fundamental aspects of water trans
mechanisms in fiber matrices. For this purpose we have u
the dynamic spiral NMR imaging technique which can ra
idly monitor both concentration and structural chang
within a fiber matrix as a function of time.

In the last few years, NMR imaging has been recogniz
as a powerful tool for studying diffusion of solvents in
polymeric materials@25–31#. NMR images can provide both
qualitative and quantitative information to reveal the fund
mental aspects of the transport mechanism within the m
rials. The pixel intensity of a NMR image is not only depe
dent on the local concentration of the nuclear spins, but a
their T1 and T2 NMR relaxation times and self-diffusion
coefficient. It is possible to enhance the NMR relaxation
diffusion contrasts by appropriately adjusting the time p
rameters in the imaging pulse sequence. The rich informa
content of NMR spectroscopy combined with spatial reso
tion should make it possible to study different properties
the polymer matrix, such as polarity, degree of cross-linki
and porosity, which greatly influence solvent penetration.
to now the NMR imaging method has been used as a no
vasive tool to monitor the diffusion boundary of the mob
components within a polymeric material. By means of t
technique, different types of diffusion processes such as
case II and the Fickian diffusion processes can be routin
identified @32,33#. Furthermore, the correlation between t
diffusion behavior and structure characteristics such as
ll
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degree of cross-linking can also be studied@34#. Recently,
NMR imaging based on radio frequency field gradients@35#
has been used for studying solvent penetration in polymer
overcome the magnetic susceptibility artifacts and the lim
tation of the short NMR transverse relaxation time,T2 .

In order to provide accurate dynamic image data with
flow distortions, it is critical that the total experiment time
produce an image in relation to the diffusion process its
has to be short. In this study the rapid spiral NMR imagi
technique is used to measure the spatial distribution of
water proton concentration within the fiber matrix and
monitor the structural changes within the fiber matrix duri
the water imbibition. Spiral imaging is one of the most rap
NMR imaging techniques in the category of the gradie
recalled echo method. The advantages of the spiral imag
technique rest with the fact that without stringent requi
ments for the amplitude and slew rate of the gradient syst
during a few free-induction decays, a set ofk space data can
be collected sufficiently dense and extensive for reconstr
ing an image@36–38#. Furthermore, it has been demo
strated that spiral imaging is less sensitive to distortion a
ghosting artifacts from flowing material@38#, since the first-
and higher-order moments of the spiral readout gradients
zero at the origin ofk-space and increase only slowly an
smoothly with k-space position. In the present study, w
used a pulse sequence based on the combination of a
refocused rf pulse@39–41# with spiral readout gradients
This shortens both the spin-echo time and pulse seque
repetition time, since the self-refocused rf pulse dephases
existing transverse magnetization while it excites the lon
tudinal component.

EXPERIMENT

A never dried and fully bleached softwood sulfate wo
pulp ~Imperial Anchor, Iggesund AB, Sweden! was used for
the study. A dilute pulp suspension~about 0.5 wt %! was
prepared using the pulp and de-ionized water. Four cellul
fiber cylinders were prepared from this pulp suspension
using a Plexiglas jar (953150 mm2) with a filter at the bot-
tom. The wet fiber plugs were dried at 105 °C for 24 h. The
was no significant distortion in the cylindrical shape of t
fiber plug after drying. The densities for the dried fiber plu
were determined from the measured volume and weight.
porosity was evaluated by assuming that the density of
cellulose fiber was 1.55 g/cm3. The size, weight, density, an
porosity for these fiber plugs are listed in Table I.

All the NMR imaging experiments were performed b
using a 1.5-T whole body medical scanner~GE Signa!. The
NMR imaging raw data were collected by using a dynam
spiral pulse sequence, which is schematically presente
Fig. 1. As shown, the slice selection was achieved by
amplitude modulated band selective 90° rf pulse with u
form response and pure phase. The selected slice thick
was 5 mm, and the corresponding rf pulse duration is 3.2
with a selective bandwidth of 1.25 kHz. The selective
pulse was designed to focus the transverse magnetiza
along the real axis in the rotating reference frame. The s
tem hardware had a gradient slew rate and gradient am
tude limits of 17 mT/m ms and 10 mT/m, respectively. T
design of the interleaved spiral readout gradients was ba
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TABLE I. Cellulose fiber plugs used for NMR imaging experiments.

Sample
Height
~mm!

Diameter
~mm!

Dry weight
~g!

Wet weight
~g!

Density
(g/cm3)

Porosity
~%!

1 104.7 93.5 172 990 0.178 88.5
2 104.5 93.8 176 1012 0.181 88.3
3 139.0 94.1 172 998 0.176 88.6
4 137.8 92.2 166 955 0.180 88.4
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on the variable rate method proposed by Hardy and C
@42#. The desired in-plane spatial resolution is 0.84 m
pixel. Five turns of the spiral trajectory could be achiev
with a readout window of 19.2 ms, yielding a field of view
215 mm in 20 interleaves. The first 7.3 ms of the wave for
were limited by the maximum slew-rate constraint, where
the remainder were limited by the gradient amplitude c
straint. The constant gradient amplitude portion of the sp
wave forms produces a relatively uniform sampling dens
function and, therefore, some correction was required
only the slew-rate limited portion. At the end of the spir
readout gradient, trapezoidal spoiler gradients of cons
amplitude were applied. Each interleave was realized by
tating the basic wave forms of the readout gradients aro
the slice selection axis using the scanner’s wave form r
tion hardware. The actualk-space trajectory was measure
using a self-encoding technique@43#. With a sequence rep
etition time of 50 ms, a temporal resolution of one image
second was achieved. The pulse sequence essentially ta
snapshot of the instantaneous water distribution and red
the sensitivity of the image intensity to artifacts arising fro
water diffusion. In a rapid spiral imaging experiment, t
time to acquire an image data set is short compared to
water absorption process and the influence of the advan
water boundary on the NMR signal is negligible during
spiral image data sampling.

After the bottom of a fiber plug was set in contact with t

FIG. 1. Spiral phase contrast pulse sequence. The slice sele
is achieved using a delayed self-refocus pulse and is immedia
followed by a bipolar flow encoding gradient pulse. The flow e
coding can be switched on and off or inverted between meas
ments and can be applied along any direction of interest. The r
out gradient wave form produces a spiral trajectory ink space.
e
/

s
s
-
l

y
r

l
nt
o-
d

a-

r
s a
es

he
ng

water reservoir, 128 axial images were collected successi
for each sample to monitor the water imbibition in the ve
tical direction. In order to approach a steady-state transv
magnetization, five dummy scans were performed ahea
each image data sampling. The water used for the absorp
experiment was doped with MnCl2 to reduce the NMRT1
relaxation time of the water protons and allow speedy d
sampling. The effectiveT2 andT1 are approximately 90 and
200 ms, respectively. There is a 3 swaiting time after each
image data sampling, and so the total NMR experimen
time for each sample is 544 s. The image plane was sele
to pass through the central axis of the fiber plug. The volu
of the water resource was sufficiently large so that
change of water level during NMR imaging experiment w
negligible. The image reconstruction was performed off li
using a Sparc-5 Sun workstation using the method outli
by Meyer et al. @44#. To compensate for the nonuniform
k-space sampling density a nonlinear weighting was app
to the raw data and a gridding procedure was then use
convolve the data sampled in spiral trajectories onto a tw
dimensional~2D! square matrix. Finally, a 2D fast Fourie
transformation~FFT! was performed to produce a 2563256
image. The complex image was divided by the Fourier tra
formation of the gridding kernel to correct the image inte
sity modulation caused by the convolution. The reco
structed images were analyzed by usingMATLAB ~The Math
Work Inc.! software. The advancing water boundary was d
termined by using a maximum gradient edge detect
method.

RESULTS AND DISCUSSION

Figure 2 shows a set of amplitude NMR images of a fib
matrix in the transverse plane. These images were acqu
as a function of time by using the dynamic spiral pulse
quence after the fiber matrix was brought into contact w
the water reservoir. Since the NMR imaging experiment w
performed under steady-state conditions, the contribu
from NMR relaxation time and molecular self-diffusion ca
be approximately regarded as constant@45#. The pixel inten-
sities in these images are, therefore, approximately pro
tional to the water proton density. As shown in Fig. 2, t
advancing water front reflects approximately the outline
the selected slice. This indicates that the cellulose fiber
work is at large macroscopically homogeneous and the w
penetration in the fiber matrix appears to occur in a qua
steady manner with a reasonably sharp advancing liq
front despite the complicated microscopic pore structure.

The time-domain NMR signal observed in an interleav
spiral experimental is essentially a free induction decay,
blurring artifacts arising from magnetic susceptibility vari
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FIG. 2. Spin density distribution images at different contact times recorded by using the dynamic spiral NMR imaging techniq
images are inverted and the water front advances downwards from the top.
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tions could be problematic. Particularly, the intensity a
facts might be significant at the leading edge of the adva
ing liquid front where four phases~air, water, dry, and wet
fibers! meet. In order to reduce the effects of the suscepti
ity artifacts, spatial averaging was performed in the qua
tative analysis of the water concentration profile. The av
age water concentration profile in a fiber matrix along
direction transverse to the water diffusion direction at a c
tain experimental time was obtained by summing up
rows of the corresponding NMR image. By sequentia
combining all the 128 concentration profiles into a sing
-
c-

l-
i-
r-
e
r-
e

matrix, a synthesized image exhibiting the time evolution
the water concentration distribution in a fiber matrix w
obtained. Figure 3 demonstrates such an example. Appl
the Sobel gradient edge detection algorithm to the syn
sized image, the time evolution curves for the water conc
tration gradients were obtained~Fig. 4!.

As clearly shown in Fig. 4, the development of the wa
concentration gradient follows two different time course
indicating two different water penetration processes. This
in accordance with the direct visual observations of the in
vidual NMR spin density images shown in Fig. 2. As th
n
ng
FIG. 3. Liquid saturation profile as a functio
of contact time and distance from the contacti
liquid surfaces.
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56 2039CAPILLARY PENETRATION IN FIBROUS MATRICES . . .
water front progresses with time, the NMR image data in
cate that the water imbibition was separated into two regio
a front region with straight vertical outer boundaries as
dry fiber matrix and a region with distorted vertical boun
aries. The original dry fiber plug is a nearly perfect cylind
This implies that the region with distorted vertical boun
aries is apparently related to different degrees of fiber sw
ing. Although NMR imaging cannot resolve individual fi
bers, fiber matrix expansion gives direct evidence of fi
swelling due to intrafiber water diffusion. The front regio
with unchanged vertical boundaries exhibited a lower a
imhomogeneous water concentration distribution. This
most attributable to water penetration in the interfiber ca
lary pores, which resulted in insignificant fiber swelling. T
distance between these two regions increases with time
dicating that the capillary penetration and intrafiber diffusi
follow different time courses. The intrafiber water diffusio
is apparently a slower process, since there must exist w
surrounding the fibers due to capillary flow before t
concentration-gradient-controlled diffusion process co
start. Furthermore, the intrafiber water diffusion is grea
influenced by the permeability and crystallinity of the fib
cell wall.

When the pressure drop due to air transport and ine
effects are negligible, the liquid penetration into an op
pore of constant pore radiusr is determined by the balanc
between the capillary pressure and the pressure drop du
liquid flow @23,24#,

dh/dt5R2/8hh~2gLV cosu/R2rgh!, ~1!

wheredh/dt is the rate of fluid rising in a open capillary an
g is the gravity constant. The liquid viscosity, surface te
sion, density, and contact angle are represented byh, gLV , r,
andu, respectively. Equation~1! is known as the Washbur
equation, which describes the rate of fluid rise in a verti
capillary. If the contact angle is assumed to be constant,
~1! can be readily solved,

FIG. 4. Advancing liquid front as a function of time as eval
ated from the gradient of the concentration distribution. The cu
represents the best nonlinear curve fitting of Eq.~2! to the data.
i-
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ln@h` /~h`2h!#h5R2rgt/8h, ~2!

whereh`52gLV cosue/Rrg is the equilibrium liquid height
that can be achieved in a vertical capillary by lettingdh/dt
50 andu5ue at t5`. The curve shown in Fig. 4 represen
the best nonlinear curve fitting of Eq.~2! to the time course
of the advancing water front as measured by NMR imagi
The fitting is quite good, and this gives further support th
the advancing water front resulting in insignificant fiber m
trix swelling is most likely due to water flow into capillar
pores between the cellulose fibers. From the curve fitt
results, the capillary radius R was estimated to be 4.360.5
mm. The complex pore structure in a fiber matrix is certain
not a circular cylinder of constant cross section as it is
sumed in the Washburn equation. The pore radius estim
from the water absorption experiments can only be regar
as the effective pore radius. The mean pore radius for ce
lose fiber materials without fillers is typically a fewmm ir-
respective of the experimental techniques used to measu
Wood pulp cellulose fibers are partly flat natural fibers w
large variations in the dimensions. This is also one of
reasons why the pores in a cellulose fiber matrix have a w
variety of shape, size, and connectivity. There are differ
definitions for the mean pore radius of a fiber assembly
pending on the experimental methods used to characteri
@6,17–22#. The effective pore radius obtained from liqu
penetration experiments serves as a simple means to ch
terize this aspect of porous fiber matrices.

Another parameter obtainable from the curve fitting p
cedure ish` , which is estimated to be 22564 mm. If gLV is
assumed to be 0.072 N/m, which is the surface tension
water @46#, the effective contact angleu between water and
the capillary wall can be calculated to be 86°. This is de
nitely too high; the advancing contact angle between wa
and individual cellulose fibers reported in the literature
typically between 0 and 60° and the receding contact ang
0 @6,16#. The static contact angles are determined by
equilibrium of interfacial energies whereas the dynamic c
tact angles depend on the unbalance of the local interfa
driving force and the viscous retarding force. This is anot
pitfall in applying the Washburn equation to a network
cellulose fibers. The microscopic variations in chemic
composition, discontinuity, and roughness of the fiber s
faces are responsible for the local dynamic contact angle
give rise to diversity in spreading kinetics@3,47#. Further-
more, the tortuous pores in a fiber matrix are far fro
straight open capillaries. A more realistic model for wa
penetration into a fiber network can be constructed by in
ducing a tortuosity factorj, which is defined as the ratio
between the actual distance which the meniscus travels
given pore and the vertical distance measured as a stra
line normal to the overall advancing front. If the equilibriu
contact angleue is assumed to be 0, from the curve fittin
result h` , the tortuosity factor for the fiber matrix sample
used in this investigation was roughly estimated to be ab
14, which is a reasonable value for cellulose fiber matric
The values of factorj for cellulose fiber samples reported
the literature@11,15# are between 12 and 23, which are d
termined from the ratios of the theoretical absorption coe
cient of the cylindrical model to the observed absorpti
coefficient by Bristow method@15#. Equation~2! discussed

e
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above is only an asymptotic solution for the capillary pe
etration problem based on a quasi-steady-state approx
tion. At short times, a more complete formulation of th
problem is needed to take the kinetic energy and frictio
work within the fluid into consideration. The more gene
and rigorous equation contains additional terms and has b
discussed in the literature@3,48#. It has been reported that th
inertial effects could affect the initial rate of the liquid imb
bition into a porous medium. However, for long-time abso
tion experiments as in the present investigation, the de
tions in the initial time period of the order of 1–100 ms a
negligible.

The Washburn equation can quantitatively describe
time evolution of the advancing liquid front in a cellulos
fiber matrix after introducing the tortuosity and effectiv
pore radius concept. However, the Washburn equation
dicts neither the uneven concentration distribution dem
strated in Fig. 3, nor the second concentration grad
boundary behind the leading liquid front shown in Fig.
The penetrating liquid in a porous fiber network follows t
tortuous paths of different sizes. Besides the individual fib
liquid interaction, the porous network structure of the a
sorbing medium also has a significant influence on the b
absorbency performance of a fiber matrix. The kinetics
fluid flow in various porous systems is usually interpreted
using the empirical Darcy’s law@49#, which characterizes the
flow in a porous medium in terms of the driving pressu
head and the permeability of the medium. In the literat
there are a number of models and empirical formulas av
able to correlate the structural and geometrical paramete
the porous medium~such as porosity, tortuosity, and speci
surface area! with the permeability factor@1#. Darcy’s law is
usually considered applicable for a linear and steady lam
flow through a porous media. In practice, however, ma
absorbency processes occur in unsteady conditions wher
distribution of the liquid saturation degree changes with ti
as clearly demonstrated in Figs. 3 and 4. The unsteady
phenomenon in a porous medium is very similar to the c
centration driving diffusion problem and can be adequat
described by Darcy’s equation in the differential form@1,49#

]s

]t
5

]

]h FF~s!
]s

]hG , ~3!

which relates the time variation of the saturation degrees to
the distribution of the concentration gradient by the diffus
ity factor, F(s). Assuming a constantF(s), Eq. ~6! can be
solved analytically,

s512erfS h

2AFt
D , ~4!

where erf(x) is the error function. Figure 5~a! shows the cal-
culated concentration distribution as a function of time a
liquid diffusion distance assuming a diffusivity valueF
55 mm2/s, which is in the range of values of cellulose fib
materials@1#. However, the NMR imaging data shown
Figs. 3 and 4 apparently do not validate such a simplificat
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as diffusion with constant diffusivity. This is expected sin
the advancing liquid front is not controlled by the water co
centration gradient, but rather the capillary penetration p
cess. Furthermore, diffusivity characterizing the diffusi
process might be dependent on the distribution of the s
ration degrees.

As indicated in the NMR imaging data~Figs. 3 and 4!, the
water imbibition into a fiber matrix consists of two differen
processes: capillary water flow between fibers and water
fusion into cellulose fibers. Both capillary flow and diffusio
have to be taken into account in order to understand
change of water concentration distribution. Since the adva
ing liquid front in the fiber matrix samples follows the Was
burn equation, the size of a filled capillary at a certain pe
etration height and time can be derived from Eq.~2!. As
indicated in Eq.~1!, at fixed height, the larger pores fill firs
The saturation degreesp resulting from capillary penetration
at a certain time and height should be equal to the volu
fraction of filled pores relative to the total capillary po
volume, that is,

sp~R!5
*R

`P~R!R2dR

*0
`P~R!R2dR

, ~5!

whereP(R) is the probability density distribution of the in
terfiber capillary pores of a fiber matrix sample. If the po
size distribution is assumed to be a Gaussian function wi
mean pore sizeb and standard deviationa, it can be shown
that

sp~R!5
a~R1b!

~a21b2!A2p
expF2S R2b2

2a2 D G

FIG. 5. Calculated saturation profiles based on Eqs.~4! and~6!:
~a! saturation profile due to concentration gradient driving diffusi
process@Eq. ~4!# and ~b! a population-weighted sum of capillar
penetration into pores between fibers and diffusion process
fibers.
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1
1

2 F12erfS R2b

A2a
D G . ~6!

Since the interfiber capillary flow and the intrafiber wa
diffusion follow different time courses, the experimenta
observed time evolution of the concentration profiles sho
be a population-weighted sum of both capillary penetrat
and intrafiber diffusion. Figure 5~b! shows results calculate
from Eqs. ~4! and ~6! using a population ratio of 1:1. Th
contribution from the capillary flow was evaluated by assu
ing a Gaussian pore size distribution with a mean pore
b54.3 mm and a standard deviationa53 mm. The mean
pore size used in the calculation is equal to the effec
capillary radius estimated from the curve fitting of the Was
burn equation and the value of standard deviation is a
quite reasonable for cellulose fiber samples@11#. As shown
in Fig. 2~b!, the calculated results are qualitatively in acco
dance with the experimental data~Fig. 3!. It appears that
both interfiber capillary penetration and the intrafiber diff
sion have to be taken into account in order to understand
time evolution of the water concentration distribution in
cellulose fiber matrix.

It is a well-documented phenomenon that water diffus
into cellulose fibers gives rise to cell wall swelling. This
also further evidenced by the NMR imaging data. Althou
NMR imaging cannot resolve individual fibers, the dime
sional changes of fiber matrices accompanying the water
bibition are directly recorded by the dynamic water prot
density images. The fiber swelling in a certain direction c
therefore, be calculated from the relative size increase of
wet fiber matrix relative the original dry sample. As show
in Fig. 6, the fiber swelling in the direction transverse to t
capillary rise is significant during the long-time absorpti
experiment. Near the contacting liquid interface where
contacting time is longest, the fiber matrix swells up to 14
The kinetics of swelling is controlled by the intrafiber diffu

FIG. 6. Swelling degrees as a function of contact time and
sitions as measured from the dimensional changes of the wet
matrix relative to the original dry fiber plug.
r

d
n

-
e

e
-
o

-

he

n

-
-

,
e

e
.

sion mechanism. Cellulose fibers are mainly composed
cellulose macromolecules in ordered crystalline and dis
dered amorphous regions. When water penetrates into
amorphous regions, limited swelling of the cellulose fibe
will occur. The swelling process stems from water diffusi
into the space between cellulose macromolecules and
therefore be characterized by a diffusion coefficient@50,51#.
Since the cellulose fiber wall structure can be regarded
concentric laminar capillaries, the specific surface area
mains essentially constant, even when volumetric swell
occurs with increasing contact time. In the early days@7–13#
capillary flow was considered to be the main mechanism
water to penetrate into fiber matrix. Wilson@7# proposed that
diffusion processes might play an important part. Priseet al.
@9# suggested that penetration could be divided into t
stages: fast initial capillary flow and slower secondary p
etration into fibers. This appears to agree with what w
observed in the present study. Depending on the structur
the fiber matrix, the capillary penetration through the int
fiber pores might be accompanied by a simultaneous di
sion process into the fiber.

SUMMARY AND CONCLUSIONS

The main advantages of dynamic spiral NMR imagi
with self-refocusing rf pulse are the short slice selection
ration and short overall data acquisition time. With the rap
dynamic spiral NMR imaging technique, it is possible
provide accurate measurements on the advancing w
boundary, water concentration distribution, and swelling
gree within the fiber matrix samples. The entire absorpt
process was continuously monitored as a function of tim
and a synthesized image that shows the time evolution of
absorbed water concentration distribution within the fib
matrix was obtained from the entire NMR image data s
The NMR imaging data indicated that water imbibition in
the fiber matrix consists of two different processes: wa
penetration into capillaries and water diffusion into cellulo
fibers. The advancing liquid front is primarily determined b
the water capillary flow and can be quantitatively describ
by the Washburn equation. The slower water diffusion p
cess into fibers is mainly responsible for the fiber swellin
The time evolution of the absorbed water concentration d
tribution can be qualitatively interpreted in terms of
population-weighted sum of the capillary flow and th
concentration-gradient-driven diffusion into fibers with
constant diffusivity. It is clear that the bulk absorbency p
formance of a fiber matrix are controlled by two factors: t
individual fiber-liquid interaction and the porous netwo
structure of the fiber matrix.
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