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Abstract A new, robust method for measuring the
average pore size of water-swollen, cellulose I rich
fibres is presented. This method is based on the results
of solid-state NMR, which measures the specific
surface area (area/solids mass) of water-swollen
samples, and of the fibre saturation point (FSP)
method, which measures the pore volume (water
mass/solids mass) of water-swollen samples. These
results are suitable to combine since they are both
recorded on water-swollen fibres in excess water, and
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neither requires the assumption of any particular pore
geometry. The new method was used for three model
samples and reasonable average pore size measure-
ments were obtained for all of them. The structural
characterization of water-swollen samples was com-
pared with the dry structure of fibres as revealed using
BET nitrogen gas adsorption after a liquid exchange
procedure and careful drying. It was concluded that
the structure of the water-swollen fibres sets an upper
limit on what is obtainable in the dry state.

Keywords Cellulose I - CP/MAS 13C-NMR -
Fibre saturation point (FSP) - Water retention value
(WRYV) - BET - Pore size

Introduction

It has long been known that cellulose I, the native form
of cellulose present in most plant cells, consists of
structural elements known as fibrils; these are com-
bined during fibre biogenesis with other polymers such
as lignin and other polysaccharides.

Isolated cellulose rich plant fibres are typically
produced via some kind of liberation procedure during
which non-cellulose I polymers, extractives, and
inorganic substances are removed to varying degrees.
Several globally common industrial-scale manufac-
turing processes, such as the kraft and dissolving pulp
processes, are today used to isolate cellulose I rich
fibres from wood chips.
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The removal on non-cellulose I components creates
additional cavities or pores in the native fibre wall,
pores that remain in the liquid swollen state as long as
the fibre wall does not collapse (Stone and Scallan
1966). Other typical features of such cellulose I
enriched plant fibres are their high specific surface
area in the liquid swollen state, low specific surface
area in the dry state, and hornification, i.e., the
irreversible loss of water-binding ability due to first-
time-drying (Annergren and Wagberg 1997). Specific
surface area and fibre wall porosity are two important
features of these water-swollen fibres that affect their
suitability for various end-products and the ease of
processing. For example, the ease with which a certain
fibre material can be dewatered is strongly influenced
by its specific surface area and porosity. In the water-
swollen state, the measurement of cellulose I specific
surface area and the determination of pore size are
delicate tasks, partly due to the relative mechanical
weakness of the water-swollen fibre wall. Ideally,
specific surface area pore size, and pore size distribu-
tion should be measured on fibres exposed to similar
conditions, for example, both specific surface area and
pore size should be measured on water-swollen fibre
material in the presence of excess water. To the
knowledge of the authors, this has never been done
before and is one of the major objectives of the present
work.

In the case of fibre wall pores, their small size
(1-100 nm) makes accurate determinations of pore
sizes difficult (Li et al. 1993). Mercury-intrusion
porosimetry (Moura et al. 2005), cryoporometry,
NMR (Nuclear Magnetic Resonance) relaxometry
(Li et al. 1993; Valckenborg et al. 2002; Ostlund
et al. 2010), and differential scanning calorimetry
(Maloney et al. 1998; Park et al. 2006), can measure
pores in the size range typically found in the cellulose I
enriched pulp fibre wall. Nitrogen- or krypton-adsorp-
tion BET (Brunauer-Emmett-Teller) isotherms (Bru-
nauer et al. 1938) can be used to measure fibre wall
pore size distributions and cellulose I specific surface
area if the structure typical of a water-swollen fibre
wall can be preserved in the dry state by, for example,
a liquid exchange procedure or freeze drying.

Furthermore, another common feature to all these
methods, for measuring pore size distributions, is that
each is based on a particular assumption regarding the
average pore shape, i.e., a pore size distribution is
computed assuming a certain fundamental surface-to-
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volume relationship. Cryoporometry is illustrative of
this. At a fundamental level, the working principle is a
freezing point depression resulting from the pressure
difference experienced by water residing in a pore
with a curved phase boundary. Assuming cylindrical
pores, for example, the surface-to-volume ratio is
fixed and the freezing point depression can be related
to some form of pore radius, r, applying the well-
known Young-Laplace law.

An alternative strategy for computing pore size,
explored here, is to determine the specific surface area
and the total pore volume separately by making
different kinds of measurements of the same system
while maintaining identical conditions, for example,
in the water-swollen state. The task is to design two
measurement methods for separately determining the
specific surface area and total pore volume while
exposing the fibre material to excess liquid. Two such
methods exist, i.e., carbon-13 solid-state NMR (Lars-
son et al. 1997; Wickholm et al. 1998; Chunilall et al.
2010) and fibre saturation point (FSP) measurements
(Stone and Scallan 1967), both of which can determine
the desired properties in the presence of excess water.

Solid-state cross polarization magic angle spinning
carbon-13 nuclear magnetic resonance (CP/MAS '>C-
NMR) spectroscopy has been used since the1980s to
study cellulose I (Earl and Vanderhart 1980; Vander-
hart and Atalla 1984; Teedir et al. 1987; Newman
1992; Yamamoto and Horii 1993; Jarvis 1994; Lars-
son et al. 1997; Wickholm et al. 1998; Hult et al. 2001;
Larsson and Westlund 2005). Recently, an NMR-
based method for determining lateral fibril and lateral
fibril aggregate dimensions (Larsson et al. 1997;
Wickholm et al. 1998) was extended to the measure-
ment of cellulose I-specific surface area applicable to
cellulose-rich fibres in the water-swollen state (Chun-
ilall et al. 2010). Combining this method with the
classic FSP method developed by Stone and Scallan
(1967), results in a robust method for measuring the
average fibre wall pore size. The pore size distribution
cannot be determined in this way, only the average
pore size, but the method does not require the
assumption of any particular pore shape.

This work presents the method protocol and
associated theoretical expressions as well as the
results for different model systems. Specific surface
area and pore size, both measured in the water-swollen
state, will be compared with the same properties
measured in the dry state, as determined by BET after
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liquid exchange and careful drying. It will be demon-
strated that, for cellulose I rich fibres, the properties in
the water-swollen state set an upper limiton what can
be obtained in the dry state.

Methods
Samples

The sample materials used were never-dried softwood
dissolving pulp, 60 % Norwegian spruce and 40 %
Scots pine (from Domsjo, Ornskoldsvik, Sweden),
never-dried Eucalyptus dissolving pulp 96a (from
Sappi Saiccor, Saiccor, South Africa), and dried cotton
linters sheets (from Tumba Bruk, Tumba, Sweden).
The glucose content, according to sugar analysis, was
above 96 % for the Domsjo dissolving pulp, above
98 % for the 96a pulp (Nocanda et al. 2007), and
above 99 % for the cotton linters. All samples were
submerged in excess water while being stirred for at
least 16 h before recording NMR spectra or measuring
the FSP.

The three samples containing isolated cellulose I
were labelled according to Table 1 for this work.

NMR spectroscopy

All samples were wetted with deionized water to
40-60 % water content and packed uniformly in a
zirconium oxide rotor. Recording spectra on wet rather
than dry samples gives a higher apparent resolution
(Newman 1992). The CP/MAS '>C-NMR spectra
were recorded in a Bruker Avance III AQS 400 SB
instrument operating at 9.4 T. All measurements were
made at 295 (+ 1) K with a MAS rate of 10 kHz. A
4 mm double air-bearing probe was used. Acquisition
was performed using a CP pulse sequence, i.e., a 2.95
microseconds proton 90° pulse and a 800 microsec-
onds ramped (100-50 %) falling contact pulse, with a
2.5 s delay between repetitions. A SPINAL64 pulse

Table 1 Sample labels used in this work

Sample material Sample label

Doms;jo6 dissolving pulp D
Sappi 96a dissolving pulp S
Cotton linters cellulose L

sequence was used for 'H decoupling. The Hartmann-
Hahn matching procedure is based on glycine. The
chemical shift scale was calibrated to the TMS
((CH3)4S51) scale by assigning the data point of
maximum intensity in the o-glycine carbonyl signal
to a shift of 176.03 ppm. A total of 4,096 transients
were recorded on each sample, giving an acquisition
time of approximately 3 h. The software for spectral
fitting was developed at Innventia AB and is based on
a Levenberg—Marquardt algorithm (Larsson et al.
1997). All computations are based on integrated signal
intensities as obtained from the spectral fitting
(Wickholm et al. 1998). Cellulose I specific surface
area was calculated from the lateral fibril aggregate
dimensions by assigning a density of 1,500 kg/m> to
cellulose I (Chunilall et al. 2010).

Fibre saturation point measurements (FSP)

FSP measurements were made according to Stone and
Scallan (Stone and Scallan 1967). Water-swollen
sample material of known solids content was mixed
with a dextran solution of known concentration
(approximately 1 %, dextran mass/solution mass)
(CAS No. 9004-54-0, Dextran 2000, Dextran, from
Leuconostoc spp., molecular mass approx. 2,000 kDa;
Sigma-Aldrich, Stockholm, Sweden) in deionized
water, approximately 1 mass unit of wet sample mass
being mixed with 3 mass units of dextran solution.
The mixture was left for 3 days to equilibrate after
mixing in a sealed vessel at room temperature.
Subsequently, a liquid sample was taken and filtered
through a Puradisc syringe filter (Whatman, Maid-
stone, UK) equipped with a 0.45 micron PTFE
membrane in a polypropylene housing (VWR Inter-
national AB, Stockholm, Sweden).The dextran con-
centration of the sample was determined using a
calibration curve established for the optical rotation of
polarized light measured using a Polartronic NHS8
polarimeter (Schmidt 4+ Haensch, Berlin, Germany)
operating at 589 nm with a resolution of 0.005
degrees. The calibration curve was computed from
three dextran concentrations, i.e., approximately 0.5,
1.0, and 1.5 % (dextran mass/solution mass), covering
the range of all measurements. Dynamic light
scattering was used to determine the hydrodynamic
diameter of the dextran molecule at high dilution in
deionized water (Zetasizer ZEN3600; Malvern Instru-
ments Ltd., Malvern, UK), using an He-Ne 4.0mW,
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633 nm laser and a detector angle of 178 degrees. The
hydrodynamic diameter was found to be 101 & 2 nm
with a polydispersity index of 0.2 measured at a
dextran concentration of 0.15 g dextran per liter
solution. Based on the determined size of the dextran
used, the FSP results obtained were interpreted as
representing liquid contained in pores under approx-
imately 100 nm in diameter. The FSP value was
expressed as the dimensionless ratio of the mass of
pore water divided by the dry solids mass (g/g).

Water retention value measurements (mini-WRYV)

A simplified version of the water retention value
(WRV) (SCAN 68:00) was determined using 5 mL
disposable centrifuge filters (Millipore Ultrafree-CL
Centrifugal Device; Millipore, Billerica, MA, USA)e-
quipped with Smicron PVDF membranes. Approxi-
mately 1-2 g of wet material was placed in the filter,
which was centrifuged at 3,000 g for 15 min at room
temperature. The solids content of the filtrand was
determined gravimetrically after drying in a heating
cabinet at 105 °C for atleast 1 h. The ratio of the water
mass divided by the dry solids mass (g/g) is the
reported dimensionless WRV.

Liquid exchange and BET isotherms

In an attempt to manufacture porous dry fibres, a
previously reported liquid exchange procedure was
employed (Svensson et al. 2013).

The samples used in the present work were
subjected to the same liquid exchange procedure.
Pulps were disintegrated (30,000 revolutions) and
sheets with a grammage of approximately 110 g/m>
were prepared using a Rapid Kothen sheet forming
device (PTI, Vorchdorf, Austria). The sheets were
slightly dried (i.e., 2.5 min under reduced pressure of
95 kPa) to remove excess water, simplifying the
handling of the samples.

The sheets, still wet with water from the sheet
making process, were cut into smaller samples and the
water in the samples was gradually replaced with
successively less polar liquids in the following order:
water, methanol, acetone, and pentane. The fibre
concentration in liquid was approximately 1 %, and
each liquid was replaced ten times over 2 days before
the samples were subjected to a new liquid. Finally,
the pentane was removed from the samples with a
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stream of Argon gas; the samples were thereafter kept
in a well-sealed vessel to prevent contact with humid
air before BET measurement. The liquid exchange and
drying procedures were inspired by earlier work(Her-
rington and Midmore 1984; Wang et al. 2003; Kohnke
et al. 2010).

The specific surface area (m?/g), according to the
Brunauer-Emmett-Teller (BET) theory (Brunauer
et al. 1938), was determined by means of N, physi-
sorption using an Micromeritics ASAP 2020 for
samples treated according to the liquid exchange
procedure described above. The average pore size was
measured as the adsorption average pore width by
assuming cylindrical pores, i.e., pore width corre-
sponding to 4 V/A, where V is the single-point
adsorption total pore volume of pores under approx-
imately 168 nm in size and A is the BET-specific
surface area.

Results and discussion

A well-established property of cellulose I is its fibrillar
structure. Depending on the specie, the lateral fibril
dimension (thickness) may range from a few nano-
metres up to several tens of nanometres (Jakob et al.
1995; Fink et al. 1995). Furthermore, cellulose I fibrils
can form structural elements by means of the coaxial
alignment of fibrils into structures known as fibril
aggregates. Such fibril aggregation is typically present
in the fibre wall of plants and in isolated cellulose
(Wickholm et al. 1998; Hult et al. 2001).

NMR spectra recorded on the three sample mate-
rials used here are shown in Fig. 1. In general

i\

110 100 90 80 70 60 50
Chemical shift (ppm)

Fig. 1 Carbon-13 CP/MAS NMR spectra recorded on the
cellulose samples; the spectra are (from fop to bottom): D, S,
and L
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appearance, the spectra are typical of spectra recorded
on water-swollen materials characterized by high
purity with respect to cellulose 1.

The comparatively high purity with respect to
cellulose I, high resolution, and high signal-to-noise
ratio of the spectra shown in Fig. 1 indicate that these
spectra are particularly amenable for further analysis
of the supramolecular structure of cellulose. If spectral
fitting is applied to feature-rich NMR spectra recorded
on cellulose I, a detailed account of the cellulose I
supramolecular structure can be obtained (Larsson
et al. 1997; Wickholm et al. 1998; Chunilall et al.
2010).

This paragraph summarizes the calculation of
cellulose I specific surface area in the water swollen
state, a necessary prerequisite for the calculation of
average pore sizes, details can be found in refer-
ences'®~'2. The information about the supra-molecu-
lar structure of cellulose I was extracted from the C4-
region of CP/MAS '>C-NMR spectra recorded on
water swollen cellulose I samples. The spectral fitting
of the C4-region separately quantifies signal intensi-
ties from C4-atoms in anhydroglucose units residing
on surfaces and those residing in the fibril aggregate
interior. Based on these signal intensities a surface-to-
volume ratio (g) of the cellulose I fibril aggregate was
calculated. Assuming that the fibril aggregate is
compact and have a square cross-section, the average
number of anhydroglucose units along one side of the
fibril aggregate (n) can be estimated from the equation
below, describing the surface-to-volume ratio of a
solid body with a square cross-section:

_ 4n . 4 (1)

The sought average value of n can be found by
solving Eq. 1 for an experimentally determined value
of g. Further, assuming that an anhydro glucose unit
have a width of 0.57 nm (Kréssig 1996), the average
lateral fibril aggregate dimension can be computed in
meters, here denoted by a. Introducing a density for
the cellulose I fibril aggregate (ps) the specific surface
area in the water swollen state can be computed by
Eq. 2 below:'?

4
ap

q
n

(2)

Osat =

Where oy, is the specific surface area in the water-
swollen state (m?/kg), a is the average lateral

dimension of the cellulose I fibril aggregate, and pg
is the density of cellulose I (1,500 kg/m?).

The spectral fitting procedure benefits from the
NMR method’s characteristics, i.e., recording signals
averaged over a large sample volume. This averaging
leads to highly reproducible spectra; this is reflected in
the spectral fitting results as stable computable aver-
age values of the lateral fibril aggregate dimensions
(LFAD).

When dealing with cellulose I, isolated in the form
of cellulose-rich wood fibres, the remaining fibre wall
morphology results in a porous system in which part of
the specific surface area exists within the fibre wall,
accessible only indirectly via the (water-filled) cavi-
ties that make up the porous system. In such a system,
the accessible surface area may be restricted by the
small dimensions of the typical pore size, a situation
undesirable when, for example, attempting to chem-
ically modify the phase boundaries of a swollen fibre
wall by means of heterogeneous reactions or when
trying to tailor the sorption properties of a wood fibre-
based material. The typical pore dimensions of the
fibre wall pore system constitute a supramolecular
property of the fibre wall that is important when
substances are to be transported into or out of a liquid
swollen fibre wall.

The size of fibre wall pores in cellulose-rich wood
fibres is typically in the range of several tens of
nanometers (Li et al. 1993; Andreasson et al. 2003);
these comparatively small dimensions mean that
reliable measurement techniques are scarce.

Typically, gas adsorption techniques such as the
BET isotherm and mercury porosity methods can be
used to determine pore size distributions and average
pore size. However, the BET method calls for drying
the fibre material before measuring the specific surface
area and pore size distribution, while the mercury
porosity method entails hazards related to mercury
handling and involves high pressures, which might
compress the soft fibre wall, when evaluating the
smallest pore dimensions.

Although the NMR method is limited to cellulose-
rich samples, its stability makes it a promising
platform for other measurement techniques. FSP
determination (Stone and Scallan 1967) is a technique
for measuring the total mass of water present in the
fibre wall pores in the presence of excess water.
Interestingly, high-quality NMR spectra are typically
recorded on water-saturated cellulose-rich fibres,
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fibres in a state similar to that used for determining the
FSP value. Furthermore, FSP measurement can be
made reasonably stable by establishing a suitable
experimental protocol, by using optical rotation for
concentration determinations, optimizing the liquid-
to-solid ratios and sample amounts, and measuring a
large number of replicates.

Figure 2 shows how the NMR and FSP methods are
combined to calculate the average pore size. The water
filling the fibre wall (measured using FSP (water mass/
solids mass)) will form a layer of thickness ¢ if spread
out on all available pore surfaces in the fibre wall
(measured using NMR (area/solids mass)). The aver-
age pore size can be estimated as two times the
thickness of the water layer covering the fibre wall
surfaces.

Figure 2 shows a simplified image of a fibre wall
pore. From this simple image it is obvious that when
the pore system is completely water filled, the water—
solid phase boundary equals the specific surface area
as determined using NMR from spectra recorded on
water-saturated cellulose-rich fibres. Hence, by mea-
suring the FSP and the specific surface (using NMR)
on the same sample material, stable estimates of the
fibre wall average pore size can be obtained. Mathe-
matically, this can be expressed by the following,
simple derivation:

FSP = t0,up; (3)

where FSP is the fibre saturation point value (water
mass/solids mass) as determined using the method of
Stone and Scallan (Stone and Scallan 1967), g, is the
specific surface area in the water-swollen state (m*/kg)
obtained from NMR measurements by Eq. 2 (Chun-
ilall et al. 2010), p;_ the density of the liquid filling the
pores (1,000 kg/m3 in the case of water), and ¢ the
thickness (meters) of the water layer assumed to cover
the surface area in a homogeneous fashion. Equation 3

SOLIDS

SOLIDS

Fig. 2 Simplified image of a water-filled fibre wall pore
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illustrates one advantage of the presented method, the
pore-volume and the specific surface area (or pore-
surface area) are determined separately, not only a
numerical value representing their ratio. This way the
length scale (denoted by ¢ in Eq. 3) becomes a well-
defined system property independent on any particular
pore geometry.

A convention introduced here is to report average
pore size as 2t, relatable to average pore diameters as
measured by other methods. Once the FSP value and
the specific surface area are experimentally deter-
mined, the average pore size (2¢) can be computed by:

_ 2(FSP)

O-mtp L

2t

(4)

The concept of average pore size is essentially
defined by Eq. 3 (defining f), and it must be stressed
that the introduced measure of average pore size is
defined without the need to introduce any assumptions
about pore shape geometry.

Table 2 shows the results obtained when calculat-
ing average pore sizes according to Eq. 4. The average
pore sizes obtained by combining NMR and FSP
results are in the range typically expected for cellu-
losic fibre wall pores. For comparative purposes,
average pore sizes recorded on never-dried fully
bleached softwood kraft pulp fibres (by means of “H
relaxation time measurements) are typically in the
range of 18—19 nm (Li et al. 1993). This is somewhat
larger than the values observed for the wood-based,
never-dried, fully bleached pulp fibres used here (i.e.,
samples D and S). This discrepancy was expected in
view of the sample preparation method used by Li
etal.(Lietal. 1993), in which water not located in fibre
wall pores may remain after wet pressing the pulp
sample, leading to overestimation of the average pore
size. From the BET measurements it is possible to
determine the average pore width. However, reliably
determining the pore size from BET measurements is
not straightforward, since the models used are based
on different pore geometry assumptions and are
suitable for pores in different size ranges. Further-
more, in a substrate such as a nanoporous cellulose
fibre network, the pores cover a large range of sizes
(including both pores within the fibre wall and pores
between fibres), the pore shape varies, and pores of
different sizes can be interconnected, causing hyster-
esis in the sorption curve. Judging from the lower
specific surface area found in the samples prepared
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Table 2 Measured and calculated properties of the sample
materials. Specific surface area of fibres dried after liquid
exchange is included for comparative purposes. LFAD stands
for lateral fibril aggregate dimension, SSA stands for specific
surface area, and SSA ratio (last column) is the ratio of specific
surface areas determined by BET and by NMR. Values in

parentheses are one standard error. Samples marked with an
asterisk (*) are never-dried samples. Sample abbreviations: D
is a dissolving pulp from Domsjo in Sweden, S is a 96a
dissolving pulp from Sappi in South Africa, and L is cotton
linters cellulose from Tumba Bruk in Sweden

Sample Water-swollen state Dry state (after liquid exchange)
FSP (g/g) NMR SSA NMR Average pore BET SSA  BET BET average pore SSA
(mZ/g) LFAD (nm) size 2t (nm) (mz/g) LFAD size (nm) ratio (%)
(nm)
D* 0.94 (0.06) 158 (4) 16.9 (0.4) 11.9 (0.8) 75 35.6 8.0 48
S* 1.05 (0.03) 152 (3) 17.5 (0.4) 13.7 (0.5) 71 37.6 9.0 47
L 0.21 (0.08) 83 (3) 322 (1.3) 5.0 (2.0 58 46.0 5.1 70

using the liquid exchange and drying procedure, the
average pore size is also expected to be smaller than
indicated by the FSP/NMR estimates, since some pore
closure is expected to occur. As can be seen from
Table 2, this turns out to be the case.

Since the NMR/FSP method does not suffer from any
of the complications associated with the sample prep-
aration methods necessary for recording BET isotherms
or making the ’H relaxation time measurements, it is
considered a robust method for estimating average pore
sizes. Furthermore, since both the NMR estimate of
specific surface area and the FSP values are recorded on
sample material in the same state (i.e., water-swollen
fibres in excess water in both cases), combining these
two results into one common expression (as in Eq. 3) is
coherent. The values obtained for fibre wall average
pore sizes and their expected relationships with the
values obtained using the other method (used for
comparative purposes), combined with the theoretical
aspects of the method, strongly support the model
introduced in Eq. 4 for calculating average pore sizes.

Notably, although the BET sample was prepared by
means of a careful liquid exchange procedure, and
although the resulting fibre materials were dried as
gently as possible, only 50 % of the water-swollen
surface area remains. Although this is indeed a very
successful result for the liquid exchange procedure,
the specific surface area is still significantly smaller
than it was in the water-swollen state.

A decrease in specific surface area after liquid
exchange and drying is reasonable, since the specific
surface area in the water-swollen state as recorded
using NMR can be considered to constitute an upper
limit on the specific surface area achievable using the
liquid exchange method.

In addition, a distinction is evident between the
never-dried samples (samples D and S) and the dried
and rewetted sample (sample L). The irreversible loss
of specific surface area induced by first-time drying
(not experienced by the never-dried samples D and S)
reduces the specific surface area of the L sample
before liquid exchange and drying. Since the major
decrease in specific surface area has already been
realized, the subsequent liquid exchange and drying
induces a relatively smaller decrease in specific
surface area, increasing the BET/NMR ratio to
approximately 70 %.

Combining the results for LFAD, specific surface area,
and pore size (2f) in the water-swollen state gives an
illustrative schematic cross-section of the water-swollen
interior of the fibre wall. In the case of sample materials D
and S, the solid material is laterally thin and quite sparse,
surrounded by comparatively large water-filled cavities.
In the case of a cross-section through the L material, the
lateral dimensions of the cellulose are larger and the
separating water-filled cavities are significantly smaller
on average. These two cases are depicted in Fig. 3.

Fig. 3 Schematic of cellulose aggregate arrangement in a
water-swollen fibre wall. Left never-dried pulp (samples D and
S); right dried and rewetted pulp (sample L)
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Table 3 Average pore sizes computed from FSP values and
WRYV values. In both cases, Eq. 4 was used to estimate the
average pore size

Sample Average pore size
2t computed from FSP

Average pore size
2t computed from WRV

values (nm) values (nm)
S#* 13.7 (0.5) 18.1 (1.7)
L 5.0 (2.0) 13.0 (1.3)

FSP measurement according to Stone and Scallan
(Stone and Scallan 1967) is a theoretically sound and
statistically stable method, with the drawback that the
required sample preparation is time consuming. For
this reason, a faster but more arbitrary method for
determining the amount of water present in fibre wall
pores was also tested, i.e., the so called mini-WRV
method given in the experiment section. The mini-
WRYV estimate of the water bound in the fibre wall
pores is made after the assumed complete removal of
water not bound in the fibre wall pores. The inter-fibre
water is normally removed by means of accelerated
filtration in a centrifuge. As discussed earlier (Fors-
strom et al. 2005), such a selective removal of inter-
fibre water is subject to arbitrary choices of acceler-
ation and of centrifugation time during the sample
preparation procedure. The WRV-based values would
typically be expected to overestimate the amount of
water bound in fibre wall pores, due to incomplete
removal of the inter-fibre water. This overestimation is
illustrated in Table 3, for two of the investigated
samples, which presents the average pore size calcu-
lated based on both FSP and WRV. In the case of the
WRYV method, the average pore size was calculated
based on Eq. 4 by replacing the FSP value with the
corresponding mini-WRV value. As expected, the
average pore size calculated from the mini-WRV
value overestimates the average pore size computed
from the corresponding FSP value; this discrepancy
was the greatest in the case of the lower FSP value,
since in this case the remaining inter-fibre water
constituted a proportionally larger fraction of the fibre
wall water.

Conclusions

A new method for measuring average pore sizes in
cellulose-rich plant fibres has been developed. The
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method combines specific surface areas recorded
using solid-state NMR on fibres in the water-swollen
state with fibre saturation point (FSP) measurements
recorded on fibres in the presence of excess water. One
advantage of the method is that the separate NMR and
FSP measurements are made on sample material in the
same state. Furthermore, both the FSP and NMR
methods yield statistically stable averages, allowing
for the computation of an equally stable estimate of
average pore size. The method was tested on three
model samples and in all cases reasonable estimates
were obtained for the average fibre wall pore sizes.
Reasonable agreements and good correlations were
also found when results of the NMR method were
compared with those of BET measurements, and it
could be concluded that the NMR estimates of fibre
wall specific surface area constitute an upper limit for
the specific surface areas recorded using BET mea-
surements. This is in accordance with expectations,
since the BET measurements require drying of the
sample material, a procedure not easily performed
without inflicting a loss in specific surface area.
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