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ARTICLE INFO ABSTRACT

Keywords: Plant fibers are of current interest in biocomposites and known hydrophilicity of plant fibers, e.g. corn stalk pith
Lignocellulosic biomass and hemp stalk, require enhanced understanding of water impacts on fiber structure. Water distribution during
Nuclear magnetic resonance hydration in these fibers is compared to fibrous cellulose media using nuclear magnetic resonance (NMR) T,
NMR relaxometry diffusometry

relaxometry and diffusometry. Measurements were made every 6 h from 3-237 h, or until equilibrium. NMR
T, measured bound, intermediate bound and macropore water populations at two water mass hydrations.
NMR diffusometry measured diffusion coefficients D of mobile water populations in each material. The
diffusion coefficient D was acquired as a function of molecular migration time A to detect restricted diffusion.
D(A) behavior indicated increased interpore connectivity in highly saturated hemp, versus swollen pores
saturated pith. D(A) values were fit for surface to volume ratio S/V to determine average pore radius r as a
function of hydration. S/V values were paired to T, distributions to provide an effective average transverse
magnetic surface relaxivity , throughout hydration, which is then used to rescale T, distributions as pore
size distributions. Bound water was found in pores < 1 pm, semi-bound water in pores from 1-30 pm and
macropore water in pores from 30-300 pm, in agreement with prior literature.

Pore size distribution

1. Introduction

The strong global push towards sustainability has inspired tradi-
tional manufacturing alternatives, including integrating biomass into
biocomposite materials [1,2], due plant fiber renewability and low
production carbon footprint. However, integrating biomass into com-
posites brings several challenges. First, plant systems are difficult to
study due to a complex hierarchy of structures spanning micro, meso
and macro scales [3,4]. Additionally, there is a high degree of variabil-
ity between plant species and even components of the same plant [1,
2,5,6]. Underlying this variation are both genetic factors and envi-
ronmental growing conditions [7], making material specific properties
characterization difficult [1]. A final issue with biocomposites is that
plant fibers tend to be hydrophilic [1-3], bringing to question their
stability in wet and humid conditions. To combat these challenges,
much research is focused on characterizing biomass-water interactions,
specifically structural rearrangements in wet biomass like swelling [1-
3,8]. This study aimed to contribute additional research monitoring
long-term water states in saturated and partially unsaturated biomass
with nuclear magnetic resonance (NMR) derived pore size distributions
(PSD).
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Typically in porous media, pores are characterized by PSD. One
common method to determine PSD is mercury intrusion porosimetry
(MIP), but this technique has limitations. First, mercury is highly
toxic. Methods without risk of mercury exposure and mercury waste
generation are preferred. Additionally, MIP works by injecting mercury
into pore spaces at increasing pressures to probe progressively smaller
pores [9], resulting in a high pressure limitation on the minimum pore
size measurable [9,10]. High-pressure injections can also damage pore
structure and bias measurements [9,10]. Finally, MIP methods are de-
structive due to mercury injection, so that subsequent characterization
on the same sample is impossible.

Another common pore size determination technique, built upon
Brunaeur-Emmet-Teller (BET) gas adsorption theory [11] by Barrett,
Joyner and Halenda [12], is called BJH [13]. In BJH, inert gas probes
the pore structure to provide a PSD [13]. BJH probes surfaces at
the molecular scale, and therefore PSD can be dominated by fine
features resulting in orders of magnitude higher surface area than other
approaches like NMR diffusometry [14]. A second limitation is that BET
gas adsorption approaches require a dry sample, potentially problem-
atic when drying induces sample structure changes [14]. Homification,
or drying induced pore collapse, is an established behavior in plant
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Fig. 1. NMR T, relaxation distributions from left to right of hemp stalk at 20 and 5 g, /&g 4, fibrous cellulose media at 5 g, /g4, and corn stalk pith at
5 and 20 guaer/Esaig- Each material was hydrated, mixed well, loaded into NMR tubes and then monitored until NMR signal ceased to evolve. The numbers on
the left of each material panel denotes time after water was added in h. Note that T, distributions are offset by an arbitrary amount so that all distributions are

visible.

gradually reduces again to T, ~ 80 ms. Despite these T, shifts, there
is almost no change in P(T;) for each population (Fig. 2).

Hemp 5 in Fig. 1 (middle-left column) has a third population at
T, ~ 400 ms. The two mobile populations at T, ~ 100 and ~ 400 ms are
initially the same size and partially merged. By 525 h these populations
merge. Before 93 h, P(T,) of the population at T, ~ 100 ms grows
slightly larger than the population at 400 ms. Beyond 93 h, the most
mobile population at T, ~ 400 ms becomes larger, while simultaneously
becoming more restricted. The average T, for these populations when
merged (Fig. 3) decreases throughout the monitoring period.

Hemp 20 in Fig. 1 (left column) still has three populations. The
smallest, highly restricted population, at T, ~ 10 ms is detected until
310 h. The intermediate mobility population at T, ~ 100 ms is also

detected, but is much smaller than the highly mobile population now
at T, ~ 800 ms. Temporally all three populations shift to shorter T;,
exhibiting decreased system-wide mobility. Over the monitoring period
the highly mobile population shrinks while the intermediate mobility
population grows, but these changes are less than +10% (Fig. 2).

Pith 20 in Fig. 1 (right column) initially has a small, restricted mo-
bility, population at T; ~ 50 ms, and a large, highly mobile, population
at T; ~ 400 ms. From 3-105 h, both populations have reduced mobility,
shifting to respective T,’s of ~ 35 and ~ 300 ms (Fig. 3). Beyond 105
h, these populations redevelop some mobility, returning to T3’s of ~ 40
and ~ 350 ms. P(T3) is nearly constant for each population during the
monitoring period (Fig. 2).
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Fig. 2. Changes to peak integrals from Fig. 1 with time. Each peak in Fig.
1 was integrated with Eq. (6) to provide the proportion of signal from each
respective domain, indicative of the proportion of 'H in each domain.
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Fig. 3. Changes to average population T, from Fig. 1 with time. An average
T, for each peak in Fig. 1 was calculated with Eq. (7) to provide the average
mobility of each domain.

The restricted mobility, bound water, population at short T, in-
dicates tightly bound surface associated water in each material at
5 guater/ Esong (Fig. 1). The mobile water, population at longer T, ~
100 ms has shorter T, than bulk water (~ 3 s), which indicates water-
biomass association (Fig. 3). The near order of magnitude longer T,
of the mobile water over the bound water indicates a much weaker
water-biomass association (Fig. 3). Therefore, this mobile population is
termed intermediate-bound water as it exhibits loosely bound mobility.

Cellulose 5 shows no temporal change in its two populations, indi-
cating a rapid water-biomass equilibration, without further structural
rearrangements or water redistribution. Pith 5 initially has the same
two populations at similar 7, but more water is loosely associated

Journal of Magnetic Resonance Open 25 (2025) 100210

with biomass (Fig. 1 (middle-right column)). The temporal dip in 7,
for pith 5 suggests slow water permeation into the biomass structure
so that a greater proportion of water is found tightly associated to
surfaces. This additional bound water is presumed to induce structural
rearrangements within the biomass, indicated by the partial rebound in
TZ.

Inhemp 5 (Fig. 1 (middle-left column)) the presence of the most mo-
bile population at T, ~ 400 ms suggests a saturation of the intermediate-
bound 100 ms population. This overflow water is assumed to be macro-
pore water in the fiber bed, and speaks to the low fiber saturation
point of hemp fibers compared to cellulose 5 and pith 5. The growth in
the intermediate-bound population P(T5) indicates a slow permeation
of macropore water into the 100 msT, domain (Fig. 2). Beyond 93
h, the macropore water population begins growing as it merges with
the intermediate-bound water domain. As water permeates into the
intermediate-bound water domain prior to 93 h, it exerts a hydrostatic
pressure on the pore structure. This forces structural rearrangements
which increase connectivity and enhancing molecular exchange be-
tween the intermediate-bound and macropore water domains. Two
plant fiber swelling mechanism have been shown by Garat et al. in
which sorption of bound water was observed in addition to macro-
scopic swelling and structural deformation due to macropore water
sorption [2]. It is likely these mechanisms are seen here, with the first
dominating before 93 h, and the latter beyond 93 h.

Pith 20 in Fig. 1 (right column) has a restricted water and mobile
population with nearly 5x longer T, than pith 5. Rather than bound
and intermediate-bound water as in pith 5, this mobility in pith 20 is
more representative of intermediate-bound and macropore water (Fig.
3). Pith 20 also has a greater restricted water proportion than pith 5
(Fig. 2). P(T,) for pith 20 matches cellulose 5 (Fig. 2), with longer T,
values for pith 20, indicating a similar water distribution with larger
pore sizes (Fig. 3). P(T,) does not change in pith 20 because no water
migrates between populations, informing minimal interaction between
pools of water (Fig. 2). The temporal shift to shorter T,, followed by
partial rebounding indicates biomass structural rearrangements due to
hydrostatic pressure from absorbed water (Fig. 3).

In hemp 20 (Fig. 1 (left column)), the highly mobile macropore
water population has double the mobility of hemp 5, at T, ~ 800 ms
instead of ~ 400 ms (Fig. 3). As this long T, approaches the 3 s
T, of bulk water, it indicates weakening macropore water-biomass
interaction. The temporal T, shortening is attributed to loosening of
microfibril-bundle packing, increasing interfibrillar water accessibility
and overall water restriction. A T, rebound, which indicated struc-
tural rearrangements in hemp 5, is not observed in hemp 20 due to
more rapid water equilibration due from the 4x water increase. The
additional water enhances water permeation, so that the following the
hydrostatic driven structural rearrangement of fibers is predominantly
measured. The temporally increasing intermediate-bound water P(T3),
decreasing macropore water P(T3), and decreasing T, for both domains
further supports a long-term fiber rearrangement hypothesis. As water
adds to the intermediate-bound domain it strengthens water-biomass
interactions on average.

T, signal is assumed to only detect water in each system, a good
assumption given the order of ~ 10 ps relaxation times of cellulose
protons [18]. P(T3) values in Fig. 4 can then be scaled by the total
water mass on a per gram solid basis to estimate the relative water
mass water in each domain (Fig. 8). In cellulose 5 the intermediate-
bound water mass nearly equals the total water added. The bound
water domain is ~ 0.25 g/g. Both hemp 5 and pith 5 have a similar
distribution of water to cellulose 5, once the hemp 5 intermediate-
bound and macropore water populations merge, with more macropore
water than cellulose 5. Hemp 20 has nearly the same amount of water
in these two populations, with slightly more bound water. In hemp
20 the extra 15 g/g of water is added as mobile macropore water at
T, ~ 800 ms (Fig. 3). Temporally in Hemp 20 there is some macro pore
water migration to the intermediate-bound domain, indicating some
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Fig. 4. Integrated P(T,) for each population from Fig. 2 rescaled to a per mass
basis. Assuming all signal comes from water 'H, P(T,) multiplied by the sample
water mass on a per gram solid basis provides the relative mass of water in
each population as P(T5)Muermora -

long-time water absorption. Pith 20 uptakes water into both domains,
with ~ 1 g/g water in the intermediate-bound domain and ~ 19 g/g in
the macropore water domain, informing an impressive hydrostatically
increased water storage capability. The increased T, in the pith 20
populations (Fig. 3) indicates larger pore sizes, attributed to swelling.

5.2. NMR diffusometry

NMR PGStE results in Fig. 5 are sensitive to the most mobile
water populations in these systems. This is why the measured D do
not always vary dramatically from the D = 2 x 10™° m?/s of bulk
water. D was measured as a function of molecular migration time A
to probe for restricted diffusion. Time-dependent diffusive behavior
is uncharacteristic of free molecular self-diffusion, seen as decreasing
D with increasing A. This inverse proportionality indicates restricted
diffusion, where local environments limit molecular diffusion within
pores.

D from the most mobile component in NMR PGStE signal (Fig. 5)
displays temporal hydration behavior complementary to T, relaxation
measurements. Cellulose 5 is the least dynamic material, with a slight
D(4) dependence but no change over the monitoring period (Fig. 5(c)).
Cellulose 5 D values are all between 1.0x10~? m?/s and 1.7x 10~ m?/s,
minimally varying from water molecular self-diffusivity. .5/V is highly
sensitive to D at short 4 times. The large D drop between 4 = 10 ms
and 50 ms, leads to larger S/V fit values from Eq. (3) than hemp 20,
hemp 5 and pith 20 (Fig. 6(a)).

Compared to cellulose 5, hemp 5 has a stronger total D(4) depen-
dence, with a greater total spreading of D between 0.6 x 10~° m?/s
and 1.5 x 107* mZ/s (Fig. 5(b)). There is a gradual increase in D for
A = 100, 400 and 1000 ms data until 50 h. This temporal D increase
for the longest 4 informs enhanced interpore migration from improved
interpore connectivity.

Pith 5 exhibits a similar temporal change until ~ 50 h (Fig. 5(d)),
with D(4) spread initially ranging from 0.1x10~° m?/s to 0.8x10~% m?/s.
Smaller D values complement T, data in Fig. 1 (middle-right) where
no macropore water was measured, demonstrating the well established
high absorbency of corn stalk pith [44,45]. Stronger water-biomass

Journal of Magnetic Resonance Open 25 (2025) 100210
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Fig. 5. Results from the most mobile component in NMR diffusometry mea-
surements of (a) 20 and (b) 5 g,u. /8. hemp stalk, (€) 5 g, e/ Soana fibrous
cellulose media, and (d) 5 and (e) 20 g,,,.. /8. corn stalk pith. Diffusometry
signal attenuation with ramping gradients were fit to estimate the diffusion
coefficient D of water in these systems. D values reported are multiplied by 10°
for readability. In addition, these data were acquired as a function of molecular
migration time 4 to inform if time-diffusive dynamics, indicative of restricted
diffusion, are present. Points are colored based on 4, but generally D decreases
with increasing 4 in each panel, as expected.
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Fig. 6. NMR diffusometry derived (a) surface to volume ratios and (b) pore
radius estimates. From a Padé approximation fit (Eq. (3)) to the D(4) data
in Fig. 5, §/V was estimated (a). This S/V value was used to estimate pore
radius (b) using a spherical pore scaling of 3/r.

associations than in cellulose 5 or hemp 5 cause the low D measured. D
also increases until 50 h, similar to hemp 5, except D increases across all
A values suggesting pore swelling and enhanced interpore connectivity.
In Fig. 6(a) S/V for pith 5 modestly decreases until 150 h, further
supporting a pore swelling interpretation.

Hemp 20 and pith 20 in Fig. 5(a) and (e) have the largest drop
in D at long A times. Hemp 20 in Fig. 5(a) spans D values from
1 x 107 m?/s and 1.8 x 10~ m?/s, with the highest diffusivity, the
smallest §/V (Fig. 6(a)) and largest pores (Fig. 6(b)) of all tested
materials. This supports the hemp 20 T, data which observed highly
mobile macropore water. In addition, there is a large drop in D of
0.5 x 107 m?/s between 4 = 400 ms and 1000 ms, likely due to
motional narrowing as molecules sample the entire pore space and
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rebound off pore walls during the 1000 ms A. During the first 20 h
of hydration, hemp 20 D decreases for all 4 times. Beyond 20 h, the
biomass continues to absorb water, strengthening the water-biomass
interaction strength, decreasing diffusivity and increasing S/V (Fig.
6(a)). However, regardless of experiment time, hemp 20 D is still larger
than hemp 5 in Fig. 5(b).

The most temporally dynamic material is pith 20, changing through
100 h (Fig. 5(e)). Pith 20 spans D(4) values between 0.5 x 10~ m?/s
and 1.5 x 10~? m?/s, which is the largest range of all materials tested.
This spread is dominated by large D drops at long 4 times of 400 and
1000 ms. As with hemp 20 in Fig. 5(a) these large D drops at long 4
support motional narrowing. Total sampling of the pore space by water
leads to rebounding off pore walls and decreased effective diffusivity at
these long times. Temporally pith 20 increases in D independently of
A until 30 h. Beyond 30 h D decreases for all data points. Beyond 105 h
D again increases and then plateaus. Changing D across all 4 suggests
pore structure modification. Coinciding with this temporal evolution,
S§/V inFig. 6(a) decreases with time, implying an increase in pore sizes.

Comparing pore radius estimates between materials in Fig. 6(b)
informs hydration induced swelling. Note that S/V estimates in this
data are subject to some error based on the A'/2 linear fits over the
sparsely sampled short A points. However, these points do show linear
trends. Also, spherical pores are assumed here so that r scales as
3/(S/V), i.e. r directly reflects V' /S. At 5 gyater/8sotig REMp 5 has the
largest pores between 6.0-8.0 pm, cellulose 5 is lower at 5.0 pm and
pith 5 is around 2.5 pm. At 20 g, .er/Esolid» D€Mp 20 has the largest
radius of 19.0-25.0 pm. The jump between hemp 5 and hemp 20 once
equilibrated, i.e. at long hydration times, is 13 pm or 3.2x larger. Pith
5 jumps from 2.5 to ~ 9-11 pm in pith 20, an equilibrated increase of
8.5 pm or 4.4x larger. Hemp 5 has the largest r of all the 5 gy 00 /Eealid
samples, indicating that it has already undergone swelling and is closest
to saturation. Further swelling in hemp 20 is not proportional to
the 4 times increase in water. Continuing with the spherical pore
assumption, the change in pore volume scales as (r sy [Finirat)’- Hemp’s
increase in r from 6 to 19 pm leads to a volume increase of ~ 32x.
Pith’s r increase from 2.5 to 11 pm is an impressive ~ 85x increase
in pore volume. This massive water absorptivity and swellability are
established characteristics of corn stover [6] and specifically corn stalk
pith [44,45].

5.3. Surface relaxivity

Empirical effective g, values enable conversion from T, distributions
to PSDs [37], setting up routine T, relaxation measurements for char-
acterization and quality control in biocomposite manufacturing. The
question with this approach is how to best use the T, data. An averaged
T, for the entire distribution can determine the average p, which is
assumed to be uniform across the sample. An alternative approach
assumes p, is not constant across all pore sizes, requiring p, determi-
nation for each water pool or 5,;. This approach requires matching
S§/V for each pool of water with its average T, [46], requiring D — T,
correlation experiments at each 4; an intensive and difficult approach
for temporally evolving systems due to increased experiment durations.
Due to the need to minimize total NMR experimental acquisition times,
to mitigate the effects of water migration during each experimental set,
these authors have elected to instead use an averaged T, from each
T, distribution (Fig. 1) with a bulk PGStE derived S/V (Fig. 6(a)) to
estimate g, for the entire system at each time point (Fig. 7). p, relates T,
distributions in Fig. 1 directly to PSDs in Fig. 8 using Eq. (4). However,
note that because the PGStE derived S/V values in Fig. 6(a) are from
the fastest diffusing component in the signal decay these PSDs will be
biased towards the largest pores. The reported PSDs are likely skewed
to larger pores than the actual distribution of pore-sizes.

Effective surface relaxivity p, values derived for these materials
(Fig. 7) are temporally dynamic as structural rearrangements either
alter surface chemistry [47] or open up volume relaxation sinks with
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Fig. 7. Average surface relaxivity p, calculated from T, NMR data in Fig. 1
and NMR diffusometry derived S/V data in Fig. 6(a) with Eq. (4) at each
hydration time point. These results clearly show that p, is not constant during
these hydration experiments in each material except cellulose 5.

water solubilized biomolecules [39], an interesting result in itself.
These values are not constant in time for hemp 5, hemp 20, pith 5 and
pith 20. Cellulose 5 5, is nearly constant throughout hydration. This
temporal nature in the biomass requires a calibration curve of p, versus
hydration time to estimate PSDs from T, relaxation. Using the same p,
value across all time points would not accurately reflect the changing
biomass-water interaction. The effective p; still has units of a surface
reaction sink pm/s and as such is an average magnetization surface
reaction flux term in the model, but now reflects both magnetization
loss along surfaces and in the pore fluid [48]. Interactions with param-
agnetic species or long surface water adsorption times leads to greater
magnetic relaxation along surfaces and increased p,. Additionally the
effective surface relaxivity term is increased by volume sinks, in which
mixtures of water and biomolecule solutes lead to reduced overall T; of
the pore water [38]. In hydrated biomass, a g, increase can be caused
by longer water adsorption times, indicating stronger water-biomass
surface interactions and increased affinity for water within cellulose
microfibrils. In addition, solubilization of complex polysaccharides such
as pectins, proteins and other biomolecules with leakage of cytoplasm
into the surrounding water can be causes of volume sink effects in
plants, similar to the effects seen in muscle [39]. 7, NMR relaxation
data has previously been related to mercury intrusion porosimetry
(MIP) to calculate p, in the lumen of wood cells [10]. These results
show p, scales with pore size, and report g, = 64 pm/s in cell lumen
pores and g, = 2.7 pm/s in cell wall pores [10]. Therefore, the long-
time increase in g, for each material in this work, except cellulose
5, indicates larger pore sizes. This continued swelling is caused by
water induced structural rearrangements, increasing water affinity and
promoting additional water uptake.

T, distributions in Fig. 1 are converted to PSDs in Fig. 8 using Eq.
(4) with p, from each hydration time point in Fig. 7. These distributions
show pore sizes ranging from 0.1 and 300 pm. The 5 gyuer/8solid
materials have a small water population in pores ~ 0.2-0.5 pm, while
the majority of water is in pores between 1-10 pm for cellulose 5 and
pith 5 and 1-50 pm for hemp 5. At 20 g, .01 /Bsolia» hemp 20 has pores
below 1 pm, between 1-10 pm and between 10-300 pm. Pith 20 has
pores ~ 1 pm and 3-30 pm. These results are in good agreement with
other pore-size characterization techniques on different lignocellulosic
materials. In dry wood lumens MIP showed a small proportion of pores
below 1 pm, along with major pore populations at roughly 1, 10 and
100 pm [10]. In dry com stalk, MIP has measured PSDs with a small
number of pores at 1 pm, along with various larger pores ranging from
10 pm and 300 pm [21]. In sugarcane bagasse, SEM images showed
water in cell walls of 2-5 pm thickness, narrow lumens of 10 pm and
wide lumens of 70 pm [20]. These results confirm the PSDs reported in
Fig. 8 are scaled to the correct order of magnitude.

6. Conclusion

This study investigated long-term hydration in pith, hemp and
cellulose using NMR T;, relaxometry and diffusometry. Pith and hemp
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Fig. 8. PSDs derived from surface relaxivity g, in Fig. 7 and NMR T, relaxation distributions in Fig. 1. Note the high degree of similarity between these
distributions and Fig. 1 is because T, distributions essentially represent rescaled PSDs. Here the T, scaling has been adjusted to reflect the water-containing-PSD

in these samples, using the approach outlined in the text.

were monitored at 5 and 20 g of water per g of solid, and cellulose
was monitored at 5 g of water per g of solid. All materials were
measured every 6 h until 237 h, after which measurement frequency
was decreased until no change was observed. T, relaxation detected
bound and intermediate-bound water in cellulose 5 and pith 5. Hemp
5 had bound, intermediate-bound and macropore water, indicating
saturation of the restricted sites by 5 g of water per g biomass. Pith
20 displayed high absorptivity as all water was absorbed during the
237 h hydration time. The additional 15 g of water between hemp 20
and hemp 5 added as macropore water. NMR diffusometry measured
diffusion coefficients D of the most mobile water populations in each

material. All values were within an order of magnitude of D for bulk
water. D was acquired as a function of molecular migration time 4
to probe for restricted diffusion. The D(4) behavior showed increased
interpore connectivity in hemp 20, and swollen pores in pith 20. These
D(4) values were used to estimate §/V and an average pore size r of
each sample. 5/V values were paired with T, distributions to provide
effective transverse surface relaxivity p, estimates as a function of
hydration time. g, varied with hydration time, as surface properties
and biomolecule concentration in solution in pore water evolved. g,
was used to rescale T, distributions to pore size distributions at each
observed time point. Bound water was found to be in pores < 1 pm.
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