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A  B S  T  R  A  C  T 

Pl a nt  fi b er s  ar e  of  c urr e nt  i nt er e st  i n  bi o c o m p o sit e s  a n d  k n o w n  h y dr o p hili cit y  of  pl a nt  fi b er s,  e. g.  c or n  st al k  pit h

a n d  h e m p  st al k,  r e q uir e  e n h a n c e d  u n d er st a n di n g  of  w at er  i m p a ct s  o n  fi b er  str u ct ur e.  W at er  di stri b uti o n  d uri n g

h y dr ati o n  i n  t h e s e  fi b er s  i s  c o m p ar e d  t o  fi br o u s  c ell ul o s e  m e di a  u si n g  n u cl e ar  m a g n eti c  r e s o n a n c e  ( N M R) � 2

r el a x o m et r y  a n d  diff u s o m etr y.  M e a s ur e m e nt s  w er e  m a d e  e v er y  6  h  fr o m 3 – 2 3 7  h,  or  u ntil  e q uili bri u m.  N M R 

� 2  m e a s u r e d  b o u n d,  i nt er m e di at e  b o u n d  a n d  m a cr o p or e  w at er  p o p ul ati o n s  at  t w o  w at er  m a s s  h y dr ati o n s.

N M R  diff u s o m etr y  m e a s ur e d  diff u si o n  c o effi ci e nt s �  of  m o bil e  w at er  p o p ul ati o n s  i n  e a c h  m at eri al.  T h e 

diff u si o n  c o effi ci e nt �  w a s  a c q uir e d  a s  a  f u n cti o n  of  m ol e c ul ar  mi gr ati o n  ti m e Δ  t o  d et e ct  r e stri ct e d  diff u si o n. 

� ( Δ) b e h a vi or  i n di c at e d  i n cr e a s e d  i nt er p or e  c o n n e cti vit y  i n  hi g hl y  s at ur at e d  h e m p,  v er s u s  s w oll e n  p or e s 

s at ur at e d  pit h. � ( Δ) v al u e s  w er e  fit  f or  s urf a c e  t o  v ol u m e  r ati o � ∕ �  t o  d et er mi n e  a v er a g e  p or e  r a di u s �  a s  a 

f u n cti o n  of  h y dr ati o n. � ∕ �  v al u e s  w er e  p air e d  t o � 2  di st ri b uti o n s  t o  pr o vi d e  a n  eff e cti v e  a v er a g e  tr a n s v er s e 

m a g n eti c  s urf a c e  r el a xi vit y �̄ 2  t h r o u g h o ut  h y dr ati o n,  w hi c h  i s  t h e n  u s e d  t o  r e s c al e � 2  di st ri b uti o n s  a s  p or e

si z e  di stri b uti o n s.  B o u n d  w at er  w a s  f o u n d  i n  p or e s <  1 μ m,  s e mi- b o u n d  w at er  i n  p or e s  fr o m 1 – 3 0  μ m  a n d 

m a cr o p or e  w at er  i n  p or e s  fr o m 3 0 – 3 0 0  μ m,  i n  a gr e e m e nt  wit h  pri or  lit er at ur e. 

E L S E VI E R 
1.  I nt r o d u cti o n 

T h e  str o n g  gl o b al  p u s h  t o w ar d s  s u st ai n a bilit y  h a s  i n s pir e d  tr a di -

ti o n al  m a n uf a ct uri n g  alt er n ati v e s,  i n cl u di n g  i nt e gr ati n g  bi o m a s s  i nt o

bi o c o m p o sit e  m at eri al s  [ 1 ,2 ],  d u e  pl a nt  fi b er  r e n e w a bilit y  a n d  l o w

pr o d u cti o n  c ar b o n  f o ot pri nt.  H o w e v er,  i nt e gr ati n g  bi o m a s s  i nt o  c o m -

p o sit e s  bri n g s  s e v er al  c h all e n g e s.  Fir st,  pl a nt  s y st e m s  ar e  diffi c ult  t o 

st u d y  d u e  t o  a  c o m pl e x  hi er ar c h y  of  str u ct ur e s  s p a n ni n g  mi cr o,  m e s o 

a n d  m a cr o  s c al e s  [ 3 ,4 ].  A d diti o n all y,  t h er e  i s  a  hi g h  d e gr e e  of  v ari a bil -

it y  b et w e e n  pl a nt  s p e ci e s  a n d  e v e n  c o m p o n e nt s  of  t h e  s a m e  pl a nt  [1 , 

2 ,5 ,6 ].  U n d erl yi n g  t hi s  v ari ati o n  ar e  b ot h  g e n eti c  f a ct or s  a n d  e n vi -

r o n m e nt al  gr o wi n g  c o n diti o n s  [ 7 ],  m a ki n g  m at eri al  s p e cifi c  pr o p erti e s 

c h ar a ct eri z ati o n  diffi c ult  [ 1 ].  A  fi n al  i s s u e  wit h  bi o c o m p o sit e s  i s  t h at

pl a nt  fi b er s  t e n d  t o  b e  h y dr o p hili c  [ 1 – 3 ],  bri n gi n g  t o  q u e sti o n  t h eir 

st a bilit y  i n  w et  a n d  h u mi d  c o n diti o n s.  T o  c o m b at  t h e s e  c h all e n g e s,

m u c h  r e s e ar c h  i s  f o c u s e d  o n  c h ar a ct eri zi n g  bi o m a s s- w at er  i nt er a cti o n s,

s p e cifi c all y  str u ct ur al  r e arr a n g e m e nt s  i n  w et  bi o m a s s  li k e  s w elli n g  [ 1 – 

3 ,8 ].  T hi s  st u d y  ai m e d  t o  c o ntri b ut e  a d diti o n al  r e s e ar c h  m o nit ori n g

l o n g-t er m  w at er  st at e s  i n  s at ur at e d  a n d  p arti all y  u n s at ur at e d  bi o m a s s

wit h  n u cl e ar  m a g n eti c  r e s o n a n c e  ( N M R)  d eri v e d  p or e  si z e  di stri b uti o n s

( P S D). 

∗  C orr e s p o n di n g  a ut h or.

T y pi c all y  i n  p or o u s  m e di a,  p or e s  ar e  c h ar a ct eri z e d  b y  P S D.  O n e 

c o m m o n  m et h o d  t o  d et er mi n e  P S D  i s  m er c ur y  i ntr u si o n  p or o si m etr y 

( MI P),  b ut  t hi s  t e c h ni q u e  h a s  li mit ati o n s.  Fir st,  m er c ur y  i s  hi g hl y

t o xi c.  M et h o d s  wit h o ut  ri s k  of  m er c ur y  e x p o s ur e  a n d  m er c ur y  w a st e

g e n er ati o n  ar e  pr ef err e d.  A d diti o n all y,  MI P  w or k s  b y  i nj e cti n g  m er c ur y

i nt o  p or e  s p a c e s  at  i n cr e a si n g  pr e s s ur e s  t o  pr o b e  pr o gr e s si v el y  s m all er

p or e s  [ 9 ],  r e s ulti n g  i n  a  hi g h  pr e s s ur e  li mit ati o n  o n  t h e  mi ni m u m  p or e

si z e  m e a s ur a bl e  [ 9 ,1 0 ].  Hi g h- pr e s s ur e  i nj e cti o n s  c a n  al s o  d a m a g e  p or e

str u ct ur e  a n d  bi a s  m e a s ur e m e nt s  [ 9 ,1 0 ].  Fi n all y,  MI P  m et h o d s  ar e  d e -

str u cti v e  d u e  t o  m er c ur y  i nj e cti o n,  s o  t h at  s u b s e q u e nt  c h ar a ct eri z ati o n

o n  t h e  s a m e  s a m pl e  i s  i m p o s si bl e.

A n ot h er  c o m m o n  p or e  si z e  d et er mi n ati o n  t e c h ni q u e,  b uilt  u p o n

Br u n a e ur – E m m et – T ell er  ( B E T)  g a s  a d s or pti o n  t h e or y  [ 1 1 ]  b y  B arr ett, 

J o y n er  a n d  H al e n d a  [ 1 2 ],  i s  c all e d  B J H  [ 1 3 ].  I n  B J H,  i n ert  g a s  pr o b e s 

t h e  p or e  str u ct ur e  t o  pr o vi d e  a  P S D  [1 3 ].  B J H  pr o b e s  s urf a c e s  at 

t h e  m ol e c ul ar  s c al e,  a n d  t h er ef or e  P S D  c a n  b e  d o mi n at e d  b y  fi n e 

f e at ur e s  r e s ulti n g  i n  or d er s  of  m a g nit u d e  hi g h er  s urf a c e  ar e a  t h a n  ot h er

a p pr o a c h e s  li k e  N M R  diff u s o m etr y  [ 1 4 ].  A  s e c o n d  li mit ati o n  i s  t h at  B E T 
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ati c  w h e n  dr yi n g  i n d u c e s  s a m pl e  str u ct ur e  c h a n g e s  [ 1 4 ].  H or nifi c ati o n, 
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[15,16]. Therefore, a BJH approach is ill suited for these 

An alternative biomass characterization  technique is NMR relaxom-
which measures molecular motion to inform structural features. 

H NMR relaxometry measurements of water distributions in biomass 
well established [10,17�25]. This technique measures water popula-

separated by mobility, i.e. it distinguishes water populations by 
rotational restriction experienced, which is directly relatable 

pore sizes. Therefore, relaxometry distributions, especially , can 
related to PSD. Relaxometry is noninvasive, nondestructive  and can 
rapid. To rescale  distributions to PSD, the transverse surface 

 is required.  is often determined through MIP or NMR 
with the latter easily coupled with relaxometry measure-

These nondestructive  NMR techniques are useful to measure 
effects through repeated scans of the same sample, providing 
to structural changes not otherwise observable due to high 

variability, common for biological systems [1,2,5,6]. These 
techniques were used to investigate the long-term hydration 

of biomass, which to our knowledge has not been previously 
over these time scales.

This study investigates long-term hydration on water distributions 
corn stalk pith (pith), hemp stalk (hemp) and fibrous cellulose  media 

(cellulose) using NMR  relaxation and diffusometry. Pith and hemp 
were monitored at  and  g of water per g of dry solid, , 
and cellulose  was monitored at . These samples are corre-
spondingly referred to as pith 5, pith 20, hemp 5, hemp 20 and cellulose
5.

2. Theory

2.1. NMR relaxometry

H NMR relaxation measures energy dissipation times of H popu-
lations, termed  and . At equilibrium, the magnetic moment of H 
atoms in an applied magnetic field  align parallel or antiparallel with 
, slightly preferring the parallel alignment. The net magnetization 
 of the ensemble of H atoms precesses  around  at the Larmor 

frequency , which depends on the H gyromagnetic ratio  and , 
as . Radio frequency (rf) pulses at  induce energy level 
transitions  to excited states, rotating   out of alignment with . rf 
pulses also synchronize the H spin precession frequency of the system,
causing a transverse  component. To return to equilibrium, energy is 
dissipated through two mechanisms. The first is  relaxation, where 
energy is dissipated within the spin system through dipolar interac-
tions between H atoms, leading to precession frequency decoherence 
among spins and transverse  decay [26]. The second mechanism is 
relaxation, where energy is dissipated from the spin system to the sur-
rounding environment [26]. This restores the equilibrium distribution 
of spin states and realigns  with  longitudinally [26].

Relaxation times,  and , inform system molecular dynamics. 
They depend on rotational correlation times  of tumbling molecules 
and  [26,27].  informs the extent of dipolar interactions,  as  is 
the dipolar fluctuation frequency, corresponding to local magnetic field 
fluctuations. Fluctuations at  cause  relaxation, where  is shortest 
when the average fluctuations are at .  relaxation is most rapid for 

molecular motion, characteristic of solids, large molecular weight 
and viscous or restricted liquids. Strong dipolar interactions 

long , or low fluctuation frequencies, increases magnetization 
and enhances decoherence between a spin pair.  relaxation 

measured with a Carr�Purcell Meiboom�Gill (CPMG) [28,29] echo 

train, with echo spacing .

2 
2.2. NMR diffusometry

Pulsed gradient spin echo (PGSE) NMR measures molecular self-
diffusion in homogeneous liquids [26,30] and apparent diffusivity for 
restricted diffusion [26,31]. An excitation rf pulse and gradient pulse 
encodes phase of H species. A second rf pulse and gradient pulse 
recalls phase. The gradient pair is separated by a displacement time 
 [30]. Magnetization decoherence between the gradient pulses, dur-

, is proportional to molecular diffusion. A full PGSE experiment 
this sequence with increasing gradient strengths,  where fitting 

signal versus gradient strength provides the system's diffusion coeffi-
cient  for a given  [30,31]. Repeated PGSE experiments over a 
range reveal the time dependent diffusion behavior  [26,31�33]. 

 deviation from the liquid's free molecular self-diffusion  informs 
pore size and tortuosity  in two time-limiting regimes [32]. In the limit 

, , which equals , approaches  for isolated pores 
and  for interconnected pores, where  is tortuosity [32,33]. 
in the long-time regime is 

(1)

where  and  are geometric fitting factors [32,33]. In the short-time 
limit of ,  approaches , but molecular interactions with pore 
walls cause  to deviate from  as [32,33] 

(2)

Here  is the surface to volume ratio of the encapsulating pore. 
enough points in each regimes for reliable fits is difficulty 

to relaxation time limitations.  A Padé approximation is often used 
fit all ( ) time points, by connecting the short and long-time limits 
a single fit as [33,34] 

(3)

The fitting factor  represents the characteristic time a molecule takes 
the long-time limit regime.

Pulsed gradient stimulated echo (PGStE) is a PGSE modification, 
for systems with long , where  is short and  is 

[26,35]. During  PGSE stores magnetization in the transverse 
plane. Rapid  relaxation during  can inflate PGSE diffusion measure-
ments. PGStE sequences store magnetization longitudinally during  so 

, not , controls signal relaxation. PGStE is preferred for solid-
materials, large molecule liquids, viscous fluids or highly restricted 

[26,35] where .

Surface relaxivity and pore size distributions

Variations in molecular dynamics are impacted by interactions with 
resulting in well established relationships between pore surface 

volume ratios and rates of relaxation.  measurements provide PSD 
the surface relaxivity  is known [14,36,37]. Interactions between 

species and the surrounding interface enhance  relaxation 
a Brownstein and Tarr approach [38] 

(4)

where  is the measured  relaxation,  is  of the bulk species, 
 is again the pore length scale and  is the gradient magnitude 

. For CPMG experiments with a short echo time, 
, the diffusion term, , is negligible [26]. Recently 
Anderssen and McCarney have provided a detailed discussion  of the 
impact of restricted rotational mobility, paramagnetic relaxation and 

solubilization  of biomacromolecules in complex porous networks of 
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iomacromolecules such as the protein networks of meat or mus-
cle [39]. In cellulosic biomolecular networks, as in plants, we follow 
heir reasoning and introduce an effective surface relaxivity  depen-
ent on surface relaxation effects and biomolecular solubilization in the 
ore fluid volume  as 

(5)

where  is a homogeneous average enhanced relaxation rate due to 
he biomolecules in solution in the pore fluid [38,39].

. Materials

On October 28, 2017, corn stover bales were harvested with an 
GCO 2270 XD large square bailer (Duluth, GA, USA). Bales were 
stored at Iowa State University until October 24, 2019. At which 
time, bales were transported to Idaho National Laboratory. Corn stover 
samples were sent to Montana State University (MSU) as needed for 
experiments. Upon arrival at MSU, corn stover samples were hand 
sorted to select for corn stalk pith. Hemp stalk was sourced from a 
ocal farm in Bozeman, MT. The hemp strain is Yuma from IND Hemp 
(Fort Benton, MT). Both corn stalk pith and hemp stalk were Wiley 
knife milled and passed through a  mesh screen, , which has 
een shown to have negligible impact on NMR data compared to raw 
aterial [25]. Cellulose was acquired from Sigma-Aldrich (St. Louis, 
O, USA); product number: C6288 and lot number: 043K0042. As a 
ry powder-like solid, no further processing was required before sample 
oading and hydration.
To monitor long-term water dynamics, each sample was hydrated, 
ixed and then periodically measured for  relaxation and  over 

� . Solid material was loaded into  NMR tubes 
nd weighed before water was added to produce the desired water 
oncentration,  or . Samples were vortexed and sonicated 
ntil visually homogeneous and then loaded in the magnet. The first set 
f scans for each sample was started exactly  h after water was added. 
 new set of relaxation and diffusion scans were started every  h for 
he next  h. Beyond  h, new sets of scans were started as needed. 
n total, samples were monitored until  and  stopped changing. To 
nsure continuity of each sample's measured region within the coil, 
amples were left undistributed in the magnet until the entire hydration 
ataset was acquired, i.e. samples were monitored sequentially, rather 
han interlaced.

. Methods

All NMR experiments were run on a  MHz Bruker (Billerica, 
A, USA) superconducting magnet paired to a Bruker Avance III spec-
rometer and custom  high-power rf probe with diff30 gradient 
oil. This system used temperature control set to  for all experi-
ents, to limit any variability in water migration due to temperature 
luctuations.

.1. Relaxation data acquisition and analysis

 relaxation measurements used a CPMG pulse sequence [28,29] 
ith  echoes spaced  apart ( ),  dwell time for 
 0.5 MHz sweep width,  s interexperiment delay and  averages. 
ample dependent rf pulses were  W and applied for �  for 
90  pulses and �  for 180  pulses.

NMR CPMG signal decays were processed with a custom MAT-
LAB (Natick, MA, USA) based Tikhonov-regularized non-negative least 
squares fit to a Fredholm integral of the first kind [40�42], commonly 
called an inverse Laplace transform or ILT [43]. The ILT fits a CPMG 
signal decay for a  relaxation probability distribution . Distri-
butions are normalized by area under the curve. An ILT regularization

parameter weights smoothing to avoid overfitting, and prevent pearling 

3 
artifacts. To reduce smoothing bias each signal decay was analyzed as 
close to  as possible while maintaining a realistic fit. 
distributions are shown in Fig.  1. The size of each population, as in 
Fig.  1, was determined by summing over  points in each population 

(6)

These values are reported in Fig.  2. An average ,  as reported in 
Fig.  3, for each population was calculated with a probability weighted 
sum over 

(7)

4.2. Diffusometry data acquisition and analysis

PGStE measurements used a spoiler recovery delay of  s,  linearly 
ramped gradient steps to a maximum of � ,  gradient 
duration  and  averages. Echoes were acquired with dwell times 
of �  for  or  points, producing sweep widths between 
�  MHz. Receiver gains ranged between  and . PGStE mea-

surements were repeated with molecular migration times of , , 
, ,  and . Sample dependent rf pulses were  W and 

applied for �  for 90  pulses and �  for 180  pulses.
NMR diffusometry signal decays were analyzed with a signal-to-

noise ratio threshold set to 30% of the signal maximum. Points above 
this threshold were fit exponentially to determine  for the most mobile 
species [26,30], and reported in Fig.  5. Each hydration-time set of 
values were fit with Eq.  (3) to determine  (Fig.  6 (a)). Averaged 
pore radius was estimated by assuming spherical pores, where 
and , so that  scales as . From this scaling an 
average pore radius  can be estimated as .  is plotted versus 
time in Fig.  6(b).

4.3. Surface relaxivity

Combined NMR relaxometry and diffusometry is established in 
determining surface relaxivity  [14,36]. An average surface relaxivity 
for , , is estimated at each time point using Eq.  (4) with a global 
average  from each  distribution (Fig.  1), the  s  of bulk water as 

, and PGStE-derived  at each time point (Fig.  6(a)) [14,36]. 
The resulting  values are plotted in Fig.  7. These values, when 
substituted back into Eq.  (4), can rescale  distributions as a function 
of . Again, this step assumes spherical pores with the characteristic 
scaling .

5. Results and discussion

5.1. NMR  relaxation

Comparison between each material type at  shows 
distinct differences indicative of each material's water affinity (Fig. 
1). Cellulose 5 is a reference and not expected to change temporally. 
This data, in Fig.  1 (middle column), shows one small population with 
restricted rotational mobility at  and one larger, more 
mobile, population at . Temporally, there is no appreciable 
change from the initial distribution at  h (Fig.  1, 2 and 3). This is 
expected based on the inert nature of pure cellulose in which water 
will rapidly adsorb but absorption is minimal.

Pith 5 in Fig.  1 (middle-right column) has the same two populations 
at approximately the same  times. The more restricted population 
is smaller in pith 5 than cellulose 5. Pith 5 exhibits some temporal 
shifting, where the mobile population between  and  h has reduced 
mobility, shifting to  (Fig.  3). By  h this population restores 
its original mobility. Beyond  h the mobile population mobility 
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J o ur n al  of  M a g n eti c  R es o n a n c e  O p e n  2 5  ( 2 0 2 5 )  1 0 0 2 1 0  
i g.  1.  N M R  � 2  r el a x ati o n di st ri b uti o n s  f r o m l eft t o ri g ht of  h e m p  st al k at  2 0  a n d  5 g w at er ∕ g s oli d , fi b r o u s c ell ul o s e  m e di a  at  5 g w at er ∕ g s oli d , a n d  c or n  st al k pit h  at  
5  a n d  2 0 g w at er ∕ g s oli d . E a c h  m at e ri al  w a s  h y dr at e d,  mi x e d  w ell,  l o a d e d i nt o N M R  t u b e s a n d  t h e n m o nit o r e d  u ntil  N M R  si g n al c e a s e d  t o e v ol v e.  T h e  n u m b er s  o n  
t h e l eft of  e a c h  m at e ri al  p a n el  d e n ot e s  ti m e aft e r  w at e r  w a s  a d d e d  i n h.  N ot e  t h at � 2  di st ri b uti o n s  a r e  off s et  b y  a n  a r bit r a r y  a m o u nt  s o t h at all  di stri b uti o n s  ar e  
vi si bl e.

6 4 6 

5 7 4 

H e m p  2 0 H e m p 5 C ell ul o s e  5 

2 4 2 _ _ _ _ _ 

Pit h  5 

5 0 2 --

4 0 6 --

3 8 2 --

3 5 8 --

3 3 3 --

3 0 9 --

2 6 1 --

2 3 7 --

2 3 1 --

2 2 5 --

2 1 9 --

2 1 3 --

2 0 7 --

2 0 1 --

1 9 5 --

Pit h  2 0 

2 3 7 -'-
2 3 1 

2 2 5 

2 1 9 

2 1 3 

2 0 7 

2 0 1 

1 9 5 

1 8 9 

1 8 3 

1 7 7 

1 7 1 

1 6 5 

1 5 9 

1 5 3 

1 4 7 

1 4 1 

1 3 5 

1 2 9 

1 2 3 

1 1 7 

1 1 1 

1 - 3 
gr a d u all y  r e d u c e s a g ai n  t o � 2 ∼ 8 0 ms . D e s pit e  t h e s e � 2  s hift s, t h er e 
i s al m o st  n o  c h a n g e  i n 𝑃 (� 2 ) f or e a c h  p o p ul ati o n  (Fi g.   2 ).

H e m p  5  i n Fi g.   1  ( mi d dl e-l eft c ol u m n)  h a s  a  t hir d p o p ul ati o n  at  
� 2 ∼ 4 0 0 ms . T h e  t w o m o bil e  p o p ul ati o n s  at  � 2 ∼ 1 0 0  a n d  ∼ 4 0 0 ms  ar e  
i niti all y t h e s a m e si z e a n d  p arti all y  m er g e d.  B y  5 2 5  h  t h e s e p o p ul ati o n s  
m er g e.  B ef or e  9 3  h,  𝑃 (� 2 ) of  t h e p o p ul ati o n  at  � 2 ∼ 1 0 0 ms  gr o w s  
sli g htl y l ar g er t h a n t h e p o p ul ati o n  at  4 0 0 ms . B e y o n d  9 3  h,  t h e m o st  
m o bil e  p o p ul ati o n  at  � 2 ∼ 4 0 0 ms  b e c o m e s  l ar g er, w hil e  si m ult a n e o u sl y 
b e c o mi n g  m or e  r e stri ct e d. T h e  a v er a g e  � 2  f or t h e s e p o p ul ati o n s  w h e n  
m er g e d  (Fi g.   3 ) d e cr e a s e s  t hr o u g h o ut t h e m o nit ori n g  p eri o d.

H e m p  2 0  i n Fi g.   1  (l eft c ol u m n)  still h a s  t hr e e p o p ul ati o n s.  T h e  
s m all e st, hi g hl y  r e stri ct e d p o p ul ati o n,  at  � 2 ∼ 1 0 ms  i s d et e ct e d  u ntil  

3 1 0  h.  T h e  i nt er m e di at e m o bilit y  p o p ul ati o n  at  � 2 ∼ 1 0 0 ms  i s al s o  

4  
d et e ct e d,  b ut  i s m u c h  s m all er t h a n t h e hi g hl y  m o bil e  p o p ul ati o n  n o w  
at  � 2 ∼ 8 0 0 ms . T e m p or all y  all  t hr e e p o p ul ati o n s  s hift t o s h ort er � 2 , 
e x hi biti n g  d e cr e a s e d  s y st e m- wi d e m o bilit y.  O v er  t h e m o nit ori n g  p eri o d  
t h e hi g hl y  m o bil e  p o p ul ati o n  s hri n k s w hil e  t h e i nt er m e di at e m o bilit y  
p o p ul ati o n  gr o w s,  b ut  t h e s e c h a n g e s  ar e  l e s s t h a n ± 1 0 %  (Fi g.   2 ).

Pit h  2 0  i n Fi g.   1  (ri g ht c ol u m n)  i niti all y h a s  a  s m all, r e stri ct e d m o-

bilit y,  p o p ul ati o n  at  � 2 ∼ 5 0 ms , a n d  a  l ar g e, hi g hl y  m o bil e,  p o p ul ati o n  
at  � 2 ∼ 4 0 0 ms . Fr o m  3 – 1 0 5  h,  b ot h  p o p ul ati o n s  h a v e  r e d u c e d m o bilit y,  
s hifti n g t o r e s p e cti v e � 2 ’ s of  ∼ 3 5  a n d  ∼ 3 0 0 ms  (Fi g.   3 ). B e y o n d  1 0 5

h,  t h e s e p o p ul ati o n s  r e d e v el o p s o m e m o bilit y,  r et ur ni n g t o � 2 ’ s of  ∼ 4 0

a n d  ∼ 3 5 0 ms . 𝑃 (� 2 ) i s n e arl y  c o n st a nt  f or e a c h  p o p ul ati o n  d uri n g  t h e 

m o nit ori n g  p eri o d  (Fi g.   2 ).
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J o ur n al  of  M a g n eti c  R es o n a n c e  O p e n  2 5  ( 2 0 2 5 )  1 0 0 2 1 0  
i g.  2.  C h a n g e s  t o p e a k  i nt e g r al s f r o m Fi g.   1  wit h  ti m e. E a c h  p e a k  i n Fi g.  
1  w a s  i nt e g r at e d wit h  E q.   (6 ) t o p r o vi d e  t h e p r o p o rti o n  of  si g n al f r o m e a c h  
r e s p e cti v e d o m ai n,  i n di c ati v e of  t h e p r o p o rti o n  of  1 H  i n e a c h  d o m ai n.

i g.  3.  C h a n g e s  t o a v er a g e  p o p ul ati o n  � 2  f r o m Fi g.   1  wit h  ti m e. A n  a v er a g e  
2  f or e a c h  p e a k  i n Fi g.   1  w a s  c al c ul at e d  wit h  E q.   (7 ) t o p r o vi d e  t h e a v er a g e  
o bilit y  of  e a c h  d o m ai n.

T h e  r e stri ct e d m o bilit y,  b o u n d  w at er,  p o p ul ati o n  at  s h ort � 2  i n-

i c at e s  ti g htl y b o u n d  s urf a c e a s s o ci at e d  w at er  i n e a c h  m at eri al  at  
g w at er ∕ g s oli d  (Fi g.   1 ). T h e  m o bil e  w at er,  p o p ul ati o n  at  l o n g er � 2 ∼

0 0 ms  h a s  s h ort er � 2  t h a n b ul k  w at er  (∼ 3  s), w hi c h  i n di c at e s w at er-

bi o m a s s  a s s o ci ati o n  (Fi g.   3 ). T h e  n e ar  or d er  of  m a g nit u d e  l o n g er � 2

f  t h e m o bil e  w at er  o v er  t h e b o u n d  w at er  i n di c at e s a  m u c h  w e a k er  
at er- bi o m a s s  a s s o ci ati o n  (Fi g.   3 ). T h er ef or e,  t hi s m o bil e  p o p ul ati o n  i s 
er m e d i nt er m e di at e- b o u n d w at er  a s  it e x hi bit s  l o o s el y b o u n d  m o bilit y.

C ell ul o s e  5  s h o w s n o  t e m p or al c h a n g e  i n it s t w o p o p ul ati o n s,  i n di-

c ati n g  a  r a pi d w at er- bi o m a s s  e q uili br ati o n,  wit h o ut  f urt h er str u ct ur al 
e arr a n g e m e nt s or  w at er  r e di stri b uti o n. Pit h  5  i niti all y h a s  t h e s a m e 

t w o p o p ul ati o n s  at  si mil ar �  b ut  m or e  w at er  i s l o o s el y a s s o ci at e d  

- H e m p  2 0 - H e m p  5 - C ell ul o s e  5 - Pit h  5 - Pit h  2 0 
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H y dr ati o n  ti m e  ( hr) 
2

5  
wit h  bi o m a s s  (Fi g.   1  ( mi d dl e-ri g ht c ol u m n)).  T h e  t e m p or al di p  i n � 2

f or pit h  5  s u g g e st s sl o w w at er  p er m e ati o n  i nt o t h e bi o m a s s  str u ct ur e

s o t h at a  gr e at er  pr o p orti o n  of  w at er  i s f o u n d ti g htl y a s s o ci at e d  t o 
s urf a c e s. T hi s  a d diti o n al  b o u n d  w at er  i s pr e s u m e d  t o i n d u c e str u ct ur al 
r e arr a n g e m e nt s wit hi n  t h e bi o m a s s,  i n di c at e d b y  t h e p arti al  r e b o u n d i n 
� 2 .

I n h e m p  5  (Fi g.   1  ( mi d dl e-l eft c ol u m n))  t h e pr e s e n c e  of  t h e m o st  m o-

bil e  p o p ul ati o n  at  � 2 ∼ 4 0 0 ms  s u g g e st s a  s at ur ati o n of  t h e i nt er m e di at e-

b o u n d  1 0 0 ms  p o p ul ati o n.  T hi s  o v erfl o w  w at er  i s a s s u m e d  t o b e  m a cr o-

p or e  w at er  i n t h e fi b er b e d,  a n d  s p e a k s t o t h e l o w fi b er s at ur ati o n 
p oi nt  of  h e m p  fi b er s c o m p ar e d  t o c ell ul o s e  5  a n d  pit h  5.  T h e  gr o wt h  i n 
t h e i nt er m e di at e- b o u n d p o p ul ati o n  𝑃 (� 2 ) i n di c at e s a  sl o w p er m e ati o n  
of  m a cr o p or e  w at er  i nt o t h e 1 0 0 ms � 2  d o m ai n  (Fi g.   2 ). B e y o n d  9 3

h,  t h e m a cr o p or e  w at er  p o p ul ati o n  b e gi n s  gr o wi n g  a s  it m er g e s  wit h  
t h e i nt er m e di at e- b o u n d w at er  d o m ai n.  A s  w at er  p er m e at e s  i nt o t h e 
i nt er m e di at e- b o u n d w at er  d o m ai n  pri or  t o 9 3  h,  it e x ert s  a  h y dr o st ati c  
pr e s s ur e  o n  t h e p or e  str u ct ur e. T hi s  f or c e s str u ct ur al r e arr a n g e m e nt s 
w hi c h  i n cr e a s e c o n n e cti vit y  a n d  e n h a n ci n g  m ol e c ul ar  e x c h a n g e  b e-

t w e e n t h e i nt er m e di at e- b o u n d a n d  m a cr o p or e  w at er  d o m ai n s.  T w o  
pl a nt  fi b er s w elli n g m e c h a ni s m  h a v e  b e e n  s h o w n b y  G ar at  et  al.  i n 
w hi c h  s or pti o n of  b o u n d  w at er  w a s  o b s er v e d  i n a d diti o n  t o m a cr o-

s c o pi c s w elli n g a n d  str u ct ur al d ef or m ati o n  d u e  t o m a cr o p or e  w at er  
s or pti o n [ 2 ].  It i s li k el y t h e s e m e c h a ni s m s  ar e  s e e n h er e,  wit h  t h e fir st 
d o mi n ati n g  b ef or e  9 3  h,  a n d  t h e l att er b e y o n d  9 3  h.

Pit h  2 0  i n Fi g.   1  (ri g ht c ol u m n)  h a s  a  r e stri ct e d w at er  a n d  m o bil e  
p o p ul ati o n  wit h  n e arl y  5 x  l o n g er � 2  t h a n pit h  5.  R at h er  t h a n b o u n d  
a n d  i nt er m e di at e- b o u n d w at er  a s  i n pit h  5,  t hi s m o bilit y  i n pit h  2 0  i s 
m or e  r e pr e s e nt ati v e of  i nt er m e di at e- b o u n d a n d  m a cr o p or e  w at er  (Fi g.  
3 ). Pit h  2 0  al s o  h a s  a  gr e at er  r e stri ct e d w at er  pr o p orti o n  t h a n pit h  5
(Fi g.   2 ). 𝑃 (� 2 ) f or pit h  2 0  m at c h e s  c ell ul o s e  5  (Fi g.   2 ), wit h  l o n g er � 2

v al u e s  f or pit h  2 0,  i n di c ati n g a  si mil ar w at er  di stri b uti o n  wit h  l ar g er 
p or e  si z e s (Fi g.   3 ). 𝑃 (� 2 ) d o e s  n ot  c h a n g e  i n pit h  2 0  b e c a u s e  n o  w at er  
mi gr at e s  b et w e e n  p o p ul ati o n s,  i nf or mi n g mi ni m al  i nt er a cti o n b et w e e n  
p o ol s  of  w at er  (Fi g.   2 ). T h e  t e m p or al s hift t o s h ort er � 2 , f oll o w e d b y  
p arti al  r e b o u n di n g i n di c at e s bi o m a s s  str u ct ur al r e arr a n g e m e nt s d u e  t o 
h y dr o st ati c  pr e s s ur e  fr o m a b s or b e d  w at er  (Fi g.   3 ).

I n h e m p  2 0  (Fi g.   1  (l eft c ol u m n)),  t h e hi g hl y  m o bil e  m a cr o p or e  
w at er  p o p ul ati o n  h a s  d o u bl e  t h e m o bilit y  of  h e m p  5,  at  � 2 ∼ 8 0 0 ms

i n st e a d of  ∼ 4 0 0 ms  (Fi g.   3 ). A s  t hi s l o n g � 2  a p pr o a c h e s  t h e 3  s 
� 2  of  b ul k  w at er,  it i n di c at e s w e a k e ni n g  m a cr o p or e  w at er- bi o m a s s  
i nt er a cti o n. T h e  t e m p or al � 2  s h ort e ni n g i s attri b ut e d  t o l o o s e ni n g of  
mi cr ofi bril- b u n dl e  p a c ki n g,  i n cr e a si n g i nt erfi brill ar w at er  a c c e s si bilit y  
a n d  o v er all  w at er  r e stri cti o n. A  � 2  r e b o u n d, w hi c h  i n di c at e d str u c-

t ur al r e arr a n g e m e nt s i n h e m p  5,  i s n ot  o b s er v e d  i n h e m p  2 0  d u e  t o 
m or e  r a pi d w at er  e q uili br ati o n  d u e  fr o m t h e 4 x  w at er  i n cr e a s e. T h e  
a d diti o n al  w at er  e n h a n c e s  w at er  p er m e ati o n,  s o t h at t h e f oll o wi n g t h e 
h y dr o st ati c  dri v e n  str u ct ur al r e arr a n g e m e nt of  fi b er s i s pr e d o mi n a ntl y  
m e a s ur e d.  T h e  t e m p or all y i n cr e a si n g i nt er m e di at e- b o u n d w at er  𝑃 (� 2 ), 
d e cr e a si n g  m a cr o p or e  w at er  𝑃 (� 2 ), a n d  d e cr e a si n g  � 2  f or b ot h  d o m ai n s  
f urt h er s u p p ort s a  l o n g-t er m fi b er r e arr a n g e m e nt h y p ot h e si s.  A s  w at er  
a d d s  t o t h e i nt er m e di at e- b o u n d d o m ai n  it str e n gt h e n s w at er- bi o m a s s  
i nt er a cti o n s o n  a v er a g e.

� 2  si g n al i s a s s u m e d  t o o nl y  d et e ct  w at er  i n e a c h  s y st e m, a  g o o d  
a s s u m pti o n  gi v e n  t h e or d er  of  ∼ 1 0 μs  r el a x ati o n ti m e s of  c ell ul o s e

pr ot o n s  [ 1 8 ].  𝑃 (� 2 ) v al u e s  i n Fi g.   4  c a n  t h e n b e  s c al e d b y  t h e t ot al 
w at er  m a s s  o n  a  p er  gr a m  s oli d b a si s  t o e sti m at e  t h e r el ati v e w at er  
m a s s  w at er  i n e a c h  d o m ai n  (Fi g.   8 ). I n c ell ul o s e  5  t h e i nt er m e di at e-

b o u n d  w at er  m a s s  n e arl y  e q u al s  t h e t ot al w at er  a d d e d.  T h e  b o u n d  
w at er  d o m ai n  i s ∼ 0 .2 5 𝑔 ∕ 𝑔 . B ot h  h e m p  5  a n d  pit h  5  h a v e  a  si mil ar 
di stri b uti o n  of  w at er  t o c ell ul o s e  5,  o n c e  t h e h e m p  5  i nt er m e di at e-

b o u n d  a n d  m a cr o p or e  w at er  p o p ul ati o n s  m er g e,  wit h  m or e  m a cr o p or e  
w at er  t h a n c ell ul o s e  5.  H e m p  2 0  h a s  n e arl y  t h e s a m e a m o u nt  of  w at er  
i n t h e s e t w o p o p ul ati o n s,  wit h  sli g htl y m or e  b o u n d  w at er.  I n h e m p  
2 0  t h e e xtr a  1 5 𝑔 ∕ 𝑔  of  w at er  i s a d d e d  a s  m o bil e  m a cr o p or e  w at er  at  
� 2 ∼ 8 0 0 ms  (Fi g.   3 ). T e m p or all y  i n H e m p  2 0  t h er e i s s o m e m a cr o  p or e  

w at er  mi gr ati o n  t o t h e i nt er m e di at e- b o u n d d o m ai n,  i n di c ati n g s o m e 
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J o ur n al  of  M a g n eti c  R es o n a n c e  O p e n  2 5  ( 2 0 2 5 )  1 0 0 2 1 0  
i g.  4.  I nt e g r at e d 𝑃 (� 2 ) f or e a c h  p o p ul ati o n  f r o m Fi g.   2  r e s c al e d t o a  p e r  m a s s  
b a si s.  A s s u mi n g  all  si g n al c o m e s  f r o m w at e r  1 H,  𝑃 (� 2 ) m ulti pli e d  b y  t h e s a m pl e 
at e r  m a s s  o n  a  p e r  g r a m  s oli d b a si s  p r o vi d e s  t h e r el ati v e m a s s  of  w at e r  i n 

e a c h  p o p ul ati o n  a s  𝑃 (� 2 )𝑃 𝑃 𝑃𝑔 𝑔 �𝑔 𝑔𝑡 𝑎𝑙 .

l o n g-ti m e w at er  a b s or pti o n.  Pit h  2 0  u pt a k e s  w at er  i nt o b ot h  d o m ai n s,  
wit h  ∼ 1 𝑔 ∕ 𝑔  w at er  i n t h e i nt er m e di at e- b o u n d d o m ai n  a n d  ∼ 1 9 𝑔 ∕ 𝑔  i n 
h e m a cr o p or e  w at er  d o m ai n,  i nf or mi n g a n  i m pr e s si v e h y dr o st ati c all y  
n cr e a s e d w at er  st or a g e c a p a bilit y.  T h e  i n cr e a s e d � 2  i n t h e pit h  2 0  
o p ul ati o n s  (Fi g.   3 ) i n di c at e s l ar g er p or e  si z e s, attri b ut e d  t o s w elli n g.

5. 2.  N M R  diff us o m etr y

N M R  P G St E  r e s ult s i n Fi g.   5  ar e  s e n siti v e t o t h e m o st  m o bil e  
w at er  p o p ul ati o n s  i n t h e s e s y st e m s. T hi s  i s w h y  t h e m e a s ur e d  �  d o  
n ot  al w a y s  v ar y  dr a m ati c all y  fr o m t h e � = 2 × 1 0 − 9 m 2 ∕s  of  b ul k  
w at er.  �  w a s  m e a s ur e d  a s  a  f u n cti o n of  m ol e c ul ar  mi gr ati o n  ti m e 𝛥
t o pr o b e  f or r e stri ct e d diff u si o n.  Ti m e- d e p e n d e nt  diff u si v e  b e h a vi or  
i s u n c h ar a ct eri sti c  of  fr e e m ol e c ul ar  s elf- diff u si o n, s e e n a s  d e cr e a si n g  
�  wit h  i n cr e a si n g 𝛥 . T hi s  i n v er s e pr o p orti o n alit y  i n di c at e s r e stri ct e d 
diff u si o n,  w h er e  l o c al e n vir o n m e nt s  li mit m ol e c ul ar  diff u si o n  wit hi n  
p or e s.

�  fr o m t h e m o st  m o bil e  c o m p o n e nt  i n N M R  P G St E  si g n al (Fi g.   5 )

di s pl a y s  t e m p or al h y dr ati o n  b e h a vi or  c o m pl e m e nt ar y  t o � 2  r el a x ati o n 
m e a s ur e m e nt s.  C ell ul o s e  5  i s t h e l e a st d y n a mi c  m at eri al,  wit h  a  sli g ht 
� (𝛥 ) d e p e n d e n c e  b ut  n o  c h a n g e  o v er  t h e m o nit ori n g  p eri o d  (Fi g.   5 ( c)). 
C ell ul o s e  5  �  v al u e s  ar e  all  b et w e e n  1 .0 × 1 0 − 9 m 2 ∕s  a n d  1 .7 × 1 0 − 9 m 2 ∕s , 
mi ni m all y  v ar yi n g  fr o m w at er  m ol e c ul ar  s elf- diff u si vit y. � ∕ �  i s hi g hl y  
s e n siti v e t o �  at  s h ort 𝛥  ti m e s. T h e  l ar g e �  dr o p  b et w e e n  𝛥 = 1 0 ms

a n d  5 0 ms , l e a d s t o l ar g er � ∕ �  fit v al u e s  fr o m E q.   (3 ) t h a n h e m p  2 0,  
h e m p  5  a n d  pit h  2 0  (Fi g.   6 ( a)).

C o m p ar e d  t o c ell ul o s e  5,  h e m p  5  h a s  a  str o n g er t ot al � (𝛥 ) d e p e n-

d e n c e,  wit h  a  gr e at er  t ot al s pr e a di n g of  �  b et w e e n  0 .6 × 1 0 − 9 m 2 ∕s

a n d  1 .5 × 1 0 − 9 m 2 ∕s  (Fi g.   5 ( b)). T h er e  i s a  gr a d u al  i n cr e a s e i n �  f or 
𝛥 = 1 0 0 , 4 0 0  a n d  1 0 0 0 ms  d at a  u ntil  5 0  h.  T hi s  t e m p or al �  i n cr e a s e 
f or t h e l o n g e st 𝛥  i nf or m s e n h a n c e d  i nt er p or e mi gr ati o n  fr o m i m pr o v e d 
i nt er p or e c o n n e cti vit y.

Pit h  5  e x hi bit s  a  si mil ar t e m p or al c h a n g e  u ntil  ∼ 5 0  h  (Fi g.   5 ( d)), 
wit h  � (𝛥 ) s pr e a d i niti all y r a n gi n g fr o m 0 .1 × 1 0 − 9 m 2 ∕s  t o 0 .8 × 1 0 − 9 m 2 ∕s . 
S m all er  �  v al u e s  c o m pl e m e nt  � 2  d at a  i n Fi g.   1  ( mi d dl e-ri g ht) w h er e  
n o  m a cr o p or e  w at er  w a s  m e a s ur e d,  d e m o n str ati n g  t h e w ell  e st a bli s h e d  
hi g h  a b s or b e n c y  of  c or n  st al k pit h  [ 4 4 ,4 5 ].  Str o n g er  w at er- bi o m a s s  

• H e m p  2 0 • H e m p  5 • C ell ul o s e  5  •  Pit h  5  •  Pit h  2 0 
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6  
Fi g.  5.  R e s ult s  fr o m t h e m o st  m o bil e  c o m p o n e nt  i n N M R  diff u s o m etr y  m e a-

s u r e m e nt s of  ( a) 2 0  a n d  ( b) 5 g w at er ∕ g s oli d  h e m p  st al k, ( c) 5 g w at er ∕ g s oli d  fi br o u s 
c ell ul o s e  m e di a,  a n d  ( d) 5  a n d  ( e) 2 0 g w at er ∕ g s oli d  c or n  st al k pit h.  Diff u s o m etr y  
si g n al att e n u ati o n  wit h  r a m pi n g g r a di e nt s  w e r e  fit t o e sti m at e  t h e diff u si o n  
c o effi ci e nt  �  of  w at e r  i n t h e s e s y st e m s. �  v al u e s  r e p o rt e d a r e  m ulti pli e d  b y  1 0 9

f or r e a d a bilit y. I n a d diti o n,  t h e s e d at a  w e r e  a c q ui r e d  a s  a  f u n cti o n of  m ol e c ul ar  
mi g r ati o n  ti m e 𝛥  t o i nf o r m if ti m e- diff u si v e d y n a mi c s,  i n di c ati v e of  r e stri ct e d 
diff u si o n,  a r e  p r e s e nt.  P oi nt s  a r e  c ol o r e d  b a s e d  o n  𝛥 , b ut  g e n e r all y  �  d e cr e a s e s  
wit h  i n c r e a si n g 𝛥  i n e a c h  p a n el,  a s  e x p e ct e d.

Fi g.  6.  N M R  diff u s o m et r y  d e ri v e d  ( a) s u rf a c e t o v ol u m e  r ati o s a n d  ( b) p or e  
r a di u s e sti m at e s.  F r o m  a  P a d é  a p pr o xi m ati o n  fit ( E q.  (3 )) t o t h e � (𝛥 ) d at a  
i n Fi g.   5 , � ∕ �  w a s  e sti m at e d  ( a). T hi s  � ∕ �  v al u e  w a s  u s e d  t o e sti m at e  p or e  
r a di u s ( b) u si n g  a  s p h eri c al p or e  s c ali n g of  3 ∕ � .

a s s o ci ati o n s  t h a n i n c ell ul o s e  5  or  h e m p  5  c a u s e  t h e l o w �  m e a s ur e d.  �
al s o  i n cr e a s e s u ntil  5 0  h,  si mil ar t o h e m p  5,  e x c e pt  �  i n cr e a s e s a cr o s s  all  
𝛥  v al u e s  s u g g e sti n g p or e  s w elli n g a n d  e n h a n c e d  i nt er p or e c o n n e cti vit y.  
I n Fi g.   6 ( a) � ∕ �  f or pit h  5  m o d e stl y  d e cr e a s e s  u ntil  1 5 0  h,  f urt h er 
s u p p orti n g a  p or e  s w elli n g i nt er pr et ati o n.

H e m p  2 0  a n d  pit h  2 0  i n Fi g.   5 ( a) a n d  ( e) h a v e  t h e l ar g e st dr o p  
i n �  at  l o n g 𝛥  ti m e s. H e m p  2 0  i n Fi g.   5 ( a) s p a n s �  v al u e s  fr o m 
1 × 1 0 − 9 m 2 ∕s  a n d  1 .8 × 1 0 − 9 m 2 ∕s , wit h  t h e hi g h e st  diff u si vit y,  t h e 
s m all e st � ∕ �  (Fi g.   6 ( a)) a n d  l ar g e st p or e s  (Fi g.   6 ( b)) of  all  t e st e d 
m at eri al s.  T hi s  s u p p ort s t h e h e m p  2 0  � 2  d at a  w hi c h  o b s er v e d  hi g hl y  
m o bil e  m a cr o p or e  w at er.  I n a d diti o n,  t h er e i s a  l ar g e dr o p  i n �  of  
0 .5 × 1 0 − 9 m 2 ∕s  b et w e e n  𝛥 = 4 0 0 ms  a n d  1 0 0 0 ms , li k el y d u e  t o 
m oti o n al  n arr o wi n g  a s  m ol e c ul e s  s a m pl e t h e e ntir e  p or e  s p a c e a n d  
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J o ur n al  of  M a g n eti c  R es o n a n c e  O p e n  2 5  ( 2 0 2 5 )  1 0 0 2 1 0  
e b o u n d off  p or e  w all s  d uri n g  t h e 1 0 0 0 ms 𝑃 . D uri n g  t h e fir st 2 0  h  
of  h y dr ati o n,  h e m p  2 0  �  d e cr e a s e s  f or all  𝑃  ti m e s. B e y o n d  2 0  h,  t h e 
bi o m a s s  c o nti n u e s  t o a b s or b  w at er,  str e n gt h e ni n g t h e w at er- bi o m a s s  
i nt er a cti o n str e n gt h, d e cr e a si n g  diff u si vit y  a n d  i n cr e a si n g � ∕ �  (Fi g.  
6 ( a)). H o w e v er,  r e g ar dl e s s of  e x p eri m e nt  ti m e, h e m p  2 0  �  i s still l ar g er 
t h a n h e m p  5  i n Fi g.   5 ( b).

T h e  m o st  t e m p or all y d y n a mi c  m at eri al  i s pit h  2 0,  c h a n gi n g  t hr o u g h 
1 0 0  h  (Fi g.   5 ( e)). Pit h  2 0  s p a n s � (𝑃 ) v al u e s  b et w e e n  0 .5 × 1 0 − 9 m 2 ∕s

a n d  1 .5 × 1 0 − 9 m 2 ∕s , w hi c h  i s t h e l ar g e st r a n g e of  all  m at eri al s  t e st e d. 
T hi s  s pr e a d i s d o mi n at e d  b y  l ar g e �  dr o p s  at  l o n g 𝑃  ti m e s of  4 0 0  a n d  
1 0 0 0 ms . A s  wit h  h e m p  2 0  i n Fi g.   5 ( a) t h e s e l ar g e �  dr o p s  at  l o n g 𝑃
s u p p ort m oti o n al  n arr o wi n g.  T ot al  s a m pli n g of  t h e p or e  s p a c e b y  w at er  
l e a d s t o r e b o u n di n g off  p or e  w all s  a n d  d e cr e a s e d  eff e cti v e  diff u si vit y  at  
h e s e l o n g ti m e s. T e m p or all y  pit h  2 0  i n cr e a s e s i n �  i n d e p e n d e ntl y of  
 u ntil  3 0  h.  B e y o n d  3 0  h  �  d e cr e a s e s  f or all  d at a  p oi nt s.  B e y o n d  1 0 5  h  
 a g ai n  i n cr e a s e s a n d  t h e n pl at e a u s.  C h a n gi n g  �  a cr o s s  all  𝑔  s u g g e st s 
or e  str u ct ur e m o difi c ati o n.  C oi n ci di n g  wit h  t hi s t e m p or al e v ol uti o n,  

� ∕ �  i n Fi g.   6 ( a) d e cr e a s e s  wit h  ti m e, i m pl yi n g a n  i n cr e a s e i n p or e  si z e s.

C o m p ari n g  p or e  r a di u s e sti m at e s  b et w e e n  m at eri al s  i n Fi g.   6 ( b) 
i nf or m s h y dr ati o n  i n d u c e d s w elli n g. N ot e  t h at � ∕ �  e sti m at e s  i n t hi s 
d at a  ar e  s u bj e ct t o s o m e err or  b a s e d  o n  t h e 𝑔 1 ∕ 2  li n e ar fit s o v er  t h e 
s p ar s el y s a m pl e d s h ort 𝑔  p oi nt s.  H o w e v er,  t h e s e p oi nt s  d o  s h o w li n e ar 
tr e n d s. Al s o,  s p h eri c al p or e s  ar e  a s s u m e d  h er e  s o t h at � s c al e s a s  
3 ∕( � ∕ � ), i. e. � dir e ctl y  r efl e ct s � ∕ � . At  5 g w at er ∕ g s oli d  h e m p  5  h a s  t h e 
l ar g e st p or e s  b et w e e n  6 .0 – 8 .0 μ m , c ell ul o s e  5  i s l o w er at  5 .0 μ m  a n d  
pit h  5  i s ar o u n d  2 .5 μ m . At  2 0 g w at er ∕ g s oli d , h e m p  2 0  h a s  t h e l ar g e st 
r a di u s of  1 9 .0 – 2 5 .0 μ m . T h e  j u m p b et w e e n  h e m p  5  a n d  h e m p  2 0  o n c e  
e q uili br at e d,  i. e. at  l o n g h y dr ati o n  ti m e s, i s 1 3 μ m  or  3. 2 x  l ar g er. Pit h  
5  j u m p s fr o m 2. 5  t o ∼ 9 – 1 1 μ m  i n pit h  2 0,  a n  e q uili br at e d  i n cr e a s e of  
8 .5 μ m  or  4. 4 x  l ar g er. H e m p  5  h a s  t h e l ar g e st � of  all  t h e 5 g w at er ∕ g s oli d

s a m pl e s, i n di c ati n g t h at it h a s  alr e a d y  u n d er g o n e  s w elli n g a n d  i s cl o s e st  
t o s at ur ati o n. F urt h er  s w elli n g i n h e m p  2 0  i s n ot  pr o p orti o n al  t o 
t h e 4  ti m e s i n cr e a s e i n w at er.  C o nti n ui n g  wit h  t h e s p h eri c al p or e  
a s s u m pti o n,  t h e c h a n g e  i n p or e  v ol u m e  s c al e s a s  (� 𝑔 𝑡 𝑎 𝑙𝑔 ∕ � 𝑔 𝑔𝑔𝛥 𝛥𝛥)

3 . H e m p’ s  
i n cr e a s e i n � fr o m 6  t o 1 9 μ m  l e a d s t o a  v ol u m e  i n cr e a s e of  ∼ 3 2 x.  
Pit h’ s  � i n cr e a s e fr o m 2. 5  t o 1 1 μ m  i s a n  i m pr e s si v e ∼ 8 5 x  i n cr e a s e 
i n p or e  v ol u m e.  T hi s  m a s si v e  w at er  a b s or pti vit y  a n d  s w ell a bilit y ar e  
e st a bli s h e d  c h ar a ct eri sti c s  of  c or n  st o v er [ 6 ]  a n d  s p e cifi c all y c or n  st al k 
pit h  [ 4 4 ,4 5 ].

5. 3.  S urf a c e  r el a xi vit y

E m piri c al  eff e cti v e  �̄2  v al u e s  e n a bl e  c o n v er si o n  fr o m � 2  di stri b uti o n s  
t o P S D s  [ 3 7 ],  s etti n g u p  r o uti n e � 2  r el a x ati o n m e a s ur e m e nt s  f or c h ar-

a ct eri z ati o n  a n d  q u alit y  c o ntr ol  i n bi o c o m p o sit e  m a n uf a ct uri n g.  T h e  
q u e sti o n  wit h  t hi s a p pr o a c h  i s h o w  t o b e st  u s e  t h e � 2  d at a.  A n  a v er a g e d  
� 2  f or t h e e ntir e  di stri b uti o n  c a n  d et er mi n e  t h e a v er a g e  �̄2  w hi c h  i s 
a s s u m e d  t o b e  u nif or m  a cr o s s  t h e s a m pl e. A n  alt er n ati v e  a p pr o a c h  
a s s u m e s  �̄2  i s n ot  c o n st a nt  a cr o s s  all  p or e  si z e s, r e q uiri n g �̄2  d et er mi-

n ati o n  f or e a c h  w at er  p o ol  or  �̄2 ,𝛥. T hi s  a p pr o a c h  r e q uir e s m at c hi n g  
� ∕ �  f or e a c h  p o ol  of  w at er  wit h  it s a v er a g e  � 2  [ 4 6 ],  r e q uiri n g � − � 2

c orr el ati o n  e x p eri m e nt s  at  e a c h  𝛥 ; a n  i nt e n si v e a n d  diffi c ult  a p pr o a c h  
f or t e m p or all y e v ol vi n g  s y st e m s d u e  t o i n cr e a s e d e x p eri m e nt  d ur ati o n s.  
D u e  t o t h e n e e d  t o mi ni mi z e  t ot al N M R  e x p eri m e nt al  a c q ui siti o n  ti m e s, 
t o miti g at e  t h e eff e ct s  of  w at er  mi gr ati o n  d uri n g  e a c h  e x p eri m e nt al  s et, 
t h e s e a ut h or s  h a v e  el e ct e d  t o i n st e a d u s e  a n  a v er a g e d  � 2  fr o m e a c h  
� 2  di stri b uti o n  (Fi g.   1 ) wit h  a  b ul k  P G St E  d eri v e d  � ∕ �  (Fi g.   6 ( a)) t o 
e sti m at e  �̄2  f or t h e e ntir e  s y st e m at  e a c h  ti m e p oi nt  (Fi g.   7 ). �̄2  r el at e s � 2

di stri b uti o n s  i n Fi g.   1  dir e ctl y  t o P S D s  i n Fi g.   8  u si n g  E q.   (4 ). H o w e v er,  
n ot e  t h at b e c a u s e  t h e P G St E  d eri v e d  � ∕ �  v al u e s  i n Fi g.   6 ( a) ar e  fr o m 
t h e f a st e st diff u si n g  c o m p o n e nt  i n t h e si g n al d e c a y  t h e s e P S D s  will  b e  
bi a s e d  t o w ar d s t h e l ar g e st p or e s.  T h e  r e p ort e d P S D s  ar e  li k el y s k e w e d 
t o l ar g er p or e s  t h a n t h e a ct u al  di stri b uti o n  of  p or e- si z e s.

Eff e cti v e  s urf a c e r el a xi vit y �̄2  v al u e s  d eri v e d  f or t h e s e m at eri al s  
(Fi g.   7 ) ar e  t e m p or all y d y n a mi c  a s  str u ct ur al r e arr a n g e m e nt s eit h er  

alt er  s urf a c e c h e mi str y  [ 4 7 ]  or  o p e n  u p  v ol u m e  r el a x ati o n si n k s wit h  c

7  
Fi g.  7.  A v er a g e  s u rf a c e r el a xi vit y �̄2  c al c ul at e d  f r o m � 2  N M R  d at a  i n Fi g.   1
a n d  N M R  diff u s o m et r y  d e ri v e d  � ∕ �  d at a  i n Fi g.   6 ( a) wit h  E q.   (4 ) at  e a c h  
h y dr ati o n  ti m e p oi nt.  T h e s e  r e s ult s cl e a rl y  s h o w t h at �̄2  i s n ot  c o n st a nt  d uri n g  
t h e s e h y dr ati o n  e x p e ri m e nt s  i n e a c h  m at e ri al  e x c e pt  c ell ul o s e  5.

w at er  s ol u bili z e d bi o m ol e c ul e s  [ 3 9 ],  a n  i nt er e sti n g r e s ult i n it s elf. 
T h e s e  v al u e s  ar e  n ot  c o n st a nt  i n ti m e f or h e m p  5,  h e m p  2 0,  pit h  5  a n d  
pit h  2 0.  C ell ul o s e  5  �̄2  i s n e arl y  c o n st a nt  t hr o u g h o ut h y dr ati o n.  T hi s  
t e m p or al n at ur e  i n t h e bi o m a s s  r e q uir e s a  c ali br ati o n  c ur v e  of  �̄2  v er s u s  
h y dr ati o n  ti m e t o e sti m at e  P S D s  fr o m � 2  r el a x ati o n. U si n g  t h e s a m e �̄2
v al u e  a cr o s s  all  ti m e p oi nt s  w o ul d  n ot  a c c u r at el y  r efl e ct t h e c h a n gi n g  
bi o m a s s- w at er  i nt er a cti o n. T h e  eff e cti v e  �̄2  still h a s  u nit s  of  a  s urf a c e 
r e a cti o n si n k μ m ∕s  a n d  a s  s u c h i s a n  a v er a g e  m a g n eti z ati o n  s urf a c e 
r e a cti o n fl u x t er m i n t h e m o d el,  b ut  n o w  r efl e ct s b ot h  m a g n eti z ati o n  
l o s s al o n g  s urf a c e s a n d  i n t h e p or e  fl ui d [ 4 8 ].  I nt er a cti o n s wit h  p ar a m-

a g n eti c  s p e ci e s or  l o n g s urf a c e w at er  a d s or pti o n  ti m e s l e a d s t o gr e at er  
m a g n eti c  r el a x ati o n al o n g  s urf a c e s a n d  i n cr e a s e d �̄2 . A d diti o n all y  t h e 
eff e cti v e  s urf a c e r el a xi vit y t er m i s i n cr e a s e d b y  v ol u m e  si n k s, i n w hi c h  
mi xt u r e s  of  w at er  a n d  bi o m ol e c ul e  s ol ut e s l e a d t o r e d u c e d o v er all  � 2  of  
t h e p or e  w at er  [ 3 8 ].  I n h y dr at e d  bi o m a s s,  a  �̄2  i n cr e a s e c a n  b e  c a u s e d  
b y  l o n g er w at er  a d s or pti o n  ti m e s, i n di c ati n g str o n g er w at er- bi o m a s s  
s urf a c e i nt er a cti o n s a n d  i n cr e a s e d affi nit y  f or w at er  wit hi n  c ell ul o s e

mi cr ofi bril s.  I n a d diti o n,  s ol u bili z ati o n  of  c o m pl e x  p ol y s a c c h ari d e s  s u c h 
a s  p e cti n s,  pr ot ei n s  a n d  ot h er  bi o m ol e c ul e s  wit h  l e a k a g e of  c yt o pl a s m  
i nt o t h e s urr o u n di n g w at er  c a n  b e  c a u s e s  of  v ol u m e  si n k eff e ct s  i n

pl a nt s,  si mil ar t o t h e eff e ct s  s e e n i n m u s cl e  [ 3 9 ].  � 2  N M R  r el a x ati o n 
d at a  h a s  pr e vi o u sl y  b e e n  r el at e d t o m er c ur y  i ntr u si o n p or o si m etr y  
( MI P) t o c al c ul at e  �̄2  i n t h e l u m e n of  w o o d  c ell s  [ 1 0 ].  T h e s e  r e s ult s 
h o w �̄2  s c al e s wit h  p or e  si z e, a n d  r e p ort �̄2 = 6 4 μ m ∕s  i n c ell  l u m e n 
or e s  a n d  �̄2 = 2 .7 μ m ∕s  i n c ell  w all  p or e s  [ 1 0 ].  T h er ef or e,  t h e l o n g-

i m e i n cr e a s e i n �̄2  f or e a c h  m at eri al  i n t hi s w or k,  e x c e pt  c ell ul o s e  
,  i n di c at e s l ar g er p or e  si z e s. T hi s  c o nti n u e d  s w elli n g i s c a u s e d  b y  
at er  i n d u c e d str u ct ur al r e arr a n g e m e nt s, i n cr e a si n g w at er  affi nit y  a n d  
r o m oti n g  a d diti o n al  w at er  u pt a k e.

� 2  di stri b uti o n s  i n Fi g.   1  ar e  c o n v ert e d  t o P S D s  i n Fi g.   8  u si n g  E q.  
4 ) wit h  �̄2  fr o m e a c h  h y dr ati o n  ti m e p oi nt  i n Fi g.   7 . T h e s e  di stri b uti o n s  

s h o w p or e  si z e s r a n gi n g fr o m 0. 1  a n d  3 0 0 μ m . T h e  5 g w at er ∕ g s oli d

m at eri al s  h a v e  a  s m all w at er  p o p ul ati o n  i n p or e s  ∼ 0 .2 – 0 .5 μ m , w hil e  
t h e m aj orit y  of  w at er  i s i n p or e s  b et w e e n  1 – 1 0 μ m  f or c ell ul o s e  5  a n d  
pit h  5  a n d  1 – 5 0 μ m  f or h e m p  5.  At  2 0 g w at er ∕ g s oli d , h e m p  2 0  h a s  p or e s  
b el o w  1 μ m , b et w e e n  1 – 1 0 μ m  a n d  b et w e e n  1 0 – 3 0 0 μ m . Pit h  2 0  h a s  
p or e s  ∼ 1 μ m  a n d  3 – 3 0 μ m . T h e s e  r e s ult s ar e  i n g o o d  a gr e e m e nt  wit h  
ot h er  p or e- si z e  c h ar a ct eri z ati o n  t e c h ni q u e s o n  diff er e nt  li g n o c ell ul o si c 
m at eri al s.  I n dr y  w o o d  l u m e n s MI P  s h o w e d a  s m all pr o p orti o n  of  p or e s  
b el o w  1 μ m , al o n g  wit h  m aj or  p or e  p o p ul ati o n s  at  r o u g hl y 1 , 1 0  a n d  
1 0 0 μ m  [ 1 0 ].  I n dr y  c or n  st al k, MI P  h a s  m e a s ur e d  P S D s  wit h  a  s m all 
n u m b er  of  p or e s  at  1 μ m , al o n g  wit h  v ari o u s  l ar g er p or e s  r a n gi n g fr o m 
1 0 μ m  a n d  3 0 0 μ m  [ 2 1 ].  I n s u g ar c a n e b a g a s s e,  S E M  i m a g e s s h o w e d 
at er  i n c ell  w all s  of  2 – 5 μ m  t hi c k n e s s, n arr o w  l u m e n s of  1 0 μ m  a n d  
i d e  l u m e n s of  7 0 μ m  [ 2 0 ].  T h e s e  r e s ult s c o nfir m  t h e P S D s  r e p ort e d i n 
i g.   8  ar e  s c al e d t o t h e c orr e ct  or d er  of  m a g nit u d e.

.  C o n cl u si o n

T hi s  st u d y i n v e sti g at e d l o n g-t er m h y dr ati o n  i n pit h,  h e m p  a n d  
ell ul o s e  u si n g  N M R  �  r el a x o m etr y a n d  diff u s o m etr y.  Pit h  a n d  h e m p  

• H e m p 2 0  • H e m p 5  • C ell ul o s e  5  •  Pit h 5  • Pit h 2 0 

1 6. 5 ~- ~-"",; = =r = =; = =r = =; = = =; = = e; = =,; = =;; = =; ='- ~- ~ 

1 5. 5 •  • •  •  •  •  •  • 

1 4. 5 -• ~ •  • 
vi 1 3. 5 .,,,,,. 

"[ --;: ~II 4 .....- • 

1 0. s • ,.. ~., _ _,,. _. ~., _ •  • I • I  •  • 
Q. 9. 5 .,.,.., ............. • •  •  • 

8. 5  •  • • ~-- • 
7. 5 , _ ,,,,,,, •• -. 

6. 5 
0 s o 1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0  6 0 0  6 5 0 

H y dr ati o n  ti m e  ( hr) 
2
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er e  m o nit or e d  at  5  a n d  2 0  g  of  w at er  p er  g  of  s oli d, a n d  c ell ul o s e  
a s  m o nit or e d  at  5  g  of  w at er  p er  g  of  s oli d. All  m at eri al s  w er e  
e a s ur e d  e v er y  6  h  u ntil  2 3 7  h,  aft er  w hi c h  m e a s ur e m e nt  fr e q u e n c y 
a s  d e cr e a s e d  u ntil  n o  c h a n g e  w a s  o b s er v e d.  � 2  r el a x ati o n d et e ct e d  
o u n d  a n d  i nt er m e di at e- b o u n d w at er  i n c ell ul o s e  5  a n d  pit h  5.  H e m p  
 h a d  b o u n d,  i nt er m e di at e- b o u n d a n d  m a cr o p or e  w at er,  i n di c ati n g 
at ur ati o n of  t h e r e stri ct e d sit e s b y  5  g  of  w at er  p er  g  bi o m a s s.  Pit h  
0  di s pl a y e d  hi g h  a b s or pti vit y  a s  all  w at er  w a s  a b s or b e d  d uri n g  t h e 
3 7  h  h y dr ati o n  ti m e. T h e  a d diti o n al  1 5  g  of  w at er  b et w e e n  h e m p  2 0  
n d  h e m p  5  a d d e d  a s  m a cr o p or e  w at er.  N M R  diff u s o m etr y  m e a s ur e d  

iff u si o n  c o effi ci e nt s  �  of  t h e m o st  m o bil e  w at er  p o p ul ati o n s  i n e a c h  

8  
at eri al.  All  v al u e s  w er e  wit hi n  a n  or d er  of  m a g nit u d e  of  �  f or b ul k  
at er.  �  w a s  a c q uir e d  a s  a  f u n cti o n of  m ol e c ul ar  mi gr ati o n  ti m e 𝑃
o pr o b e  f or r e stri ct e d diff u si o n.  T h e  � (𝑃 ) b e h a vi or  s h o w e d i n cr e a s e d 
nt er p or e c o n n e cti vit y  i n h e m p  2 0,  a n d  s w oll e n p or e s  i n pit h  2 0.  T h e s e  
(𝑃 ) v al u e s  w er e  u s e d  t o e sti m at e  � ∕ �  a n d  a n  a v er a g e  p or e  si z e � of  
a c h  s a m pl e. � ∕ �  v al u e s  w er e  p air e d  wit h  � 2  di stri b uti o n s  t o pr o vi d e  
ff e cti v e  tr a n s v er s e s urf a c e r el a xi vit y �̄2  e sti m at e s  a s  a  f u n cti o n of  
y dr ati o n  ti m e. �̄2  v ari e d  wit h  h y dr ati o n  ti m e, a s  s urf a c e pr o p erti e s  

a n d  bi o m ol e c ul e  c o n c e ntr ati o n  i n s ol uti o n i n p or e  w at er  e v ol v e d.  �̄2
w a s  u s e d  t o r e s c al e � 2  di stri b uti o n s  t o p or e  si z e di stri b uti o n s  at  e a c h  

o b s er v e d  ti m e p oi nt.  B o u n d  w at er  w a s  f o u n d t o b e  i n p or e s  < 1 μ m . 
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emi-bound water was found in pores from – . Free water was 
ound in pores between – . These length scales agree with prior 
iterature results.
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