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There are other techniques that can be used for pore size distri-

bution analysis, such as transmission electron microscopy (TEM)

and mercury intrusion porosimetry. These methods, however, are

usually restricted to dry samples. Removing water from the hy-

drogel may change its network structure and mesh size. Also,

in biomedical applications, hydrogels are used in their native hy-

drated state. Therefore, techniques that can measure the network

mesh size in the wet state are required.

Solute exclusion or inverse size-exclusion chromatography has

been used to study the mesh structure of polymeric networks.18–21

Solute exclusion was introduced by Aggerbrandt and Samuelson

(1964) to study the penetration of polymer molecules into the

cellulose fibres.22 The method was then employed to measure

the pore structure of wet fibre wall using macromolecules that

do not adsorb onto the fibres, such as dextran or polyethylene

glycol.23–26 A solute molecule with a certain size does not diffuse

into a pore that is smaller than its molecular size. Therefore, us-

ing a set of macromolecules with various sizes, one can estimate

the pore size distribution in the fibre wall or in a fibrous network.

This method can be used to study CNF hydrogels in the hydrated

state.

The pore size can be also estimated from the ratio of the dif-

fusion coefficient of the probe molecules in the gel network, to

their diffusion coefficient in the solvent.27,28 The diffusivity of

the probe molecules in the aqueous medium can be measured

with pulsed-field-gradient NMR (PFG-NMR). 29,30 Wallace et. al.

(2013) studied the mesh structure of naphthalene diphenylala-

nine hydrgels, prepared with the addition of Ca2+, using PFG-

NMR.29 They measured the diffusivity of dextran molecules with

nominal molecular weights ranging from 6 to 2000 kDa, in the ab-

sence and presence of a network, and estimated an average mesh

size in their sample. However, they could not obtain precise dif-

fusion coefficients for the large dextran fractions, 1400 and 2000

kDa, in the gel phase. They attributed this to the trapping of the

large dextran molecules by the gel network.

In this paper, TEMPO-mediated oxidized CNF suspensions are

cross-linked using water-soluble diamines, such as diaminooc-

tane (DAO), diaminobutane (DAB), and adipic acid dihydrazide

(ADH). Mesh size analysis is carried out with solute exclu-

sion, and with PFG-NMR, using dextran fractions with molecular

weights in the range 10-2000 kDa as probe molecules. All the

computations are done with MATLAB.

2 Methods

2.1 Pore size estimation with solute exclusion

Solute exclusion estimates the pore size distribution based on the

accessibility of the pores to macromolecules that do not adsorb

onto the pore wall. When a probe molecule is larger than a pore,

it gets excluded from that pore. This is the opposite of size-

exclusion chromatography (SEC), which is used to measure the

size distribution of an unknown solute. When the solute molecu-

lar size is known, SEC can characterize the porous medium, there-

fore the technique is called inverse size-exclusion chromatogra-

phy. Here we apply this method, using a set of dextran fractions

as probe molecules, to study CNF hydrogels. The procedure is

as follows. When a CNF hydrogel, with a defined mass of wa-

ter ww and a defined mass of fibril wf , is exposed to a known

amount of a dextran solution ws with a defined initial concen-

tration ci, a portion of the total water in the gel is accessible to

the dextran molecules, and the rest of the water q is inaccessible.

Dextran molecules diffuse into the hydrogel pores, therefore, the

dextran concentration in the solution phase decreases with time

until reaching equilibrium. The final concentration will be then

cf in ws+ww-q amount of solution. From the fact that the total

amount of dextran has not changed, the amount of inaccessible

water can be estimated by23,25,26

σ =
q

wf

=
(ws + ww)

wf

[1−
ws

ws + ww

ci
cf

]. (1)

The amount of inaccessible water per gram fibril, σ, increases

with increasing the probe size, reaching a plateau σplateau at large

molecular sizes, when the probes cannot diffuse into any of the

pores. In case of a water-swollen fibre wall, this plateau shows

the total amount of water associated with all the pores in the

fibre wall, called the fibre saturation point σ = FSP.26 For sat-

urated hydrogels, the upper limit of σ is equal to the swelling

capacity of the hydrogel.21 If all the pores in a network are larger

than a minimum size, a plateau equal to zero is also observed

at small molecular sizes, meaning that the macromolecules that

are smaller than a certain size, have access to all the pores in the

network.

It has been suggested that the derivative of the best mathe-

matical fit to the σ values as a function of probe hydrodynamic

radius Rh, gives an estimation of the pore size distribution. Since

the characteristic shape of the σ(Rh) curve is S-shaped, a logistic

function with equation

y(x) =
α

1 + e(β−γx)
(2)

is used to fit the σ(Rh) data, where α, β and γ are fitting pa-

rameters, x corresponds to Rh, and y(x) corresponds to the σ

values.20,23,25,31 In this approach, it is assumed that when a pore

is larger than a solute molecule, all the water in the pore is ac-

cessible to that molecule. However, in reality, the macromolecule

cannot move in the entire volume inside the pore with equal prob-

ability, due to the wall effects. Therefore, approximating the pore

size distribution directly from the cumulative σ(Rh) curve my

lead to underestimation of the mesh size.

The concentration of a non-adsorbing molecule is zero on the

surface of the pore wall. A layer adjacent to the pore wall, over

which the concentration changes from zero on the wall to the bulk

value at a distance from the wall, is called the depletion layer. The

depletion layer affects the partitioning of the solute molecules be-

tween the gel and the solution phase, since the solute molecules

have limited access to the water in this layer. The depletion layer

thickness typically scales with the particle size Rh. Therefore, the

local partition coefficient K, here defined as the fraction of wa-

ter accessible to a molecule in a pore with radius r, depends on

the molecule size, and the pore geometry, when the molecule is

smaller than the pore Rh < r. If Rh > r, K = 0, meaning that the

solute molecules are completely excluded from the pore. Consid-
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ering the wall effects, Casassa (1967) developed expressions for

K(Rh, r) for simple pore geometries such as slit-like, cylindrical,

and spherical pores, as follows:32,33

Kslit =
8

π2
Σ∞

n=0
1

(2n+ 1)2
exp[−

(2n+ 1)2π2

4
(
Rh

r
)2], (3)

Kcylinder = 4Σ∞

n=1
1

β2
n

exp[−β2
n(

Rh

r
)2], (4)

Ksphere =
6

π2
Σ∞

n=1
1

n2
exp[−n2π2(

Rh

r
)2], (5)

where βn is the nth zero of the Bessel function J0(β). The total

amount of water accessible to a molecule with radius Rh in the

whole gel phase is then

1−
σ

σplateau

=

∫
∞

0

K(Rh, r)f(r)dr, (6)

where f(r) is the normalized pore size distribution i.e.,∫
∞

0
f(r)dr = 1. Assuming all the pores have the same radius

r, equation 6 reduces to

σ

σplateau

= 1−K(Rh, r). (7)

An average pore size r can be then estimated with fitting the

σ(Rh) data to equation 7. However, there are uncertainties as-

sociated with using this model for gels. A slit-like pore model is

reasonable in the cell wall,26 due to its lamellar structure. But

in a gel network, the openings between the fibrils have complex

structures and are not expected to be simple slits, or cylinders,

or spheres. It has been recently shown that a simple-geometry

pore model does not successfully predict the partition coefficient

of the cross-linked polymer gels, and overestimates the mesh size,

when dilute solutions of probe molecules are used.34 On the other

hand, it has been suggested that solute exclusion, in general, may

underestimate the pore size. Because the osmotic pressure differ-

ence between the pore interior and the bulk solution may cause

the pore contraction, and in case of hydrogels, it may make the

gel deswell.21,35–37 Despite the mentioned issues, solute exclusion

is still considered as a valuable technique for the determination of

the “effective pore size” and the “effective accessible water”, 33,35

and the simple-geometry pore models have been widely used for

a rough estimation of the pore size in fibrous and polymeric net-

works.18,19,21,38

In this paper we analyse the solute exclusion data using the lo-

gistic function, and the three introduced pore models, and com-

pare the results with those obtained using NMR, and those pre-

dicted by theory.

2.2 Pore size estimation based on probe diffusivity

When a dextran molecule with hydrodynamic radius Rh diffuses

into a network with an average mesh size ξ, its diffusivity is re-

stricted by the network. The diffusion coefficient of the probe

molecule in the network D is related to the mesh size by28,29

D

D0
= exp[−

Rh

ξ
]δ, (8)

where D0 is the diffusion coefficient in a dilute solution, and

δ ≈ 1, is a system-dependent parameter.29 This equation was de-

rived based on the decrease in the entropy of a mesh unit when

it expands to the size Rh, neglecting the finite width of the fibrils

forming the network. Similar equations can be obtained based

on the hydrodynamics of polymer solutions. 39,40 Equation 8 has

been shown to give good fits to the diffusivity data in various sys-

tems, as well as reasonable estimates of the mesh size. 29,40 Ams-

den (1999) on the other hand, considered the finite radius of the

fibrils, suggesting41

D

D0
= exp[−

π

4
(
Rf +Rh

Rf +Rp

)2], (9)

where Rp is the average pore radius, in a fibril network with fibril

radius Rf .

2.3 Diffusion coefficients determination with PFG-NMR

The diffusion coefficient D of molecules in solution can be mea-

sured with pulsed-field-gradient NMR, based on the exponential

attenuation of the NMR echo amplitude due to translational dif-

fusion. Assuming a Gaussian distribution for the displacements

due to diffusion, the amplitude intensity of the PFG-NMR signal

is related to D by30,42

A(2τ)

A0
= exp[−(γδG)2(∆− δ/3)D]. (10)

In this equation, A(2τ) and A0 are the echo amplitudes at t = 2τ

with and without the magnetic field gradient, respectively, where

2τ is the time at which, the signal attenuates due to diffusion,

γ is the 1H gyromagnetic ratio with the value γ/2π = 4257.6

s−1Gauss−1, δ is the pulsed field gradient duration (s), which

should not be mistaken with the δ in equation 8, G is the gradient

strength (Gauss m−1), and ∆ is the time between the gradient

pulses (s). For poly dispersed samples, a stretched exponential

expression is suggested as43

I

I0
= exp(−bD′)β , (11)

where I and I0 are signal intensities with and without the mag-

netic field gradient, D′ is a fitting parameter, β is the stretching

exponent, and b = (γδG)2(∆− δ/3). The mean inverse diffusion

coefficient can be then estimated by

〈
1

D
〉 =

1

βD′
Γ(

1

β
), (12)

where Γ is the gamma function.

2.4 Determination of Rh

The hydrodynamic radius Rh of a probe molecule can be experi-

mentally measured with dynamic light scattering DLS. When the

diffusion coefficient D0 of the macromolecule in the dilute so-

lution is measured with NMR, Rh can be obtained with Stokes-

Einstein equation

Rh =
KBT

6πηD0
, (13)
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the hydrogels is small. If the DMT-MM molecules or the non-

reacted diamine molecules happen to diffuse from the gel phase

into the solution during the experiments, their effect on the mea-

surement of cf is negligible.

3.4 NMR experiment

To measure the diffusivity of the dextran probes in the dilute so-

lution, an aqueous solution, containing 20% w/w D2O, of each

dextran fraction was prepared with 0.1% w/w dextran consis-

tency. The solutions were then transferred into 5 mm NMR tubes

with a pipet.

To measure the diffusion coefficients in the CNF network, 0.7%

CNF suspensions, each containing 20% w/w D2O, 0.1% w/w of a

dextran fraction, and the required amount of DMT-MM, were pre-

pared. CNF suspensions were then cross-linked with the addition

of DAO and stirring for 1 min. The suspensions were transferred

into 5 mm NMR tubes right away, and the reaction was allowed

to complete over night, inside the tubes. All the samples were

tested the day after preparation.

The experiments were recorded on a 500 MHz Varian INOVA

NMR spectrometer, using a 1H-13C-15N triple-resonance room

temperature probe, equipped with z-axis pulsed field gradients.

Peaks related to dextran in the dilute solutions and in the cross-

linked hydrogels were clearly recognizable in the NMR spectra.

The echo amplitude A was recorded as a function of the gradient

strength G, using a water-suppressed LED pulse sequence, 42 with

G changing in the range 1.9-46 Gauss cm−1. Measurements were

done with ∆ varying in the range 0.25-1 s, and the gradient dura-

tions δ in the range 2.5-5 ms, depending on the dextran molecular

size. The larger the probe molecule, the longer the time necessary

to observe diffusion. All the tests were done at 25◦C.

The signal intensity data were fitted to equation 10 with A0

and D as free parameters, and to equation 11 with I0, D′, and β

as free parameters.

3.5 DLS

Dextran solutions with 0.2% w/w consistency were prepared.

Dust free samples were obtained with filtering the dextran so-

lutions through 0.22 µm syringe filters. The average Rh for each

fraction was measured using a Brookhaven light scattering instru-

ment, with a polarized laser operating at λ = 532 nm. The scat-

tered light intensity at 90 degrees was monitored for 10 minutes

in each test. The temperature was set to 25 ◦C. Measurements

were done in triplicate.

4 Results and discussion

4.1 Hydrodynamic radius

Hydrodynamic radius of each dextran fraction was estimated us-

ing equation 13, with diffusion coefficients D0 and the viscos-

ity of the solvent η as known parameters. Diffusion coefficients

D0 were measured fitting the PGF-NMR intensity data, obtained

for each dextran fraction in an aqueous medium, to equations 10

and 11. Figure 2 shows the echo amplitude as a function of gradi-

ent strength square G2 for dextran 500 kDa in aqueous medium,

with a fit to equation 10, as an example. Similar results were

Table 1 Diffusion coefficients in the dilute aqueous solution D0 (m2

s−1), obtained fitting equation 10 to the experimental data with the

goodness of fit R2, and the corresponding hydrodynamic radius Rh

(nm) obtained with Stokes equation 13, calculated theoretically with

equation 14, and measured with DLS, for all dextran fractions (kDa)

Mw D0 × 1011 R2 Rh,Stokes Rh,theory Rh,DLS

10 10.7 0.99 2.3 2.0±0.4 2.3±1.5
40 5.5 0.99 4.4 4.2±0.9 4.8±1.2
70 4.3 0.99 5.7 5.6±1.3 6.0±2.6
110 3.4 0.99 7.1 7.2±1.7 7.6±2.7
500 1.9 0.99 13 16±4.2 14±9.0
2000 1.3 0.99 19 34±9.7 40±20

acquired using both equations, as β > 0.99 was obtained in all

cases. The corresponding Rh values were then calculated with

equation 13. Table 1 shows the Rh obtained with the Stokes equa-

tion 13, considering η ∼ 0.9 mPa s for the water/D2O mixture, as

well as the values calculated theoretically with equation 14, and

the data acquired with DLS.

G2 (Gauss/m)
×10

7

0 0.5 1 1.5 2 2.5

A
/A

0

0

0.2

0.4

0.6

0.8

1

1.2

Fig. 2 Normalized echo amplitude vs. G2 for dextran 500 kDa in water

and 20% w/w D2O, δ = 0.004 s, ∆ = 0.5045 s. The line is a fit to

equation 10.

Our results are in good agreement with the data reported by

Wallace et. al. (2013). 29 Similar Rh values are obtained with

NMR and with equation 14 for smaller dextrans, 10-110 kDa. For

dextrans 500 and 2000 kDa, however, the measured Rh,Stokes

is smaller than the theoretical value. This could be due to the

polydispersity of the dextran fractions, and thus the presence of

many particles with smaller molecular weights than their nominal

values.29 The results obtained with DLS are in agreement with the

Rh,Stokes values for dextrans 10-500 kDa, but for dextran 2000

kDa, Rh,DLS ∼ 2Rh,Stokes.

The mesh size analysis in this paper is carried out using the

Rh,Stokes values measured with PFG-NMR.

4.2 Solute exclusion

The amount of inaccessible water normalized with respect to the

total amount of water in the hydrogel, σ/σmax, is shown in fig-

ure 3, as a function of the probe hydrodynamic diameter dh. The

results obtained for CNF hydrogels prepared using DAO and DAB

are almost similar, but the σ value obtained for the hydrogel

prepared with ADH seems to be slightly smaller than the other

1–9 | 5
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Fig. 3 σ/σmax vs. dh for 0.7% CNF hydrogels prepared with the three

diamines. The lines are to guide the eye.

two samples at dh ∼ 4.6 nm. This indicates that the minimum

pore size in this hydrogel is larger than the minimum pore size

in the hydrogels prepared with DAO or DAB. This is consistent

with our rheometry results, showing smaller elastic and viscous

moduli for the hydrogel prepared with ADH, compared to those

prepared with the other two diamines (data available in the ESI,

figure 2), since the smaller the pore size, the higher the mechan-

ical strength of the hydrogel, and therefore, the larger the elastic

modulus.29,46–48 The σ/σmax ratio increases with increasing the

probe molecular size, reaching a plateau at dh ∼ 20 nm, with a

plateau value of σ/σmax ∼ 0.5.

The fact that the amount of inaccessible water at the plateau

σplateau is not equal to the total amount of water in the hydro-

gel can be explained by two causes. The first hypothesis is that

the osmotic pressure difference between the CNF hydrogel and

the dextran solution is large enough to transfer half of the wa-

ter from the gel phase to the solution. Consequently, the hydro-

gel should collapse to half of its original volume. However, as

mentioned previously, the cross-linked CNF hydrogels exposed to

dextran solutions, do not swell or collapse during our measure-

ments. Therefore, the osmotic forces cannot be the reason for

σplateau/σmax ∼ 0.5. The second hypothesis is that even the

largest dextran fractions used here, 500 and 2000 kDa, have ac-

cess to almost half of the water (1-σplateau/σmax) in the hydro-

gel. This suggests that there are two sets of mesh units in this

network: one, a number of large pores, containing half of the

water in the hydrogel structure, that are accessible to all the dex-

tran fractions, and two, a group of smaller pores in regions with a

more compact structure, containing the second half of the water,

where the dextran molecules with dh >
∼
20 nm do not have access

to. This hypothesis is reasonable considering the heterogenous

structure of CNF hydrogels. In addition, the cross-linking pro-

cedure increases the heterogeneity of the fibril network, because

the nonuniform distribution of the cross-linking agents may in-

duce compact regions with a high degree of cross-linking, and

areas with large opening in the hydrogel structure.

To estimate the mesh size distribution, we fit the σ(dh) data

obtained for the CNF hydrogels cross-linked with DAO, to the lo-

gistic function and the simple-geometry pore models introduced

previously. As shown in figure 4a, equation 2 fits the experimen-

tal data very well, with α, β, and γ equal to 0.5, 2.8, and 0.4,

respectively. The pore size distribution obtained from the deriva-

tive of this mathematical function shows an average pore diam-

eter of ∼ 7 nm, with a maximum diameter of ∼ 20 nm. In this

model, the derivative of σ(dh) curve matters and not the exact

σ(dh) values. Thus, the obtained average and maximum pore di-

ameter represent the set of smaller pores in the compact regions

of the hydrogel. The dh ∼ 20 nm, at which the plateau begins,

is automatically considered as the upper extreme of the pore size

distribution, no matter how big the σ(dh) is. However, even con-

sidering only the dense parts of the hydrogel, the pore size is

still underestimated with this model, due to neglecting the wall

effects. The pore models suggest that the smallest pore that a

dextran molecule can have access to should be twice as large as

the dextran size, due to the presence of depletion layers, which

can be as thick as the dextran size. Therefore, the maximum pore

diameter in the compact regions can be as large as ∼ 40 nm.

To obtain an average pore size using the simple-geometry pore

models, we normalize the σ values, acquired for the same hydro-

gel, with respect to σplateau, not σmax, to meet the upper bound-

ary condition of these models. The complete exclusion of solute,

or the inaccessibility of the total amount of water in the pores,

corresponds to when σ(dh) curve reaches a plateau in the pore

models. Normalizing σ values to σplateau secures K = 0 at the

plateau. The estimated pore size is thus only for the set of smaller

pores in the compact regions of the gel network. Figure 4b illus-

trates the experimental σ(dh) data and fits to equation 7, with

K(Rh, r) for the three different pore geometries shown in equa-

tions 3 - 5. The predicted pore size is completely geometry de-

pendent. An average pore diameter of 15 nm, assuming slit-like

pores, 25 nm, for cylindrical pores, and 35 nm, assuming spher-

ical pores, is obtained for the dense parts of this system. These

values are noticeably larger than the one obtained with the best

mathematical fit model, due to considering the wall effects.

4.3 Self diffusion

Diffusion coefficients of the dextran molecules in the CNF hy-

drogels prepared using DAO were estimated fitting the NMR in-

tensity data to equations 10 and 11. Similar to the diffusivity

measurements in water, both equations led to equal results, as

β > 0.99 was obtained for all samples. Table 2 shows the re-

sults acquired using equation 10. The difference between the dif-

fusion coefficients in the gel phase and those obtained in water

increases with increasing dextran molecular size. For dextran 10

kDa, D/D0 ∼ 0.87, meaning that there are not many pores in the

gel structure with a pore size comparable to the size of this dex-

tran fraction, therefore, its diffusivity is not noticeably affected by

the network. However, for a larger molecule such as dextran 500

kDa, D/D0 ∼ 0.44, indicating that its diffusivity is significantly

restricted by the fibril network.

The echo amplitude shows an exponential decay as a function

of G2 for smaller dextrans, but, a deviation from equation 10

(or 11) is observed for larger dextrans diffusing in the gel net-
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Fig. 4 σ values vs. hydrodynamic diameter dh for the 0.7% CNF hydrogel cross-linked with DAO. a) Solid line is a fit to equation 2. Dashed line is the

corresponding pore size distribution. b) The lines are fits to equation 7 with K(Rh, r) for the three different pore geometries, using equations 3 - 5.

Table 2 Diffusion coefficients in CNF hydrogels, D (m2 s−1), obtained

fitting equation 10 to the experimental data with the goodness of fit R2
D ,

the D/D0 ratios, and the Dg (m2 s−1) values obtained using the

proposed bimodal equation 15 with the goodness of fit R2
Dg

, for all

dextran fractions (kDa)

Mw D × 1011 R2
D D/D0 Dg × 1011 R2

Dg

10 9.2 0.99 0.87 1.6 0.99
40 4.0 0.99 0.73 1.5 0.99
70 2.8 0.99 0.66 1.2 0.99
110 2.1 0.98 0.63 1.1 0.99
500 0.85 0.97 0.44 0.38 0.99
2000 — 0.80 — 0.04 0.99

work. The deviation is significant for dextran 2000 kDa, as shown

in figure 5. Wallace et. al. (2013) reported the same for dextrans

> 500 kDa diffusing in naphthalene diphenylalanin (2FF) hydro-

gels. They attributed it to the trapping of large dextran molecules

in the gel network.29 Due to the large deviation from equation 10,

we do not report a diffusion coefficient for dextran 2000 kDa in-

side the gel.

An average mesh size was estimated fitting the diffusion quo-

tients D/D0 of dextrans 10-500 kDa, to equations 8 and 9. The

fibril radius Rf was considered ∼ 2 nm. As shown in figure 6,

equation 8 fits the diffusivity results better than equation 9 does.

An average mesh size ξ ∼ 15 nm, with δ = 0.999, and an average

radius of openings in the fibril network Rp ∼ 10 nm (pore diame-

ter ∼ 20 nm), are obtained in this system for the whole network.

However, the wall effect is not considered in developing equa-

tions 8 and 9. In addition, the measured diffusion coefficients are

not precise for large dextrans, due to the deviation of the expo-

nential equation 10 from the experimental data points; therefore,

pore size estimation based on the diffusion quotients may not not

be precise for this system.

G2 (Gauss/m)
×10

7

0 0.5 1 1.5 2 2.5
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0.6

0.8
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1.2

Fig. 5 Normalized echo amplitude vs. G2, for dextran 2000 kDa in

cross-linked 0.7% CNF hydrogel prepared with DAO. δ = 0.005 s,

∆ = 1.0055 s. The dashed line is a fit to equation 10, and the solid line

is a fit to the proposed bimodal equation 15.

Since our mesh size analysis with solute exclusion method sug-

gests the presence of a group of large openings that even dextran

2000 kDa has access to, we believe that the same should apply to

self-diffusion interpretations. Assuming that there are pores large

enough not to restrict the diffusivity of the dextran molecules,

in which, the probes experience diffusing in the water only, we

propose a biexponential model for the echo amplitude decay, as

A(2τ)

A0
= Cgexp[−bDg] + (1− Cg)exp[−bD0], (15)

where D0 is the diffusion coefficient in water, Dg is the diffusion

coefficient induced by the gel structure, in the pores that are small

enough to affect the diffusivity of the probes, Cg is the fraction

of probe molecules that experience the network restrictions, and
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Fig. 6 Diffusion quotients vs. Rh. Solid line is a fit to equation 8, and

the dashed line is a fit to equation 9.

b = (γδG)2(∆− δ/3). The PFG-NMR intensity data were fitted to

equation 15, using the D0 values shown in table 1, and Dg, Cg,

and A0 as free parameters. The proposed equation fits the inten-

sity data for all dextrans, including dextran 2000 kDa, very well,

as shown in figure 5. The Dg values, shown in table 2, are sub-

stantially smaller than the D values, for all dextrans. The Dg/D0

ratios, however, cannot be used to estimate an average mesh size

in the compact region of the hydrogel, using equations 8 or 9.

Because the pores, in which the macromolecules experience the

network restrictions, are not the same for all dextran fractions.

Variation of Cg as a function of dextran size may give an esti-

mation of the mesh size. As shown in figure 7, Cg increases with

increasing dh, meaning that the number of dextran molecules that

experience the network restrictions is larger when the molecular

size is larger. The graph reaches a plateau at dh ∼ 20 nm. Also

Cg ≤ 0.45, even for the largest dextran fractions, indicating that

more than half of the molecules that diffuse into the hydrogel

do not experience significant restrictions arising from the fibril

network. This confirms our hypothesis on the presence of large

openings that do not affect the diffusivity of any of the dextran

fractions. Because in NMR experiments, the CNF hydrogels are

not exposed to any solution phase, and thus the measurements

are not affected by any water swelling or collapsing due to the

osmotic forces. This emphasizes the value of solute exclusion re-

sults, since the presence of large pores in the fibril network, and

the biexponential decay of the echo amplitude with translational

diffusion would have not been clear without size exclusion mea-

surements.

We cannot compare our results to the experimental data re-

ported by Masruchin et. al. (2015)17 for CNF hydrogels pre-

pared with cation cross-linking, because the CNF consistency, the

fibril dimensions, and the cross-linking agents are not similar in

the two systems. Their SEM images of the freeze-dried aerogels,

cross-linked by Al3+ or Ca2+, show some large pores with hun-

dreds of nanometers in diameter, and the rest of the pores seem

to be around 100 nm, based on the scale bars on the images. The

exact CNF consistency is not mentioned. However, they report

the pore radius of 2-3 nm for the same aerogels, measured with

the BJH method. The significant difference between the output of

dh (nm)
10

0
10

1

C
g

0

0.1

0.2

0.3

0.4

0.5

0.6

Fig. 7 Cg values obtained using equation 15, vs. dh. The line is to

guide the eye.

the two SEM and BJH methods is not explained by the authors.

4.4 Comparison with the theory

In a three-dimensional network of rodlike particles, the average

mesh size, representing the spacing between the rods, scales with

φ−0.5 as49,50

ξ = Rf (
π

φ
)0.5, (16)

where φ is the volume fraction, and Rf is the average radius of

the rods. The average mesh size is also estimated in the litera-

ture as ξ = (Ln)−0.5, where n is the number density, and L is

the length of the rods.51,52 Assuming cylindrical rods, and con-

sidering the number density as the ratio of the volume fraction

to the volume of an individual rod, this expression leads to equa-

tion 16. In our system with Rf ∼ 2 nm, and φ ∼ φm/s ∼ 0.0047,

where φm ∼ 0.7% is the mass fraction, and s ≈ 1.5 is the specific

gravity of cellulose, equation 16 estimates a mesh size of ξ ∼ 52

nm for the whole fibril network. From our experimental mea-

surements we know that our cross-linked CNF hydrogel does not

have a uniform network structure, but it consists of a number of

large openings, containing half of the total amount of water, and

more compact regions with smaller mesh units. We can there-

fore assume that the local volume fraction in the compact parts

is twice as large as the bulk volume fraction of the hydrogel. The

average mesh size in these regions will then be ξ ∼ 36 nm with

equation 16. This value is not far from our experimental esti-

mation of the mesh size in the compact parts of the hydrogel,

obtained with the simple-geometry pore models. The prediction

of the spherical pore model in solute exclusion measurements,

pore diameter ∼ 35 nm, is in very good agreement with the the-

oretical value. This is not a confirmation of spherical pores in

this fibril network, but, it seems that assuming spherical pores is

more reasonable than slit-like or cylindrical pores, in this system.

Nonetheless, it is obvious that the wall effect and the restrictions

on the mobility of the probe molecules in the depletion layer must

be taken into account when analysing any solute partitioning or

solute self-diffusivity data in porous media.
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5 Concluding remarks

Chemically cross-linked CNF hydrogels prepared using diamines

are extremely heterogeneous. There is a group of large pores

in the hydrogel network, accessible to all dextran molecules, in

which, the diffusivity of the molecules is not significantly re-

stricted by the fibril network. The accessibility to the rest of

the pores in the dense regions of the network structure is lim-

ited, decreasing with increasing the molecular size of the dex-

trans. The decay of the NMR echo intensity due to translational

diffusion in the gel network is biexponential and not single expo-

nential. Depletion layers noticeably affect solute partitioning and

self-diffusivity of probe molecules in the gel network.
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The decay of the NMR echo intensity due to translational diffusion in the heterogeneous gel network is 
biexponential.  
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