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Abstract: The demand for more ecological, highly engineered hydrogel beads is driven by a multitude
of applications such as enzyme immobilization, tissue engineering and superabsorbent materials.
Despite great interest in hydrogel fabrication and utilization, the interaction of hydrogels with
water is not fully understood. In this work, NMR relaxometry experiments were performed to
study bead–water interactions, by probing the changes in bead morphology and surface energy
resulting from the incorporation of carboxymethyl cellulose (CMC) into a cellulose matrix. The results
show that CMC improves the swelling capacity of the beads, from 1.99 to 17.49, for pure cellulose
beads and beads prepared with 30% CMC, respectively. Changes in water mobility and interaction
energy were evaluated by NMR relaxometry. Our findings indicate a 2-fold effect arising from the
CMC incorporation: bead/water interactions were enhanced by the addition of CMC, with minor
additions having a greater effect on the surface energy parameter. At the same time, bead swelling
was recorded, leading to a reduction in surface-bound water, enhancing water mobility inside the
hydrogels. These findings suggest that topochemical engineering by adjusting the carboxymethyl
cellulose content allows the tuning of water mobility and porosity in hybrid beads and potentially
opens up new areas of application for this biomaterial.

Keywords: cellulose; cellulose beads; hydrogels; NMR relaxometry; low-field NMR; surface energy;
swelling; porous materials

1. Introduction

Emerging applications such as (bio-)catalyst design [1], cell harvesting [2,3], tissue
engineering [4] and (bio-)sensor development [5,6] demand the more advanced engineer-
ing of current hydrogel and aerogel structures, such as cellulose-based gels. Cellulose
derivatives represent an abundant, biodegradable supply of renewable biopolymers suit-
able for both multi-functionalization and shaping into optimized functional materials,
for instance, microspheres and beads. Cellulose hydrogels, in particular, can be fabricated
through environmentally friendly processes, sustaining an increasing interest in cellulose
for numerous applications, for example, adsorbent preparation, enzyme immobilization
supports, and drug loading and delivery matrices [7].

A multitude of shaping techniques have since arisen to shape polysaccharides into
highly engineered spherical structures. Such processes commonly rely on one of two
methods: (1) the mixing of a polymer solution with an immiscible solvent to generate
micrometer-sized droplets that are subsequently precipitated, or (2) dropping a solution
of dissolved polysaccharides into a non-solvent to initiate coagulation [8]. In the latter
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approach, rapid initial skin formation at the cellulose/non-solvent interface is common [7].
This boundary skin or “shell” acts as a membrane with an inherently different structure
from the bead’s core [9]. Despite this fact, the structure of these cellulose beads remains
sensitive to drying conditions [10]. Considerable shrinkage and a loss of porosity are com-
mon upon water removal, highlighting strong interactions between bead-bound water and
the cellulose matrix [11]. Notwithstanding numerous studies, a considerable knowledge
gap remains. As a result, a growing interest in a better understanding of water–cellulose
interactions in these materials has been observed in recent years [12–14].

The water–cellulose interaction has been outlined as instrumental in the defini-
tion of the structural and morphological properties of shaped cellulose. According to
Caulfield [15], this interaction corresponds to a surface phenomenon where both material
properties and geometry play a crucial role. Concerning the hydrogel’s geometry, two main
factors have been identified: the cellulose fibril interaction with water (microstructure) and
the influence of water on the larger lamellar structure (meso-/macrostructure). Current
models suggest both amorphous and Iα cellulose swell in water since the solvent can wet
and even chemically interact with the cellulose fiber bundles. However, water is unable
to disrupt the strong attraction between individual cellulose chains [12–14]. Nonetheless,
it has been demonstrated that the use of additives, such as NaOH and urea, can promote
cellulose dissolution through the disruption of the hydrogen bonds, electrostatic inter-
actions, and van der Waals dispersion forces present in water–cellulose systems. Trygg
and coworkers used NaOH–urea–water to dissolve cellulose, followed by precipitation
in an antisolvent. Pristine cellulose beads were then fabricated with surface areas over
300 m2/g [16]. The mercerization changes the cellulosic structure, leading to the formation
of cellulose II [17], a cellulose polymorph with different water interactions [18].

Despite the interest in these highly engineered hydrogels, not much is known in regard
to the water interaction with blended polysaccharide matrices with a complex internal
hydrogel geometry. The topic is particularly vital for protein and cell studies, as these are
greatly affected by their immediate microenvironment, in which water interactions play a
vital role [19]. In (immobilized) proteins, the presence of water can change the hydration
and the protein dynamics [20,21]. Bound water, in particular, has been shown to have a
stabilizing effect on proteins, reducing their denaturation [20].

In this work, we applied a topochemical engineering approach, shaping blends of
cellulose and carboxymethyl cellulose into a designed core–shell structured macrosphere.
The effect of integrating carboxymethyl cellulose into cellulosic bead structures was inves-
tigated as a means of tuning the pore architecture and water–bead interactions. Low-field
nuclear magnetic resonance (NMR) relaxometry was used to examine surface–water inter-
actions, as well as to evaluate the water mobility through hydrogen relaxation times (T1
and T2). This technique has already shown success in monitoring changes in the water
accessibility of lignocellulose subjected to different alkali and acid pretreatments [22,23],
in the determination of pore sizes in pure cellulose beads [24], and in expressing tortuosity
in polyacrylamide hydrogels [25].

2. Results and Discussion

A series of cellulose–carboxymethyl cellulose (CMC) composite beads containing
0–30% (w/w) CMC was prepared via drop formation and coagulation in an antisolvent
(Table 1). CMC, a polyelectrolyte known to promote the formation of supramolecular
assemblies with cellulose by means of hydrogen bonds between both species [26], was se-
lected as a secondary polymer for the fabrication of anionic hybrid beads. The process
consisted of the dissolution of cellulose and CMC in solutions of water–NaOH–urea be-
tween −9 and −12 ◦C. These mixtures were kept under stirring, leading to the formation
of murky solutions due to the entrapment of air bubbles. The bubbles were, however,
removed through a supplementary step of centrifugation, yielding transparent solutions.
A correlation between the amount of CMC added and the size of the particles formed
was observed. At low CMC concentrations, distinct droplets were formed that resulted
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in well-defined spherical particles. Beads with a higher polyelectrolyte content saw a rise
in droplet diameter. At high CMC concentrations, the droplets exhibited significant tail
formation (e.g., Cel30) upon detaching from the nozzle due to the increased viscosity of the
solution. Particle asymmetry was mitigated through the adjustment of the nozzle height
and use of low flow profiles to facilitate droplet detachment from the nozzle.

Table 1. Summary of dry polymer blends with a specified cellulose–carboxymethyl cellulose (CMC) %
(w/w) giving rise to porous hydrogels beads. The average swelling degree (S), porosity (εp) and BET
(Brunauer–Emmett–Teller) area for the different beads for cellulose–CMC hybrid beads are reported
with the standard deviations. Measurements of S and εp were performed on 18 beads/sample.
Nitrogen adsorption isotherms were made in triplicate.

Sample CMC (% w/w) S Water εp (%) BET Area (m2/g)

Cel0 0 1.99 ± 0.50 74.23 ± 0.04 419 ± 17
Cel5 5 3.14 ± 0.51 82.18 ± 0.02 396 ± 24

Cel10 10 4.92 ± 0.60 87.92 ± 0.01 387 ± 20
Cel30 30 17.49 ± 4.18 96.16 ± 0.01 311 ± 3

During coagulation in acid, both cellulose and carboxymethyl cellulose precipitate.
Low-pH conditions, below the isoelectric point of CMC, cause an enhancement of the
CMC’s affinity towards cellulose. The precipitated particles were collected and rinsed to
neutrality, a process reported to induce the partial leaching of surface-bound CMC [27].
The conjoint dissolution of the anionic polyelectrolyte and cellulose results in the formation
of a “composite” structure in which CMC is well-integrated in the generated cellulose
network. Still, the CMC on the beads’ outer surface may be easily detached. Our study
made use of CMC with an intermediate molecular weight, as the molecular weight does
not affect the surface charge, and this choice minimizes the downsides of both high- and
low-molecular-weight CMC [28]. CMC with a high molecular weight forms highly viscous
solutions that impair droplet formation but has been shown to promote the greater swelling
of cellulose fiber surfaces, due to the formation of elongated brush-like structures. However,
these structures are absent for low-molecular-weight CMC systems [29].

The specific surface area of the pristine cellulose beads is comparable to the areas
obtained by Trygg and coworkers, in which the bead architecture was designed through
the experimental optimization of parameters such as the pulp quantity added, coagulation
bath temperature, and acid concentration [16]. The work presented here introduces a
fourth parameter by mixing two polysaccharides to form a hybrid bead, while keeping
the total polysaccharide mass constant. Table 1 depicts the effect of CMC incorporation in
the beads’ architecture (i.e., chemical and structural identity). Increasing the CMC content
lowers the available surface area from 419 m2/g down to 311 m2/g, while increasing the
total pore volume, expressed as the porosity, and particle swelling. The wetting of beads
prepared with 30% (w/w) CMC saw an enhancement factor of 4.65 for swelling, compared
to pristine cellulose beads, demonstrating highly efficient water sorption for the hybrid
material. Typically, carboxymethyl cellulose-based hydrogels display a high sorption
capacity, desirable for ecological superabsorbent applications [30–32]. A comparison of
the hybrid hydrogel beads prepared in this paper revealed lower swelling compared to
the cross-linked CMC–cellulose sheets prepared by Salleh et al. [33] and Chang et al. [34],
an effect ascribed to the higher cellulose content in the herein-reported beads, as well as
the different gel fabrication process employed.

Field emission scanning electron microscopy (FE-SEM) images of the critical point
dried (CPD) samples (Figure 1) illustrate the surface morphology (Figure 1a,b) and the
cross-section (Figure 1c,d) of the pristine and hybrid cellulose–CMC beads, respectively.
The addition of CMC favors an increase in pore size, at the particle surface, while the cross-
sectional images reveal the formation of pores larger than on the surfaces. The differences
in porosity between the surface and core sections are likely the result of CMC–cellulose co-
agulation under the acid bath conditions, which promotes the fast formation of a boundary
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shell/skin with a thickness in the range 1–10 µm. This process takes place as soon as the
droplet comes into contact with the antisolvent. Once solidified, the formed shell likely acts
as a barrier, hindering mass transport between the external solution and the inner medium
(liquid core). As a consequence, a secondary structure is formed in the inner section of the
beads, as demonstrated in the work of Fan et al. [9], who studied the formation of cellulose
fibers over time. The aforementioned study also demonstrates the formation of a distinct
core–shell structure based on diverse diffusion mechanics.

Molecules 2021, 26, x FOR PEER REVIEW 4 of 13 
 

 

cross-sectional images reveal the formation of pores larger than on the surfaces. The dif-
ferences in porosity between the surface and core sections are likely the result of CMC–
cellulose coagulation under the acid bath conditions, which promotes the fast formation 
of a boundary shell/skin with a thickness in the range 1–10 µm. This process takes place 
as soon as the droplet comes into contact with the antisolvent. Once solidified, the formed 
shell likely acts as a barrier, hindering mass transport between the external solution and 
the inner medium (liquid core). As a consequence, a secondary structure is formed in the 
inner section of the beads, as demonstrated in the work of Fan et al. [9], who studied the 
formation of cellulose fibers over time. The aforementioned study also demonstrates the 
formation of a distinct core–shell structure based on diverse diffusion mechanics. 

Increased porosity, on both the surface (Figure 1b) and core (Figure 1d) domains, 
likely occurs due to the presence of carboxyl groups, as well as ion exchange between Na 
and H during the coagulation step. As expected, the resulting increase in average pore 
size, from mesopores to macropores, yields a considerable reduction in the BET surface 
area (Table 1). The pore architecture of cellulose–CMC beads reported here displays a 
regular morphology, contrasting with results from Chang et al. [34] and Salleh et al. [33], 
who documented large microcavities in the respective cellulose–CMC gels. 

  
(a) (b) 

  
(c) (d) 

Figure 1. FE-SEM images of surfaces (a,b) and cross-sections (c,d) of Cel0 (left) and Cel30 (right) beads. CMC addition 
increases pore sizes on the surface and inner regions of the beads. 

The complementary characterization of the produced beads was carried out with re-
course to low-field NMR relaxometry. In Figure 2a, the 1H NMR longitudinal relaxation 
time distributions (T1) are presented for different CMC contents, ranging from 0 to 30% 
(w/w). A clear increase in both the average T1 value (Figure 2b) and distribution width 
were recorded in direct proportion to the CMC doping amount. A clear trend is observed 

Figure 1. FE-SEM images of surfaces (a,b) and cross-sections (c,d) of Cel0 (left) and Cel30 (right) beads. CMC addition
increases pore sizes on the surface and inner regions of the beads.

Increased porosity, on both the surface (Figure 1b) and core (Figure 1d) domains, likely
occurs due to the presence of carboxyl groups, as well as ion exchange between Na and
H during the coagulation step. As expected, the resulting increase in average pore size,
from mesopores to macropores, yields a considerable reduction in the BET surface area
(Table 1). The pore architecture of cellulose–CMC beads reported here displays a regular
morphology, contrasting with results from Chang et al. [34] and Salleh et al. [33], who
documented large microcavities in the respective cellulose–CMC gels.

The complementary characterization of the produced beads was carried out with
recourse to low-field NMR relaxometry. In Figure 2a, the 1H NMR longitudinal relaxation
time distributions (T1) are presented for different CMC contents, ranging from 0 to 30%
(w/w). A clear increase in both the average T1 value (Figure 2b) and distribution width
were recorded in direct proportion to the CMC doping amount. A clear trend is observed
in which the determined distribution fits for T1 consistently shift to higher values with the
amount of CMC present in the hybrid beads.
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the width of the distribution.

We observe that the average T1 increases with swelling for beads that are composed
of two blended polysaccharides. The longitudinal nuclear relaxation is related to the
energy exchange between the adsorbed water and the surrounding material. As such, two
distinct hypotheses may account for the observed changes in the T1 results: (1) an increase
in water–pore wall interaction strength, and (2) a reduction in the effective “binding”
of water molecules in the pore walls due to swelling. In the former, water molecules
would interact strongly with the material, exhibiting solid-like behavior, as demonstrated
by the Bloembergen–Purcell–Pound (BPP) model [35], while in the latter, bead swelling
would lead to a reduction in the effective confinement of water molecules, which would
converge towards the corresponding bulk state (capillary condensation). Pure gels from
carboxymethyl cellulose [36] and cellulose ethers [37], e.g., hydroxyethyl, hydroxypropyl
and hydroxypropyl methylcellulose, demonstrate an increase in T1 with water content.

Courtenay et al. [38] changed the degree of substitution (DS) in cationic cellulose gels.
They reported an inverse relationship between the DS and T1 relaxation times. Our study,
however, revealed an increase in T1 relaxation time for beads richer in CMC (Figure 2b).
In light of this observation, we expect that bead swelling primarily impacts the energy
exchange of the protons.

Transverse relaxation time (T2) NMR measurements were also performed. The results
are displayed in Figure 3. The fitted T2 distributions (Figure 3a) revealed an abrupt shift
towards lower T2 values upon the introduction of a minimal amount of CMC (5% w/w),
followed by a progressive transition to higher times, as further presented in Figure 3b. An
initial sharp drop in the log-mean transverse relaxation time (T2LM) value followed by a
progressive increase with the amount of CMC is observed.

Transverse relaxation times are related to the water molecule mobility within wet
beads [23]. The T2 distribution can be exploited to estimate pore size distributions in porous
cellulose [39] and nanofiber cellulose gels [40]. Johns and coworkers reported changes
in T2 for regenerated bacterial cellulose hydrogels that were attributed to differences in
pore size distribution (PSD) [24]. These cellulose beads displayed a bimodal distribution
for T2, where values below 100 ms were ascribed to pores smaller than 100 nm, while
values above this threshold were ascribed to pores between 100 and 1000 nm [24]. Here,
the log-Gaussian distribution employed for the regenerated pure cellulose beads indicates
a T2LM of approximately 110 ms, indicating that the porous structure is predominantly
composed of macropores while also containing mesoporosity.
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In pure hydrophobic cellulose ether hydrogels, T2 decreases with an increasing solid
content in the gels [37]. Figure 3b displays an initial drop in the average T2 values with the
swelling. Therefore, it is necessary to differentiate between bound and free water fractions.
Bound water is the combination of bound surface water and less-strongly bound water
confined in meso-/macropores [41–43]. In highly swollen hydrogels and gels with large
pores, the bound water fraction is lower, compared to in structures with smaller pores,
meaning the signal arising from unbound water outweighs the contribution of the bound
water signal in T2 [19]. In small pores, a higher specific pore confinement takes place and
more bound water interacts with the surface, maximizing the influence of these “trapped”
water molecules in the resulting T2 signal. In this case, the surface chemistry of the sorbent
strongly affects bound water [19]. Altering the bead formulation changes the pore wall
and the number of water-binding sites, offering the possibility of fine tuning the water
diffusivity in the porous beads. In cellulose–CMC beads, this means that any changes in T2
have two underlying causes: swelling and surface chemistry. Strätz et al. demonstrated the
importance of surface chemistry in cellulose sulfate-based gels: even small differences in
the degree of substitution of oxidized cellulose sulfates radically change the T2 distributions.
Gels with 0.20 and 0.28 aldehyde degrees of substitution possessed a wide bimodal distri-
bution, while other gels gave rise to a narrow Gaussian distribution. The peak broadening
was attributed to the heterogeneity of the sample. In the homogeneous systems, they did
not observe a relationship between the aldehyde substitution and T2. The authors argue
that the substitution only causes minor changes in the hydrogel density but does influence
the cross-linking rate [44]. On the other hand, Agarwal and coworkers revealed that the
carboxymethyl cellulose in microfibrillar cellulose suspensions disrupts the formation of
strong bonds between fibers, improving their dispersion. As a consequence, the T2 was
higher in samples that contained more CMC due to the increase in anionic groups, and the
presence of fewer aggregate and fiber bundles in the suspension [45].

Prakobna and coworkers [46] designed mixed and core–shell systems of cellulose
nanofibers and hemicellulose. It is interesting that the T2 of the neat cellulose fibers and
core–shell structures displayed similar values, hinting at a comparable water molecule
mobility. The T2 of the neat hemicellulose was higher, while the mixed system gave
an intermediate value. In similar systems, Terenzi et al. [47] observed peak broadening,
indicating inhomogeneous water regions, in a sample near 52% humidity, although this
effect disappeared at 92% humidity. The three environments included bulk hemicellulose
and both the coated and uncoated cellulose surface. They concluded that water mobility
is faster at the coated interface compared to the uncoated fiber surface for lower relative
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humidity. The biocomposites at 92% relative humidity possessed a T2 between the ones
from the neat fibers and hemicellulose. The widening observed in Figure 3a for the sample
Cel30 hints that the CMC is less evenly distributed throughout the bead.

Figure 4 shows the energy interaction parameter Esurf, calculated from the ratios of
the average values of T2 and T1, according to Equation (3) (see the section Materials and
Methods). This parameter is not affected by pore geometry and thus can be used to quantify
changes related to interaction energy [48]. It is observed this parameter changes when the
CMC is added to the beads and remains approximately constant with the increase in CMC
content.
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Figure 4. Esurf energy surface parameter as a function of the amount of CMC. This parameter shows
the difference in energy interaction between the water molecules and the materials of different CMC
contents. Upon adding the CMC, an initial increase in this parameter was detected, indicating a
stronger interaction.

The Esurf parameter supports the interpretation of the results in the sense that the
increase in T1 in the first step, from the pure cellulose to the 5% CMC, was caused by the
increase in the energy interaction. CMC at 5% provides water-accessible carboxyl groups,
enhancing the matrix–water interaction. Since the water interacts more with the material,
causing a decrease in the mobility of the water molecules, we observe a drop in T2. With the
increase in the CMC content, the energy remains constant. A combination of three factors
contributes to a stable surface energy. First, the swelling of the samples raises the amount
of unbound water in the pores, causing an increase in T1 and in T2. Next, a fraction of CMC
could form an ordered supramolecular assembly, making the acidic groups inaccessible to
water. Finally, the surface-bound CMC in the pores reaches saturation due to electrostatic
repulsion, which causes the leaching of excess polyelectrolyte after washing.

Topochemical engineering aims for the rational fabrication of ordered 3D architectures.
In this context, our results indicate that we can exploit the use of CMC to induce the ordered
supramolecular assembly and increase the porosity of hydrogel beads. This concept can
be further exploited in future work where multifunctional cellulose derivatives will be
incorporated in bead fabrication.

3. Materials and Methods
3.1. Materials

Dissolving birch wood pulp was kindly provided by the Enocell Mill (Stora Enso,
Uimaharju, Finland). Urea (99.5%) (Acros Organics, Geel, Belgium), Eurodenatured ethanol
(>99%), hydrochloric acid (37%), sodium hydroxide and nitric acid (69%) were purchased
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from VWR (Leuven, Belgium). Carboxymethyl cellulose with a 250 kDa mass and DS of
0.9 was obtained from Acros Organics.

3.2. Bead Formulation

The pretreatment of the birch wood pulp was adapted from the procedure described
by Trygg and coworkers [49,50] with a slight modification. In summary, 16 g of birch wood
pulp was fibrillated and suspended in 400 mL of 92.5% ethanol containing 16 mL of HCl at
75 ◦C for 2 h. The pretreated pulp was washed extensively with distilled water, fibrillated
using a kitchen grinder to facilitate dissolution, and air-dried.

Different mixtures of pretreated pulp and CMC were prepared so that the total
moisture-free weight equaled 2.5 g (Table 2). The moisture content of the polysaccha-
rides was calculated with a MA160 Moisture Analyzer (Sartorius, Göttingen, Germany).
The resulting polysaccharides were added to 50 g of 7–12% sodium hydroxide–urea solu-
tion and dissolved at −10 ◦C under stirring. The polysaccharide solution was centrifuged
before use to eliminate air bubbles. Beads were formed by the dropwise addition of the
polymer solution through a 21 g× 4 3

4 ” Sterican® hypodermic needle (B. Braun, Melsungen,
Germany) in 400 mL of nitric acid (2 M) at 25 ◦C. After 1 h, the beads were extensively
washed with distilled water and stored wet at 4 ◦C.

Table 2. Quantities of cellulose and CMC added to NaOH–urea in order to fabricate a bead.

Sample Cellulose (g) CMC (g)

Cel0 2.500 0.000
Cel5 2.375 0.125

Cel10 2.250 0.250
Cel15 1 2.125 0.375
Cel20 1 2.000 0.500
Cel25 1 1.875 0.625
Cel30 1.750 0.750

1 Samples measured only by NMR techniques.

For critical point drying, the particles were dehydrated by a stepwise solvent exchange
from water to ethanol, and then from ethanol to isopropanol. Liquid CO2 displaced the
isopropanol inside the pores and was subsequently removed under supercritical conditions
using an Autosamdri 815B critical point drying apparatus (Tousimis, Rockville, MD, USA).

3.3. Swelling Degree

Eighteen dry cellulose–CMC beads were weighed, followed by submersion in distilled
water. After 24 h, excess surface water was removed from the swollen beads, and the
particles were weighed again. The swelling degree was calculated as:

S =
Ws − Wd

Wd
, (1)

with WS and Wd being the weights of the swollen and dried beads. Eighteen beads/sample
were measured to determine the maximal moisture uptake. The porosity was calcu-
lated similarly:

εp(%) =

Ws−Wd
ρw

Ws−Wd
ρw

+ Wd
ρc

× 100, (2)

where ρw and ρc represent the densities of water and cellulose, respectively [51].

3.4. SEM

Cross-sections of the wet hydrogels were taken using a scalpel and consequently
dried by critical point drying. Pristine beads and their cross-sections were sputtered with
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chromium and imaged using a ZEISS Sigma Field Emission Scanning Electron Microscope
(Oberkochen, Germany).

3.5. Specific Surface Area

The nitrogen sorption isotherms were measured at 77 K using a Mesopore 222 appara-
tus (3P instruments, Odelzhausen, Germany). The BET surface area was calculated using
the instrument software (Version: 10.03.01, 3P instruments, Odelzhausen, Germany).

3.6. Low-Field 1H NMR Relaxometry

The NMR relaxometry experiments were performed using a portable NMR system,
consisting of a LapNMR/Tecmag spectrometer and BT00250-AlphaSA/TOMCO amplifier,
and a 0.3 T permanent magnet (corresponding to 13 MHz for 1H nuclei) and a radio-
frequency probe. The magnet had a pseudo-Halbach design similar to the one published
in [52] (courtesy of The RE Magnet Studio. Ltd., Nicosia, Cyprus). The details of this
magnet assembly will be published elsewhere. The probe consisted of a solenoidal coil with
25 turns wound with 0.5 mm copper wire, having a 6.5 mm inner diameter and 12.4 mm
length. For the tuning and matching of the probe, the solenoid was linked by a coaxial
cable to an external box containing fixed and variable capacitors in parallel and series with
the coil. The T1 and T2 relaxation times, from single swollen beads, were measured by
CPMG (Carr–Purcell–Meiboom–Gill) and inversion-recovery (InvRec) experiments [53]
after water excess removal [54]. The relaxometric data were fitted using the Inverse of
Laplace Transform (ILT) software [55].

The radio-frequency pulse durations were 5.5 and 11 µs for the 90◦ and 180◦ pulses,
respectively. The InvRec and CPMG experiments were performed with a repetition time of
20 s. Twenty distinct recovery times ranging from 100 µs to 20 s were used in the InvRec
experiment. For each one, 8 scans were accumulated, resulting in a total acquisition time of
55 min per experiment. The CPMG experiments were recorded with an echo time equal to
200 µs. Only the central parts of the echoes, corresponding to 128 µs, were measured for
each echo. In total, 3000 echoes were recorded and 64 scans were accumulated, resulting in
22 min of acquisition per experiment.

The individual NMR signals corresponding to each recovery time and echo were
integrated, respectively, for the InvRec and CPMG experiments, and the corresponding
curves were fitted using the ILT method, implemented on the Octave software, obtaining
the distribution of the relaxation times. The average relaxation values in the logarithmic
scale (T1LM and T2LM) were calculated from the distributions and correlated with the CMC
content.

The parameter of interaction energy was calculated from the ratio of T2 and T1,
according to d’Agostino et al. [48]:

Esur f ∝ −T2

T1
. (3)

The errors presented in Figures 2b and 3b were calculated through the results obtained
by the log-Gaussian fittings of the T1 and T2 relaxation time distributions, according to the
equation [23]:

f(t) =
A√
2πC

e−
1
2 (

log10 t−log10 B
C )

2

(4)

with A being the amplitude, log10 B being the average value of the distribution and C being
the variance of the distribution. Thus, C is the parameter that reflects the width of the
distributions. In the linear scale, the parameter C is used to calculate the full width at half
maximum (FWHM) as FWHM = 2

√
2 ln 2C. In this case, since the scale is logarithmic,

uncertainties were calculated by Err = C log10 B. The results of the fittings of T1 and T2 are
presented in Tables 3 and 4, respectively.
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Table 3. Parameters of the fittings of the T1 distributions, using a log-Gaussian function, presented in
Equation (4).

CMC (%) A log10B C R2 Err

0 1270.0 1007.4 0.202 0.99734 203.5
5 1507.5 1091.2 0.202 0.99723 220.4

10 1879.2 1187.3 0.196 0.99123 232.7
15 1557.1 1321.0 0.165 0.99724 218.0
20 2232.8 1289.8 0.193 0.99729 248.9
25 2317.6 1483.8 0.189 0.99729 280.4
30 2730.6 1497.2 0.201 0.99736 300.9

Table 4. Parameters of the fittings of the T2 distributions, using a log-Gaussian function, presented in
Equation (4).

CMC (%) A log10B C R2 Err

0 1837.9 110.6 0.151 0.99659 16.7
5 2132.2 35.3 0.175 0.99718 6.2

10 2725.0 38.3 0.181 0.99737 6.9
15 1250.7 31.9 0.105 0.99670 3.3
20 1790.7 38.7 0.150 0.99688 5.8
25 1848.9 43.3 0.149 0.99713 6.5
30 4577.3 56.5 0.219 0.99723 12.4

4. Conclusions

The incorporation of carboxymethylcellulose in cellulose beads offers new opportuni-
ties for topochemically engineering microspheres for dedicated applications. We demon-
strate how the addition of even minor CMC amounts greatly enhances the water interaction
with the bead interface. Water mobility is shown to improve in direct relation to the CMC
content. The initial increase in NMR T2 relates to the modification of the chemical com-
position of the bead surface, creating a more hydrophilic interface that binds water more
strongly. CMC also leads to changes in bead macrostructure, with the creation of larger
inner pores. This increase in pore size, and the subsequent reduction in specific surface
area, means that more unbound bulk-like water is detected inside the pores, which is
reflected in the increase in T2 values. This increase in T2 is associated with enhanced water
diffusivity. Cellulose–CMC microspheres with low CMC quantities could find applications
such as use as moisture absorbers, as the particles possess a large surface area and bind
water tightly. On the other hand, beads with higher CMC contents are attractive as a carrier
material for catalysis due to their strong water interactions, while ensuring good water
accessibility to potential catalytic sites.
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40. Kharbanda, Y.; Urbańczyk, M.; Laitinen, O.; Kling, K.I.; Pallaspuro, S.; Komulainen, S.; Liimatainen, H.; Telkki, V.-V. Comprehen-
sive NMR Analysis of Pore Structures in Superabsorbing Cellulose Nanofiber Aerogels. J. Phys. Chem. C 2019, 123, 30986–30995.
[CrossRef]

41. Nakamura, K.; Hatakeyama, T.; Hatakeyama, H. Studies on Bound Water of Cellulose by Differential Scanning Calorimetry. Text.
Res. J. 1981, 51, 607–613. [CrossRef]

42. O’Neill, H.; Pingali, S.V.; Petridis, L.; He, J.; Mamontov, E.; Hong, L.; Urban, V.; Evans, B.; Langan, P.; Smith, R.; et al. Dynamics of
water bound to crystalline cellulose. Sci. Rep. 2017, 7, 1–13. [CrossRef] [PubMed]

43. Zhao, H.; Chen, Z.; Du, X.; Chen, L. Contribution of different state of adsorbed water to the sub-Tg dynamics of cellulose.
Carbohydr. Polym. 2019, 210, 322–331. [CrossRef] [PubMed]

44. Strätz, J.; Liedmann, A.; Trutschel, M.-L.; Mäder, K.; Groth, T.; Fischer, S. Development of hydrogels based on oxidized cellulose
sulfates and carboxymethyl chitosan. Cellulose 2019, 26, 7371–7382. [CrossRef]

45. Agarwal, D.; Macnaughtan, W.; Foster, T. Interactions between microfibrillar cellulose and carboxymethyl cellulose in an aqueous
suspension. Carbohydr. Polym. 2018, 185, 112–119. [CrossRef]

46. Prakobna, K.; Terenzi, C.; Zhou, Q.; Furó, I.; Berglund, L.A. Core–shell cellulose nanofibers for biocomposites – Nanostructural
effects in hydrated state. Carbohydr. Polym. 2015, 125, 92–102. [CrossRef]

47. Terenzi, C.; Prakobna, K.; Berglund, L.A.; Furó, I. Nanostructural Effects on Polymer and Water Dynamics in Cellulose Biocom-
posites: 2H and 13C NMR Relaxometry. Biomacromolecules 2015, 16, 1506–1515. [CrossRef]

48. D’Agostino, C.; Mitchell, J.; Mantle, M.D.; Gladden, L.F. Interpretation of NMR Relaxation as a Tool for Characterising the
Adsorption Strength of Liquids inside Porous Materials. Chem. - A Eur. J. 2014, 20, 13009–13015. [CrossRef]

49. Trygg, J.; Trivedi, P.; Fardim, P. Controlled depolymerization of cellulose to a given degree of polymerization. Cellul. Chem.
Technol. 2016, 50, 557–567. Available online: http://www.cellulosechemtechnol.ro/pdf/CCT5-6(2016)/p.557-567.pdf (accessed
on 15 April 2019).

50. Trygg, J.; Fardim, P. Enhancement of cellulose dissolution in water-based solvent via ethanol–hydrochloric acid pretreatment.
Cellulose 2011, 18, 987–994. [CrossRef]

http://dx.doi.org/10.1039/C7TB00176B
http://dx.doi.org/10.1103/PhysRevE.99.052501
http://dx.doi.org/10.1007/s10570-016-0941-y
http://dx.doi.org/10.1021/la302110a
http://dx.doi.org/10.1007/s10570-007-9175-3
http://dx.doi.org/10.1007/s10570-012-9793-2
http://dx.doi.org/10.1016/j.ijbiomac.2017.08.124
http://dx.doi.org/10.1016/j.eurpolymj.2018.05.023
http://dx.doi.org/10.1016/j.carbpol.2018.06.008
http://dx.doi.org/10.1016/j.ijbiomac.2019.12.240
http://www.ncbi.nlm.nih.gov/pubmed/31893531
http://dx.doi.org/10.1016/j.eurpolymj.2009.04.033
http://dx.doi.org/10.1103/PhysRev.73.679
http://dx.doi.org/10.1016/0032-3861(94)90303-4
http://dx.doi.org/10.1208/pt030436
http://www.ncbi.nlm.nih.gov/pubmed/12916930
http://dx.doi.org/10.1039/C7SM02113E
http://dx.doi.org/10.1016/j.polymer.2016.06.036
http://dx.doi.org/10.1021/acs.jpcc.9b08339
http://dx.doi.org/10.1177/004051758105100909
http://dx.doi.org/10.1038/s41598-017-12035-w
http://www.ncbi.nlm.nih.gov/pubmed/28928470
http://dx.doi.org/10.1016/j.carbpol.2019.01.087
http://www.ncbi.nlm.nih.gov/pubmed/30732768
http://dx.doi.org/10.1007/s10570-019-02596-6
http://dx.doi.org/10.1016/j.carbpol.2017.12.086
http://dx.doi.org/10.1016/j.carbpol.2015.02.059
http://dx.doi.org/10.1021/acs.biomac.5b00330
http://dx.doi.org/10.1002/chem.201403139
http://www.cellulosechemtechnol.ro/pdf/CCT5-6(2016)/p.557-567.pdf
http://dx.doi.org/10.1007/s10570-011-9550-y


Molecules 2021, 26, 14 13 of 13

51. Ettenauer, M.; Loth, F.; Thümmler, K.; Fischer, S.; Weber, V.; Falkenhagen, D. Characterization and functionalization of cellulose
microbeads for extracorporeal blood purification. Cellulose 2011, 18, 1257–1263. [CrossRef]

52. Tayler, M.C.D.; Sakellariou, D. Low-cost, pseudo-Halbach dipole magnets for NMR. J. Magn. Reson. 2017, 277, 143–148. [CrossRef]
[PubMed]

53. Callaghan, P.T. Principles of Nuclear Magnetic Resonance Microscopy; Clarendon Press: Oxford, UK, 1991.
54. Li, X.; Li, Y.; Chen, C.; Zhao, D.; Wang, X.; Zhao, L.; Shi, H.; Ma, G.; Su, Z. Pore size analysis from low field NMR spin–spin

relaxation measurements of porous microspheres. J. Porous Mater. 2014, 22, 11–20. [CrossRef]
55. Butler, J.P.; Reeds, J.A.; Dawson, S.V. Estimating Solutions of First Kind Integral Equations with Nonnegative Constraints and

Optimal Smoothing. SIAM J. Numer. Anal. 1981, 18, 381–397. [CrossRef]

http://dx.doi.org/10.1007/s10570-011-9567-2
http://dx.doi.org/10.1016/j.jmr.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28285144
http://dx.doi.org/10.1007/s10934-014-9864-x
http://dx.doi.org/10.1137/0718025

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Materials 
	Bead Formulation 
	Swelling Degree 
	SEM 
	Specific Surface Area 
	Low-Field 1H NMR Relaxometry 

	Conclusions 
	References

