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Abstract
The preparation of cellulose beads has attracted more and more attention in the application of advanced
green materials. To obtain uniform and controllable cellulose beads, the dissolving pulp was dissolved in
NMMO, and the cellulose beads were regenerated in various coagulation baths (water, alcohol, acid,
NMMO, etc.) by phase conversion method. Results show that the crystal form of regenerated cellulose
changes from cellulose I to cellulose II. NMMO swelling cellulose beads present low crystallinity and low
water holding capacity. The coagulation mechanism of cellulose beads was clari�ed by a laser confocal
microscopy. It is found that the whole coagulation process was from outside to inside gradually. It is a
green and facile method for preparing cellulose beads with different structures and properties, which can
be widely used in biomedicine, energy storage materials, and protein chromatography.

1. Introduction
The wide application of plastic products, especially plastic beads, has caused serious environmental
pollution. It is necessary to �nd a green and sustainable way to reduce the effect of plastic on the
environment. Increasing interests have been aroused to �nd a renewable substance replacing plastic for a
sustainable future. Lignocellulosic biomass is an abundant renewable source. Cellulose, hemicellulose,
and lignin are the major constituents of lignocellulose. Cellulose is a natural polysaccharide composed of
D-glucopyranose linked by a 1, 4 - β glucoside bond with a degree of polymerization ranged from several
hundred to over ten thousand. It is a low-cost, abundant, biodegradable, and renewable material that has
been widely used in papermaking, textile, food packaging, biomedicine, and other valuable aspects.
(Kumar, Bakonyi et al., 2015; W. Zhang, Sha et al., 2015) However, due to its solid intramolecular and
intermolecular hydrogen bonds, cellulose can hardly dissolve in water and common organic solvents
such as formic acid, ethanol, and acetone.(Bodachivskyi, Kuzhiumparambil et al., 2017; J. Cai, Zhang et
al., 2008) Therefore, to achieve an effective way for cellulose modi�cation and application, it is essential
to explore an effective dissolution of cellulose under a low-cost and easy operation condition.(Ass,
Belgacem et al., 2006; Klemm, Heublein et al., 2005)

So far, few solvent systems can directly dissolve cellulose, and these solvent systems have strict
requirements on chemicals and reaction conditions.(Heinze & Koschella, 2006) For example, CS2/NaOH
system has been used to prepare cellulose viscose over 100 years, which produces regenerated cellulose
by forming metastable soluble cellulose derivative (cellulose xanthogenate) to prepare viscose, and �lm.
(Fink, Weigel et al., 2001) However, this process is complex as well as high energy consumption, which
released toxic CS2 and H2S.(Onwukamike, Lapuyade et al., 2019) Thus, ideal cellulose solvents have to
ful�ll several requirements, including high solubility, low cost, e�cient recovery, and environmentally
friendly. Interestingly, a few particular solvents such as NaOH/H2O solvent system, N-Methylmorpholine-
N-oxide monohydrate (NMMO/H2O) system,(Protz, Lehmann et al., 2020) NaOH/urea aqueous solution,
(Mystek, Li et al., 2020) ionic liquid system,(Y. Liu, Thomsen et al., 2016; Zavrel, Bross et al., 2009) and
lithium chloride/dimethylacetamide (LiCl/DMAc) system(Nguyen, Vries et al., 2020) have been developed.
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With the increasing improvement of dissolution technology, NMMO solvent system has become one of
the most promising cellulose solvents.(Krysztof, Olejnik et al., 2018) The preparation technology of
NMMO/H2O regenerated cellulose has been industrialized(Carrick, Pendergraph et al., 2014) and widely
used in cellulose-based aerogels,(C. Zhang, Zhai et al., 2017) hydrogels,(Cao, Li et al., 2018) �lms, beads,
(Hao, Sh et al., 2020) microspheres,(Sw, Yg et al., 2020) �laments, and textile fabrics.(Jie Cai, Liu et al.,
2012; Jiang, Wang et al., 2017) Korpela et al.(Korpela, Kunnari et al., 2017) found that NMMO could
dissolve cellulose to enhance the properties of nano cellulose (CNF) �lms. NMMO dissolved the cellulose
in the composite �lms, and the remaining CNF �lm was heated and compressed to reduce the porosity of
the �lm. After that, the CNF membrane with a smooth surface, good water resistance, and high strength
were obtained. Marta et al.(Krysztof et al., 2018) found a new method to improve paper properties.
Cellulose solution was prepared in NMMO solution and coated on the paper surface to study NMMO
cellulose solution and paper interaction. It was found that the hydrophobicity, smoothness and tear
resistance of the paper were improved with the increase of heating time. The researchers found that
bacterial cellulose (BC) can be completely dissolved in NMMO, and the regenerated BC �lm (RBC) is
prepared by phase transformation method. The RBC �lm has good mechanical properties and barrier
properties.(Gao, Wang et al., 2012) These studies indicate that the addition of cellulose-based renewable
polymers provides an opportunity to develop biodegradable plastics with non-negative environmental
impacts.(Qiu, Zhu et al., 2018)

It is noticed that dissolution and solidi�cation are critical techniques for producing cellulose materials,
which can effectively transform the crystalline morphology of cellulose from cellulose I to cellulose  and
then solidi�ed in the coagulation bath.(Gu, Yun et al., 2020) In solution solidi�cation, the coagulation
composition bath plays a crucial role in the morphologies and properties of regenerated cellulose. Water
is the most common non-solvent. Organic solvents such as alcohols are often used as non-solvents, and
the selection of non-solvents is vital for the structure of regenerated cellulose.(Cheng, Young et al., 2001)

Numerous references have been conducted to elucidate the effect of the composition of coagulation bath
on the properties of cellulose membrane and the internal structure of cellulose �ber materials.(Song, Guo
et al., 2018; B.-x. Zhang, Azuma et al., 2015) Malin et al. (From, Larsson et al., 2020) used LiOH-urea-
based as a solvent to obtain cellulose solution. It showed that different alcohols and esters as
coagulation media have different effects on the regenerated cellulose membrane. The properties of
regenerated cellulose membrane materials were related to the crystallinity of cellulose. Li et al.(Li, Kruteva
et al., 2020) investigated the macro- and micro- structural evolution of two non-solvents (water and
ethanol) regenerated cellulose beads, and these beads have been used to investigate the expansion
behavior of cellulose �bers. Many researchers focused on the preparation of regenerated cellulose beads;
however, the effect of coagulation bath composition on the properties of cellulose bead is rarely reported
and the mechanism is unclear. In this paper, different types of solutions were used as coagulation bath to
control the formation of pore structure and internal and external morphology of cellulose beads during
the solidi�cation process. NMMO/H2O solvent is used to dissolve cellulose, and the cellulose beads with
controllable morphology are successfully solidi�ed in water, alcohol, acid and other solutions, which will
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expand the wide application of cellulose and promote the application of cellulose beads as functional
materials. In this paper, cellulose beads were prepared by falling ball method, and the displacement
behavior between solvent and non-solvent in the coagulation process of cellulose beads was
characterized by �uorescence labeling. Meanwhile, the effects of coagulation bath composition on
crystallinity, morphology and thermal stability of cellulose beads were studied. The effect of the
coagulation bath on the formation process of cellulose beads was investigated.

2. Experimental

2.1. Materials
Bleached sulfate hardwood dissolving pulp (NDB) (DP = 441) was obtained from Asia Paci�c Symbol
(Shandong) Pulp & Paper Co., Ltd. N-methyl morpholine-N-oxide (NMMO)-water mixture and propyl
gallate (PG) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Methanol (MT),
Ethyl alcohol (EA), Isopropyl alcohol (IPA), Hydrochloric acid (HCl) and Acetic acid (HAc) were purchased
from China commercial producers, and all agents were analytical-grade.

2.2. Preparation of Regenerated Cellulose Beads
A certain amount of 50% NMMO aqueous solution (NMMO/H2O) was concentrated in a rotary evaporator
at 95 ℃, and the vacuum degree was about − 0.1 MPa. The concentration of the NMMO/H2O system
was 87%. The concentrated NMMO was transferred into a three-port �ask, and a certain amount of
absolute dry cellulose and 0.5% PG was added as antioxidants. Clear amber cellulose solution was
obtained by mechanical stirring at 105 ℃.

20% methanol solution, ethanol solution and isopropanol solution, 0.1mol/L HCl solution and HAc
solution, and 50% NMMO solution were prepared as coagulation baths. The cellulose solution was
dripped into the coagulation bath by a 10 mL syringe. After 12 h stationary, the de�brated water was
washed several times, and the coagulation bath was removed from the cellulose beads. The gel beads
were stored in deionized water or freeze-dried for 20 h.

2.3. Characterization of Cellulose Solutions and Cellulose
Beads
The morphology of 5 min and 12 h solidi�ed samples in different coagulating baths was recorded by
optical photographs to characterize the cellulose solidi�cation process's morphology.

The surface and internal microstructures of dry beads were carried out by an S4800 scanning electron
microscope (SEM, S4800, Japan).

Fourier transform infrared spectroscopy (FT-IR, VECTOR-22, Germany) was conducted to analyzed the
chemical structure of the bead in the range of 4000 ~ 400 cm− 1, and all samples were prepared by the
KBr-disk method.
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Thermogravimetric analysis of the dry beads were obtained using a NETZSCH (TGA, STA449F3,
Germany) apparatus under a nitrogen atmosphere at a rate of 10 mL/min a heating rate of 10°C/min (25 
~ 600°C).

Disperse Yellow 82 was added to the water coagulation bath to disperse evenly, and the cellulose solution
was directly solidi�ed in the coagulation bath for 12 h. Simultaneously, the cellulose beads were formed
in the water coagulation bath and then placed in the water with a �uorescent agent for 12 h. The sample
cross-section was imaged using a confocal laser scanning microscope (CLSM, LSM800, Germany).

X-ray powder diffraction experiments were collected on an X-ray diffractometer (XRD, D8 Advance,
Germany) with Cu Kα radiation generated at 45 kV and 44 mA. Scans were obtained from 5° to 60° (2θ) in
0.02° steps at a rate of 1 s per step.

Cellulose solutions with different concentrations were characterized by a DHR-1 rheometer (USA)
equipped with a 40 mm Peltier cone plate. The measuring range of shear rate is 0.01 ~ 1000 γ/s− 1.
(Nguyen et al., 2020)

The mass of the wet beads was measured with an analytical balance. An average value of 20 beads was
evaluated for each group.(Mystek, Reid et al., 2020)

The change of surface morphology of wet cellulose beads during water loss was observed by ultra-depth
three-dimensional microscope (RH-8800, Japan) microscope at 400 times magni�cation.

The radial crushing strength of cellulose gel beads was characterized by a texture analyzer (TA.XT PlusC,
Beijing), and the compressive strength-strain curve of cellulose beads was obtained after crushing.

3. Result And Discussion
3.1. Preparation of Regenerated Cellulose Beads

In order to reduce the in�uence of other components on the dissolution, the dissolved pulp with α-
cellulose content of 93.92% was used as raw material. After adding cellulose into the concentrated
NMMO/H2O solution, the N-O bond in NMMO has strong polarity, forming strong hydrogen bonds with -
OH on cellulose, leading to destroying the hydrogen bonds within and between the cellulose molecules.
Cellulose can be dissolved in NMMO/H2O system accordingly.(Chanzy, Dubé et al., 1979; L. L. Zhang, Lu
et al., 2017) Subsequently, water, MT, EA, IPA, HCl, HAc, and NMMO solutions are used as coagulation
baths. Regenerated cellulose beads were obtained through the diffusion between solvent and non-
solvent. Finally, by controlling the composition of the coagulation bath, the cellulose beads with
adjustable internal pores, uniform size, and low crystallinity were prepared.

3.2. Structure of Cellulose Solution and Cellulose Beads
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The rheological properties of 4% cellulose solution at different temperatures were characterized (Fig. 2a).
The relationship between lgηa-γ was nonlinear, and the viscosity change trend of cellulose solution at
different temperatures is basically the same. The shear dilution of pseudoplastic �uid occurs in all
cellulose solutions. Interestingly, shear thickening occurs when the shear rate is 0-180 s-1; increasing the
shear rate from 180 to 1000 s-1 results in the gradual decrease of viscosity until a constant value.
Furthermore, with the increase of temperature, the steady-state viscosity of cellulose solution decreases
�rst and then increases, and the cellulose in the solution forms a uniform entangled structure.(Lucile,
Philipp et al., 2018)

Spectral analysis (Fig. 2b) showed that without new characteristic peak appeared after cellulose
regeneration, which proved that cellulose was not modi�ed by coagulation bath. The adsorption peaks at
3400, 2980, 1360, 1205 cm-1, and 898 cm-1 are attributed to the O-H stretching vibration, the asymmetric
stretching vibration of CH2, C-H shear vibration, C-O stretching vibration, and C-H deformation vibration,
respectively.(Gu et al., 2020; Hui, Hong et al., 2020; W. Liu, Du et al., 2021; Xie, Zou et al., 2019) The peak
of regenerated cellulose near 2980 cm-1 and 1205 cm-1 moved to the high wavenumber peak, proving the
hydrogen bonds enhancement. During the dissolution and solidi�cation of cellulose, the intramolecular
and intermolecular hydrogen bonds of cellulose are broken, resulting in the recombination of new
hydrogen bonds in regenerated cellulose. FT-IR spectra showed the formation of cellulose  structure in
regenerated cellulose beads.

The XRD diffraction patterns of the NDB and regenerated cellulose beads were shown in Figure 2c, and
the crystallinity index was carried out in Figure 2d. Three diffraction peaks were observed at 2θ = 15.5,
16.5, and 22.8° for (110), (110) and (002) planes (cellulose I crystalline). The patterns of regenerated
cellulose show broad peaks at 2θ = 12.4, 19.9, and 21.7°, which is assigned to the (110), (110), and (002)
planes of the cellulose  crystalline form. The crystallinity (Cr I) for the NDB and regenerated cellulose
was calculated according to the Segal method. As shown in Figure 2d, the Cr I value calculated from NDB
is 78.59%; however, the crystallinity of regenerated cellulose beads was in the range of 45.23%-62.59%. It
could also indicate that cellulose crystalline was converted from cellulose I to cellulose , and the
crystallization area decreased, while the amorphous region increased.(Luo, Yuan et al., 2017; Mystek,
Reid, et al., 2020) The hydrogen bond network of regenerated cellulose reconstructs during regeneration
and promotes cellulose II crystal structure formation and the crystallinity of regenerated cellulose can be
adjusted by different coagulation bath.

Where I002 is the diffraction intensity of the central crystalline peak (002) of cellulose I at 2θ ≈ 22.8° and
the peak (101) for cellulose  was at 2θ ≈ 19.9°. For cellulose I and , Iam was the diffraction intensity of
the amorphous cellulose, and at 2θ ≈ 18.0° and 15.0°, respectively. 
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3.3. Thermal Stability Analysis

As shown in Figure 3, there are three main stages of cellulose degradation and residual degradation. The
weight loss of cellulose at 50-160 ℃ is the desorption process of internal free water. The primary
decomposition peak of cellulose is between 240-360 ℃, and carbonization and the oxidation process are
between 360-600 ℃. Compared with NDB, the decrease of the initial decomposition temperature of
regenerated cellulose is due to the decline of the crystallization zone. DTG curves showed that the
maximum degradation rates of cellulose and cellulose beads were 356 ℃ and 332 ℃, respectively. The
mass loss of NDB is as high as 91.2%, and the cellulose bead is only 73.96-77.00%. This phenomenon
was further supported by DSC measurements (Figure 3c). The endothermic process of NDB starts from
about 85.1 ℃, and the glass transition temperature (Tg) and melting point are also higher than
regenerated cellulose. The endothermic process of cellulose is consistent with the thermal decomposition
temperature (Tdec) (Figure 3d). The hydrogen bond network formed in cellulose II is more complex and
closer than that in cellulose I, and the interaction between cellulose molecular chains is more vital, which
supports the thermodynamic stability of regenerated cellulose. The thermal stability of NMMO cellulose
beads is signi�cantly higher than that of other cellulose beads. The N-O bond in the NMMO solution has
strong polarity, resulting in forming strong hydrogen bonds with hydroxyl groups on regenerated
cellulose.(Huang, Liu et al., 2020) 

3.4. Mechanical Properties and Water Holding Capacity

The compression strength of wet cellulose beads was shown in Figure 4a. Due to the swelling state, the
compressive strength of cellulose beads is small. The strength of regenerated cellulose beads in the HAc
solution is relatively high at 0.28 MPa, while the beads regenerated in the NMMO solution are the lowest
at 0.13 MPa. It was speculated that the internal structure of NMMO solution regenerated cellulose beads
is too dense, and there is no three-dimensional network skeleton structure to make a supporting effect. In
contrast, the inner pore size of HAc solution regenerated beads is moderate, and sponge-like cellulose
morphology plays a supporting role as a skeleton. The internal structure and strength of water-swollen
cellulose beads regenerated are similar to those HAc-swollen cellulose beads, which also proves that the
internal structure of cellulose beads plays a decisive role in the strength of the beads. Furthermore, the
size of pore size affects the strength of cellulose beads, and the appropriate pore size is conducive to the
stability of cellulose beads.

The internal structure is well known to affect the rate of water loss of materials.(Aulin, Ahola et al., 2009)
The curves (4b), photos (4c), and ultra-depth three-dimensional microscope images (4d) of the quality
over time during drying were shown in Figure 4.(Mystek, Reid, et al., 2020) The diffusion between solvent
and non-solvent occurs during the whole solidi�cation process and produces many pores generated.
When the water is lost, cellulose beads shrink gradually, and the pores slowly closed and �nally form a
dense shape. This process mainly re�ects in the change of the color of cellulose beads from milky white
to transparent. The size and mass of cellulose beads decreased, and wrinkles appeared on the surface of
cellulose beads during dehydration (Figure 4d). As the water loss trend gradually slows to stop and the
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wrinkles disappear with small protrusions appear on the surface of the beads. Additionally, the water loss
of cellulose beads solidi�ed by HAc solution is high, which is related to the water storage capacity of
pores. The NMMO cured cellulose beads have better water holding capacity and water content, mainly
due to the more compact internal structure, fewer and smaller pores. 

3.5. Formation Mechanism of Cellulose Beads

The cellulosic solution was dripped into different coagulation baths and curdled for 12 h to prepare
cellulose beads. During the regeneration process of cellulose, the liquid phase of the cellulosic solution
can convert into solid cellulose. The diffusion of solvent and non-solvent of cellulose solutions occurred
in different coagulation baths. As displayed in Figure 5a-b, the surface of cellulose beads gradually
solidi�es and forms a translucent shell in approximately 5 minutes. As the substitution occurs, the
NMMO solution is replaced, and the color of cellulose beads change from amber to white with the
coagulation bath gradually turns light brown (Figure 5a).

Other regenerated celluloses are spherical in the coagulation bath, but the cellulose is ellipsoidal in the
NMMO-coagulation bath. Since the cellulose solution and the coagulation bath are both NMMO
solutions, no density can be found between solvent and non-solvent, which lead to cellulose droplet in the
process of falling. The ellipsoidal beads were formed due to the contact with coagulation bath resistance,
causing the slow falling and beads deformation. 

To further characterize the internal morphologies of freeze-dried beads, SEM measurement of the
surfaces and interior for cellulose beads is shown in Figure 5c-g. It states clearly that the size of freeze-
dried cellulose beads remains unchanged. Nonetheless, reticular shrinkage appears or is even damaged
on the surface after a rapid water loss. Figure 5c3-g3 reveals that the regenerated �bers in cross-sectional
interweave to form a spongy and porous structure. The pore size of cellulose beads prepared by the
dropping method is distinct at different positions, and the pore size from the surface to the core layer
decreases progressively. The pore size of beads prepared by 3% and 4% concentration of cellulose
solution did few changes; the number of pores in 4% cellulose beads decreased slightly because of the
increased concentration.

The formation of the gel state of cellulose solution is accompanied by the replacement between solvent
and non-solvent. During the gel process of cellulose beads, the solution on the surface of cellulose beads
was replaced quickly, and the surface of �brous beads rapidly forms a layer of �lm, which hindered the
replacement rate of solvent and non-solvent to some extent. The concentration of non-solvent and
internal solvent decreased simultaneously, resulting in the decrease of gel velocity, the slow formation of
the inner structure of �ber beads, and the denser structure near the core of �bers. The internal pore size of
cellulose beads under different coagulation bath components was analyzed, and the results are as that:
Φ(IPA) Φ(water) Φ(HAc) Φ(NMMO). It is well known that the density of NMMO is higher than that of other
coagulation baths, and the molecular movement speed is slower, which leads to a lower solvent
replacement rate. Therefore, the internal structure of NMMO-cellulose beads is compact, and the porosity
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is minor. This phenomenon further proves that the strength of cellulose beads is related to the pore size
(Figure 4a).

The �uorescence image of the cross-section of cellulose beads was obtained under the excitation light of
511 nm (Figure 5h-i). The cross-section of cellulose beads added with a �uorescent agent before
solidi�cation (Figure 5h) shows strong �uorescence at both edges and cores. With the diffusion of
solvent and non-solvent, the �uorescent agent in non-solvent enters the bead, and the whole cellulose
bead has �uorescence performance. After curing, the �uorescence intensity of the surface layer of the
cellulose beads added with the �uorescent agent (Figure 5i) in the coagulation bath is strong. Due to the
slow movement of solvent molecules and the dense core structure of cellulose beads, the �uorescent
agent can not enter the core, cellulose beads' core structure has no �uorescence. This experiment
demonstrates that the solidi�cation process of cellulose beads is from outside to inside, consistent with
the SEM results (Fig 5c-g). 

4. Conclusion
Cellulose solution was prepared by NMMO/H2O system, and spherical and ellipsoidal cellulose beads
were designed by dropping method in different coagulation baths. The crystallinity of regenerated
cellulose decreased by hydrogen bond reconstruction, and the lowest crystallinity (45.23%) of the NMMO-
cellulose beads was obtained in the NMMO coagulation bath. The morphology and compressive strength
results showed that the composition of the coagulation bath had an essential in�uence on the internal
structure of cellulose beads, which affects the compressive strength of cellulose beads. Fluorescence
labeling method proves that the solidi�cation process was carried out from the outside to the inside. A
green and straightforward development method is provided to construct cellulose beads with controllable
morphology by controlling the coagulation bath, which widens the application of cellulose-based
materials. It shows the potential to be applied to energy storage materials, biomedicine, wastewater
treatment, daily chemical products, and other �elds according to the different morphology of cellulose
beads.
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Figures

Figure 1

Schematic diagram of the preparation of NMMO regenerated cellulose beads.
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Figure 2

(a) Rheological curves of cellulose solutions at different temperatures. (b) FT-IR spectra of cellulose
beads. X-ray diffraction pro�les (c) and crystallinity (d) of native and regenerated cellulose.
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Figure 3

Typical TGA curves of the cellulose beads: (a) TGA curves, (b) DTG curves, (c) DSC curves, and (d)
Thermal Properties of cellulose (Tg and Tdec).
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Figure 4

Compressive strain-stress curves of wet cellulose beads (a). (b) The change curve of mass as a function
of time during the drying process. Optical photographs of cellulose beads in the drying process (c). (d)
Ultra-depth three-dimensional microscope image (×400) of cellulose beads with different water loss time.
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Figure 5

Macroscopic image of cellulose beads in the coagulation bath: The solvent was replaced in the
coagulation bath for 5 min (a) and 12 h (b). Scanning electron microphotographs of freeze-dried cellulose
beads: (c) water-swollen concentration of
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