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Effects of the Solids Content of TEMPO-oxidized
Cellulose Prior to Freeze-drying on the Properties of
the Dried Materials

Chen Liang,*®* Tian Xu,*? Xiao Wang,*® Xin You,*" Shuangquan Yao,*® and
Chengrong Qin 2P

Porous material was prepared by freeze drying of oxidized cellulose
microfibrils. Oxidized microfibrillated cellulose was obtained by TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl)-mediated oxidation of bleached
bagasse pulp and lapping process, and the influence of cellulose
microfibril concentration on the material properties was studied from
oxidized cellulose microfibrils within a range of solids concentrations of
aqueous suspension. The microscopic morphology, pressure intensity,
specific surface area, and pore size were analyzed by scanning electron
microscopy (SEM), universal material testing machine, fully automatic
specific surface area, and porosity analyzer (BET). The surface elemental
composition of the materials was analyzed by X-ray photoelectron
spectroscopy (XPS). Results showed that the strength of the porous
materials increased with increasing concentration of oxidized cellulose
microfibrils, along with decreases of porosity decreases, and increases of
specific surface area and pore volume. A higher mass fraction resulted in
a smaller pore size of the porous scaffold material and more structure of
the material. However, when the concentration reached a certain value,
some fiber flocculation occurred.
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INTRODUCTION

Porous materials are advantageous due to their unique physicochemical properties
such as low density, high porosity, specific surface area, specific strength, thermal
insulation, light weight, sound insulation, high permeability, and assembly. Porous
materials have broad application prospects in the fields of aerospace, adsorption, catalysis,
electronic devices, biomedicine, environmental protection, and ammonia storage, etc., due
to their unique physicochemical properties such as low density, high porosity, specific
surface area, specific strength, thermal insulation, light weight, sound insulation, high
permeability, and assembly (Vinu et al. 2006). The porous materials are prepared by
biological materials, and not only have good biocompatibility, biodegradability, nontoxic
character, and good cell affinity, but also have large specific surface area, high porosity,
and adequate mechanical strength (Lin et al. 2018). Therefore, biomass porous materials
have attracted progressively more research interest (Stein et al. 2009).

Cellulose is an important biomass resource, accounting for 59% of the content of
sugar cane (Yao et al. 2017; Nie et al. 2018). Traditional sugarcane cellulose is mainly
used in the paper pulping industry. Many studies have used cellulose for the preparation of
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functional materials, such as cellulose-based adsorbent functional materials, cellulose
microfibril conductive composite materials, and cellulose packaging materials (Wegner
and Jones 2006; Yao et al. 2015). Cellulose microfibril material has large specific surface
area, mechanical strength, elastic modulus, tensile strength, and good thermal stability
(Saito et al. 2006). The TEMPO, NaBr, and NaClO system can selectively oxidize the
primary hydroxyl groups of cellulose in an aqueous solution. The oxidation of cellulose
occurs on the surface of micro-fibrils, and some groups can be introduced such as carboxyl
groups, aldehyde groups, and the reaction takes place without changing the fiber
morphology and crystallinity (Fraschini et al. 2017). Oxidized cellulose by subsequent
mild homogeneous treatment can produce nanometer-scale fibrils (Saito and Isogai 2004).
The advantages of TEMPO oxidation are mild reaction conditions, simple operation, low
cost, and little pollution. The nanometer fiber preparation process of low energy
consumption has high yield. The resulting nanofibers have a large aspect ratio, stable
dispersion in water, and are not agglomerated (Chinga-Carrasco et al. 2011).

Biological composites have been prepared with TEMPO oxidized cellulose and
Cd?* (Tang et al. 2014). Jun et al. (2017) found that TEMPO oxidized bacterial cellulose
nanofibers adhere to the skin surface while maintaining nano-fibrous structures, providing
inherent functions of bacterial cellulose, such as high tensile strength, high water-holding
capacity, and blockage of harmful substances. Thm et al. (2018) integrated TEMPO-
oxidized cellulose nanofiber at different concentrations with chitosan (CS) and created a
thermosensitive injectable hydrogel intended for biomedical applications.

This paper focused on the preparation of porous scaffolds by oxidized cellulose
microfibrils, including the bonding mechanism. The bleached bagasse pulp was subjected
to TEMPO oxidation treatment and then freeze-dried (Shiai et al. 2011). During the
oxidation process, the hydroxyl group at the C6 position on the cellulose was selectively
oxidized to the carboxyl group. The purpose of this experiment was to explore the effect
of oxidized cellulose microfibril concentration prior to freeze-drying on the preparation
process, strength, specific surface area, and porosity of the porous materials during the
freeze-drying process.

EXPERIMENTAL

Materials

Bleached bagasse pulp was provided by a local sugar refinery (Guangxi, China).
The pulp Kappa number was 14.2 and the brightness was 31.9% (%I1SO). A 0.5 M sodium
hydroxide solution was prepared for controlling the pH of the solution. TEMPO was
purchased from Aladdin (Shanghai, China). All assay reagents were obtained from Sigma
(St. Louis, MO, USA). All other chemicals employed in this work were purchased from
Kawahigashi Chemical Co., Ltd. (Chong Qing, China) and were analytical grade.

Preparation of Oxidized Microfibrillated Cellulose

The TEMPO oxidation of the pulp (Isogai et al. 2011) was performed ina 1 L
plastic barrel, and the pulp was adjusted to 1% (w/w) with cooled deionized water. Stirring
was performed at 500 rpm, and the temperature was 10 °C. The TEMPO, NaClO, and NaBr
concentrations were 0.015% (w/w), 5.2% (w/w), and 0.1% (w/w), respectively. The NaCIO
solution was added last. The pH of the reaction system was maintained in the range of 9.8
to 10.0 with 0.5 M NaOH. The TEMPO oxidation reaction was complete when the system
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was stabilized at a certain pH. The oxidized pulp was placed at 4 °C.

Porous Material Preparation Process

The oxidized nanometer cellulose was formulated at a concentration of 1%, 1.5%,
2%, and 2.3%. After freezing with a liquid nitrogen for a certain period of time (Guo et al.
2005), it was frozen into ice cubes and placed in a freeze dryer until the sample was
lyophilized.

Carboxyl Content Determination

The carboxyl content (Zemljic et al. 2008) of the oxidized microfibrillated cellulose
was determined by headspace gas chromatography (Chai et al. 2001). The pulp was treated
with 0.1 M hydrochloric acid at room temperature for 1h. The concentration of pulp was
1.2%, and it was thoroughly washed with deionized water until it was completely free of
CI. Next, 0.03 g of air-dried pulp samples was placed in a test bottle. After adding 4.0 mL
of solution containing 0.0025 M NaHCOs and 0.10 M NaCl, the test bottle was
immediately closed and shaken so that the pulp fibers were sufficiently dispersed. The test
bottle was placed into an automatic headspace sampler.

Compressive Strength Determination

An Instron-5565 universal material testing machine (Boston, MA, USA) with 2KN
sensor and the accompanying Bluehill software were used (Instron). The dry mechanical
properties of scaffold material were tested at a compression rate of 1 mm/min; the humidity
conditions were 23 °C + 2 °C and 50% = 5%. To evaluate the measurement error, each
sample was measured five times, and the relative standard deviation was calculated.

Morphology Analysis

Before the SEM measurements, the freeze-dried samples were cut into flakes. The
scanning electron microscopy (SEM, 3400-1, Hitachi, Tokyo, Japan) images were used to
analyze the morphology of the freeze-dried scaffolded material. The sample was pasted on
the sample table with conductive adhesive. The internal appearance was observed after
spraying gold, and the acceleration voltage for the measurement was 10 kV.

Porosity and Specific Surface Area

The porosity of the material was determined by the gravimetric method (Liu et al.
2017b). Using the measured density of individual materials (da) and wood fibers (dn;
approximately 1.5 g/cm?®), the gas density (P) obtained from simple mixing rules was
almost negligible, as shown in Eq. 1:

P (%) = (1-da/dn) x 100 )

A nitrogen adsorption-desorption test was used to characterize the pore size
distribution and specific surface area of the analytical materials (Xu et al. 2017). The
specific surface area and pore structure of the composites were analyzed by a low
temperature adsorption-desorption test. Prior to testing, the sample was degassed at 100 °C
for 24 h, and the N2 adsorption-desorption isotherm of the sample was measured at liquid
nitrogen temperature (-196 °C) (Liu et al. 2017a). The specific surface area of the sample
was calculated (Groen et al. 2003; Tang et al. 2014). The pore size distribution of the
sample was estimated by the HK method. The total pore volume of the sample and average
pore size was estimated by N> adsorption at a relative pressure (P/Pg) of 0.99.
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XPS Analysis of Porous Materials

The surface functional groups of the porous materials were determined by
photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD, Kyoto, Japan). XPS was used
to confirm the chemical composition of the polymeric surfaces (Chen and Tanaka 1998).
The data for at least two samples of each type of polymer film were acquired with a Riber
LAS-3000 system (Tokyo, Japan) using Mg-Ka X-rays (1253.6 eV, non-monochromated)
from a Mg-Al dual source. The pass energy was 20 eV and had a spot size of | mm. The
kinetic energy of the resultant photoelectrons was analyzed. The base pressure of the main
analytical chamber was 2x10 Torr. Survey scans from 0 eV to 1200 eV were acquired
with a step size of 1.0 eV and a dwell time of 0.1 s. Narrow scans of individual photo peaks
were acquired with a step size of 0.1 eV and a dwell time of 0.2 s (Huang and Xu 2014).

RESULTS AND DISCUSSION

Analysis of the Properties of Oxidized Microfibrillated Cellulose
Particle size

The length and width distribution of the fibrils that were measured using a fiber
analyzer, as shown in Fig. 1.
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Fig. 1. Length and width distribution of the cellulose microfibrils
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The results showed that 81.4% of the filament length distribution was less than 200
um, and 14.8% of the filament length was distributed in the range 200 pm to 400 um. There
was 72.3% of the filament width distribution that was less than 1 um. There was 20.7% of
the filament width distribution between approximately 1 pm to 10 um. In general, the
sugarcane fibrils had a length of approximately 1.0 mm to 2.0 mm and a width of
approximately 14 pm to 28 um.

The length of the cellulose microfibrils was mainly distributed between less than
200 pum, and the width was mainly distributed between less than 1 pm, indicating that the
oxidation process not only introduces new radicals. In the group, the refining process could
reduce the size of the fibers within a certain range.

Carboxyl content

The carboxyl content of the microfibrillated cellulose was measured by a headspace
gas phase method (Fujisawa et al. 2011). The carboxyl content of the different types of
oxidized cellulose microfibrils is shown in Table 1. It can be observed from the Fig. 1 that
the oxidation process increased the carboxyl content from 12.13 mmol.100g* to 81.9
mmol.100g%, and the mechanical treatment increased the carboxyl content to 83.0
mmol.100g™.

The mechanical treatment reduced the particle size of the fiber and increased the
contact area. The main reason for the increase in the carboxyl content may be due to the
exposure of more groups.

Table 1. Carboxyl Content of Different Types of Oxidized Microfibrillated
Cellulose

Pulp Type Carboxyl Content Measuring Error
(mmol.100gY)
Bleached Pulp 12.13 0.01
Oxidized Bleached Pulp 81.89 0.03
Cellulose Microfibril 82.98 0.06

Effect of Oxidized Microfibrillated Cellulose Concentration on Mechanical
Properties of Porous Materials

The compressive strength of the material was calculated from the first linear region
in the compressive stress-strain curve using the strength of the test material of the universal
material testing machine, and the compressive strength at the end of the first linear region
was taken as the final compressive strength of the material (Joseleau et al. 2012).

Figure 2 shows that when the concentration increased, the compressive strength
and compressive modulus of the material also gradually increased. The compressive
strength rapidly increased from 1 % to 2 %, due to the increase of the concentration
resulting in an increase in the amount of cellulose microfibril per unit volume, while
increasing the association between functional groups of the cellulose microfibril. When the
concentration was more than 2 %, the increase of the compressive strength tended to be
saturated.

Due to the concentration that continued to increase, the number of fibers per unit
volume tended to be saturated and the fibers began to flocculate.
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Fig. 2. The effect of the concentration of dry pulp on the compressive strength

Effect of Oxidized Microfibrillated Cellulose Concentration on the Porosity
and Specific Surface Area of Porous Materials

The porosity of the material was measured using the gravimetric method, and the
specific surface area and pore size of the material were measured by BET. Figure 3 shows
that the pore size distribution of porous materials prepared with different concentrations of
cellulose microfibril was very wide, and most of them were in the range of 2 nm to 120
nm, indicating that there was a notable amount of mesopores in the porous materials (Chu
et al. 2016).
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Fig. 3. Pore size distribution of porous materials

The pore size distribution of the porous material had two peaks at 3 nm and 32 nm,
and the porosity of the porous material prepared by different concentrations of
microfibrillated cellulose was somewhat different. The N2 adsorption and desorption
isotherm curve was H3 (Groen et al. 2003), and the peak at 3 nm was a false peak,
indicating that the pore channels in the microfibrillated cellulose porous material were
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connected. The peaks at 1%, 1.5%, 2%, and 2.3% content of microfibrillated cellulose were
more pronounced at 32 nm, which indicated that the pores of the porous material were
regular, the pore distribution was relatively uniform, and the majority were mesopores.

The oxidized microfibrillated cellulose porous materials were dehydrated at 100 °C
for 24 h (Deng et al. 2017). The N2 adsorption and desorption isotherm curve of porous
materials prepared with different concentrations of microfibrillated cellulose is shown in
Fig. 4. It is apparent from Fig. 4 that the P/Po in the relatively low initial stage, in
accordance with the classification of International Union of Pure and Applied Chemistry
(IUPAC), the isothermal adsorption curve of the N2 adsorption and desorption isotherm of
the porous material prepared by freeze-drying was the same as that of the type Il pressure
(Stein et al. 2009; Bang et al. 2017; Beltrame et al. 2018). At relatively low but increasing
pressure the porous material underwent a transition from monolayer to multilayer
adsorption, and large pores existed in the porous material. When the relative pressure
increased to a certain extent, the isothermal adsorption and desorption curve of N2 formed
a hysteresis loop, which indicated that the sample with a rich mesoporous structure were
consistent with the literature.
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Figure 5 shows that the percentages of oxidized microfibrillated cellulose were 1%,
and the porosity was the highest at approximately 99%. When the percentage of the
microfibrillated cellulose concentration increased, the porosity declined. When the pulp
concentration percentage content increased to 2.3 %, the porosity dropped to approximately
98%. As the content of oxidized microfibrillated cellulose increased, the number of
molecules per unit volume increased, which increased the density of the molecular
network, resulting in the intertwined multiple molecules that were entangled with each
other. At the formation of the porous material, the higher concentration initiated
intermolecular association, making it easier to form a small, uniform condensed phase,
resulting in a reduction of the porosity of the porous material. It is apparent from Table 2
that the specific surface area and pore volume also increased with the increase of the
concentration of oxidized microfibrillated cellulose in the porous material. The specific
surface area of porous materials and the pore volume showed increasing trends, and the
average pore size decreased gradually.

Table 2. Pore Structure of Oxidized Microfibrillated Cellulose Porous
Materials

Specific Surface Area Pore Volume Pore Size
(m2.g) (cm.g?) (hm)
1% 20.1573 0.05069 11.4559
1.5% 21.0014 0.05789 10.9803
2% 21.8891 0.06501 8.9980
2.3% 23.8397 0.07040 8.7083

The Effect of Oxidized Microfibrillated Cellulose Concentration on the
Surface Morphology of Porous Materials

Different concentrations of oxidized microfibrillated cellulose porous scaffolded
material were analyzed by SEM (Fig. 6). The materials were observed at 300x
magnification. When the mass fraction was 1%, the SEM showed that the surface of the
scaffold material was not smooth, with a large number of collapsed pores, and the
distribution of surface pore sizes was broad. When the mass fraction was 1.5%, the surface
of the scaffold material tended to be flat, with only a small part collapsed, and the gap
between the apertures gradually decreased. When the microfibrillated cellulose mass
fraction (CMF) was increased from 2% to 2.3% the majority of pores were uniform, and
the particle size distribution was relatively narrow. However, when the mass fraction was
2.3%, the phenomenon of slight fiber flocculation occurred, even though the uniform pore
size was flat. The higher mass fraction in aqueous suspension resulted in a smaller pore
size in porous scaffolds and more structure regularity. However, the flocculation of the
fibers occurred when the concentration reached a certain value.

Porous Material Surface Bonding Method Analysis

The surface characteristics of microfibrillated cellulose porous materials were
analyzed by XPS (Chen and Tanaka 1998; Chen et al. 2000) (Table 3 and Fig. 7). Cellulose
can be divided into four types of carbon atoms based on the form of binding (Chen and
Tanaka 1998): C1 (C-C/C-H), C2 (C-OH), C3 (O-C-0O/C=0), and C4 (O=C-0). Before
oxidation, the starting material contains only C1, C2, C3, and C2, which indicates that the
hydroxyl content was much larger than other groups (Yang et al. 2010). The oxidation
process produced a large amount of carboxyl groups.
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With the increase of the concentration of porous materials, the percentages of
hydroxyl and carboxyl groups associated with C2 and C4 on the surface were gradually
reduced. This is likely due to the lower content of radicals when the concentration was
lower. The polymerization of the molecules decreases, resulting in a lower strength of the
material. As the concentration increased, the content of hydroxyl and carboxyl groups
increased and the surface area of contact increased, which formed more hydrogen bonds.
The increase of hydrogen bonds was the main reason for the increase of the strength of
porous materials.

Table 3. Porous Material Surface XPS Analysis C Ratio

C1 (%) C2 (%) C3 (%) C4 (%)
Raw Material 15.69 69.18 15.13 0
1% 2.98 28.60 37.02 31.40
1.5% 15.05 37.96 23.61 23.40
2% 14.81 35.20 27.55 22.44
2.3% 5.36 33.69 41.56 19.39
Liang et al. (2018). “Drying of oxidized MFC,” BioResources 13(4), 8871-8884. 8879
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CONCLUSIONS

1.

TEMPO system can be used to oxidize cellulose, and the carboxyl group was 82.9
mmol.100g™. The length of the cellulose microfibrils was mainly less than 200 um, and
the width was mainly less than 1 um. When the compressive strength of porous material
was gradually increased, and the porosity gradually decreased, the specific surface area
and pore volume also increased, but the pore size decreased. The mesopore content
generally do not change with concentration.

When the concentration was 2%, the scaffold material presented a porous network
structure, the surface was smooth, the pore size was uniform, the pore distribution was
regular. When the pore size was smaller, there was a more regular structure. When the
mass fraction was more than 2%, the pore distribution of the scaffold material was still
regular but slight fiber flocculation began to appear. With the increase of the oxidized
pulp concentration, the compressive strength of the material also gradually increased,
and the porous material formed a large number of hydrogen bonds to increase the
strength. As the concentration of CMF was increased, the specific surface area and pore
volume of the prepared porous material increased gradually, and the pore size
decreased.
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