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Abstract: Cellulose nanofibrils (CNFs) are promising sustainable materials that
can be applied to nanocomposites, as well as medical and life-sciences devices.
However, methods for the preparation of these important materials are energy
intensive because heating and mechanical disintegration are required to produce
cellulose fibers below 100 nm in size. In this study, CNFs were prepared through
the multi-site regioselective oxidation of cellulose with 2,2,6,6-tetramethylpiper-
idine-1-oxyl (TEMPO) and periodate at room temperature (20–25°C), without
any mechanical-disintegration treatment. Transmission electron microscopy
(TEM) revealed that the CNFs had the average widths of 14.1, 55.4, and 81.9
nm for three different treatments. Fourier-transform infrared spectroscopy
revealed that carboxyl groups were created on the surfaces of the microfibrils,
while X-ray diffraction studies showed that the cellulose I structure was main-
tained after oxidation, and that the cellulose nanofibril crystallinity index
exceeded 70%. These results demonstrate that CNFs can be prepared by multi-site
regioselective oxidation at room temperature in the absence of mechanical disin-
tegration. In addition, a model was developed to calculate the total content of car-
boxylate and aldehyde groups of CNFs prepared by the TEMPO mediate
oxidation, the periodate oxidation, and the multi-site regioselective oxidation
methods based on the particle width determined by TEM. The calculated values
of the model were in good agreement with the total content (experimental value)
of carboxylate and aldehyde groups of CNFs prepared by the TEMPO-mediated
oxidation and the multi-site regioselective oxidation methods. However, the mod-
el was not valid for CNFs prepared by the periodate oxidation method.

Keywords: Cellulose nanofibril; multi-site regioselective oxidation; total content
of carboxylate and aldehyde groups; particle width

1 Introduction

Nanocelluloses, which encompass a range of cellulosic materials with at least one dimension in the range
1–100 nm, are promising materials in the fields of sustainable materials and nanocomposites, as well as for
use in medical and life-sciences devices [1,2] due to their impressive mechanical properties, reinforcing
capabilities, abundance, low densities, and biodegradabilities [3]. Therefore, nanocelluloses have attracted
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significant interest over the past few decades, and are expected to play essential roles in the development of
next-generation high-tech nanomaterials.

Nanocelluloses are generally categorized into three main types: cellulose nanofibrils (CNFs, also known
as nanofibrillated cellulose), cellulose nanocrystals (CNCs, also referred to nanocrystalline cellulose or
cellulose nanowhiskers), and bacterial nanocelluloses (BNCs, also known as microbial nanocelluloses)
[1]. To date, two types of method have been used to prepare nanocelluloses, namely the “top-down”
approach that involves enzymatic/chemical/physical methodologies for the isolation of nanocelluloses
from wood and forest/agricultural residues, and the “bottom-up” bacterial preparation of nanocelluloses
from glucose. Top-down methods are more commonly used since cellulose, the main constituent of plant
cell walls, is the most abundant organic substance on Earth [4]; it is also renewable, biodegradable, and
non-toxic [3]. However, cellulose fibers are not easy to disintegrate into nanocelluloses due to the large
numbers of hydroxyl groups on the cellulose chains that are strongly hydrogen bonded [5].

CNFs can be prepared by microfluidization [6,7], grinding [8], homogenization [9] and ultrasonication
[9]. Since neighboring elementary fibrils are either chemically cross-linked [5] or physically entangled by
single-chain polysaccharides [10], intense energy is required to disintegrate these bundles of elementary
fibrils [11]. CNCs are most commonly prepared by sulfuric acid hydrolysis [12]. The use of sulfuric acid
generates acidic sulfate ester groups (OSO3

−) on the nanofibril surfaces, resulting in electrostatic
repulsion between the rod-like colloidal particles and the formation of stable aqueous suspensions.

Increasing the content of functional groups on the surface of cellulose microfibrils can promote
nanofibrillation and increase the yield of nanocelluloses [13–15]. The isolation of nanocelluloses can
almost be achieved in the absence of mechanical energy when the charged content on the surface
surpasses a threshold of around 3 mmol/g [11]. The surface of microfibrils treated by sulfuric acid
hydrolysis has an OSO3

− content not exceeding 0.4 mmol/g, and usually requires ultrasonic treatment to
obtain CNCs [12,16]. The maximum carboxylate content that can be introduced by means of TEMPO-
mediated oxidation is around 2.0 mmol/g when the TEMPO/NaBr/NaClO system is used [17,18]. After
pretreatment by TEMPO mediated oxidation, a mechanical nanofibrillation process is required to prepare
CNFs with a width of 4 nm [13,14].

Cellulose has three reactive hydroxyl groups in its repeat unit, one primary and two secondary hydroxyl
groups. The total oxidation of these three hydroxyl groups is an efficient way to increase the number of charged
groups on the surfaces of nanocelluloses. There are two main methods to oxidize selectivly the reactive
hydroxyl groups of cellulose. One approach is the TEMPO-mediated oxidation of the primary hydroxyl
groups at C6 of the cellulose repeat units [13,14,17], while the other approach involves the periodate
oxidation of the two secondary hydroxyl groups, with cleavage of the C2–C3 bond in the glucose repeat
units and the formation of two aldehyde groups per glucopyranose unit [11,15]. Much research has been
conducted to prepare nanocelluloses using these two approaches separately. However, to the best of our
knowledge, no research has been conducted into the preparation of CNFs that combines the two most
common selective oxidation processes, namely concurrent oxidation with TEMPO and periodate. We
developed a method for preparing CNFs by concurrent oxidation with TEMPO and periodate, and defined
as multi-site regioselective oxidation method [19].

In addition, the carboxylate and aldehyde groups on the surface of CNFs have an important influence on
the yield, chemical, and physical properties of CNFs [11,15,17]. Therefore, the carboxyl and aldehyde
groups on the surface of CNFs are usually investigated in the studies on CNFs. Since the particle width
of CNFs is easy to investigate through the transmission electron microscope (TEM) image and the TEM-
image-processing software. So a suitable model used to calculate the total content of carboxylate and
aldehyde groups on the surface of CNFs based on the particle width will help the expert to easier know
the oxidation level of cellulose.
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The objective of this study was to determine whether or not CNFs can be prepared by the multi-site
regioselective oxidation process at room temperature without the requirement of any mechanical
disintegration. In this work, CNFs were prepared for the first time by the multi-site regioselective
oxidation of cellulose with TEMPO and periodate at room temperature without any mechanical treatment.
The CNFs prepared in this manner were characterized by FTIR, XRD, and TEM. In addition, a model
was developed to calculate the total content of carboxylate and aldehyde groups of CNFs prepared by the
TEMPO mediate oxidation, the periodate oxidation and the multi-site regioselective oxidation methods
based on the particle width of CNFs. The model with the correlation coefficient between the experimental
and the calculated value of the total content of carboxylate and aldehyde groups of CNFs is given for the
first time.

2 Materials and Methods

2.1 Materials
Commercial microcrystalline cellulose (MCC, 15–30 μm particle size) was purchased from Nanjing

Oddo Foni Biology Technology Ltd., (Nanjing, China). TEMPO was purchased from Sigma-Aldrich
(Shanghai, China). Sodium periodate (NaIO4), sodium bromide (NaBr), hydrochloric acid (HCl), sodium
hypochlorite (NaClO), sodium hydroxide (NaOH), isopropanol ((CH3)2CHOH), and hydroxylamine
hydrochloride (NH2OH·HCl) were purchased from Hangzhou Mike Chemical Agents Co., Ltd., China.
All chemical reagents and materials were used as received.

2.2 Chemical Treatment
The oxidation protocols are based on the previously published research [20–22]. In these studies, the

dose of TEMPO is 0.5 mmol/g, while the dose of TEMPO is generally 0.1 mmol/g in the TEMPO-
mediated oxidation method [23–25]. Therefore, two group of experiments with a TEMPO dose of 0.1
mmol/g were designed. The experiments were performed as shown in Tab. 1. The results of Method 3
were better than other conditions and treatments, which were reported mainly in this study.

First, TEMPO (0.39 g, 2.5 mmol), sodium periodate (2.14 g, 10.0 mmol), and NaBr (4.12 g, 40 mmol)
were dissolved in 500 mL of distilled water with vigorous stirring. Next, 5 g microcrystalline cellulose was
dispersed in the reaction mixture. Then, NaClO solution (10%, 2.7 mL, 40 mmol) was added slowly to the
cellulose slurry with continuous stirring and the resulting suspension was stirred at room temperature (20–
25°C) for the reaction for the designated time. The pH of the suspension was carefully maintained at about
10.5 through the addition of 2 M aqueous NaOH. During the reaction, the reaction beakers were covered with
aluminum foil to prevent the photo-induced decomposition of periodate. Finally, the oxidation reaction was
terminated by adding 5 mL of ethanol after the designated reaction time was reached.

The reaction slurry was separated by centrifugation at 900 g for 2 min (TD5B, Changsha Yingtai
Instrument Co., Ltd., Changsha, China), the supernatant was precipitated with 1.2 times ethanol, and the
formed precipitate was collected by centrifugation at 8500 g for 5 min (TG5B, Changsha Yingtai

Table 1: Experimental design

Reagent dosage (mmol/g cellulose)

Method TEMPO NaIO4 NaBr NaClO Time (h) Replication

1 0.1 2.0 8.0 8.0 4 3

2 0.1 2.5 8.0 8.0 4 3

3 0.5 2.0 8.0 8.0 9 5
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Instrument Co., Ltd., Changsha, China). The oxidized cellulose was then washed and centrifuged several
times with 95% ethanol and 0.5 M aqueous HCl. Finally, the precipitate was dispersed in water, collected
by vacuum filtration, and the solid fraction was dried by vacuum freeze-drying. The powder obtained in
this manner was analyzed as described below. The mass yields of the CNFs were measured as the ratio of
the masses of the obtained CNFs and the cellulose initially suspended.

2.3 Determination of the Aldehyde Content
The aldehyde content of the oxidized cellulose was determined by the hydroxylamine hydrochloride

(NH2OH·HCl) titration method [11]. First, the oxidized cellulose of 0.1 g dry weight was dispersed into
10 mL of deionized water. Then, the 10 mL suspension of oxidized cellulose was mixed with 20 mL
isopropanol, and the mixture was sufficiently stirred to form a well-dispersed slurry. Next, the pH of the
mixture was adjusted to 2–3 by adding a few drops of 0.5 M hydrochloric acid and then carefully
adjusted to 3.5 by the addition of 0.1 N sodium hydroxide. Fourth, 10 mL of 10 wt% hydroxylamine
hydrochloride solution was added to this mixture and allowed to react for 10 min. Finally, the
hydrochloric acid released from the reaction was titrated with 0.5 N sodium hydroxide solution until the
pH was regained at 3.5. The aldehyde content was calculated by the following Eq. (1):

Aald ¼ VNaOH �M

WCEL
(1)

where Aald is the content of aldehyde group in the oxidized cellulose (mmol/g); VNaOH is the volume of
NaOH (mL) consumed in the titration, M is the normality of the NaOH, and WCEL is the dry basis weight
of oxidized cellulose (g) initially dispersed.

2.4 Determination of the Carboxylate Content
The carboxylate content of each sample was determined with the conductometric titration method [20].

First, the oxidized cellulose fibers 0.1 g (dry basis) were dispersed into 0.5 M aqueous NaCl (100 mL), after
which a solution of 0.1 M HCl and 0.5 M NaCl (5 mL) was slowly dropped into the dispersion, and the
suspension was gently stirred. The NaOH/NaCl solution (0.1 M NaOH–0.5 M NaCl) was used for
titration with a conductivity titrator (INESA ZD-2, China). The carboxylate content was calculated using
the following Eq. (2):

COO�½ � ¼ VNaOH addedð Þ � VHCL

� ��MNaOH

WCEL
(2)

where [COO−] is the carboxylate content (mmol/gcellulose); VNaOH (added) is the consumed volume of NaOH
solution (mL) at the equivalent point; VHCl is the volume of HCl added to the 0.1 M HCl–0.5 M NaCl mixed
solution (mL); MNaOH is the molarity of NaOH (mol/L) and WCEL is the dry basis weight of oxidized
cellulose (g) initially dispersed.

2.5 Fourier-Transform Infrared Spectroscopy
FTIR spectra of samples were collected with a Nicolet Magna 560 instrument (Thermo Fisher, Waltham,

MA, USA) fitted with a diamond attenuated-total-reflectance (ATR) attachment. Solid samples were placed
directly on the ATR crytal, and all the spectra of measured samples were recorded in ATR mode over the
500–4000 cm-1 range in absorbance mode, with 32 scans per spectrum at a resolution of 4 cm-1. The
most representative spectra of CNFs were presented.

1272 JRM, 2020, vol.8, no.10



2.6 X-Ray Diffraction
The crystallinity of MCC and the cellulose after multi-site regioselective oxidation was analyzed by

X-ray diffraction (XRD). The XRD profiles were recorded by a D/max 2200 diffractometer (Rigaku,
Japan) equipped with a CuKα radiation source (λ = 0.154 nm). Measurement data were collected in the
diffraction 2θ angle range of 5–40° at a scanning speed of 4° min-1. The crystallinity index (CrI) of
samples was evaluated using the Segal method [26] according to following Eq. (3):

CrI ð%Þ ¼ I002�Iam
I002

� 100 (3)

where I002 and Iam represent the maximum and minimum peak intensity at around 22–23° and 18–20°,
respectively.

2.7 Transmission-Electron Microscopy
Drops of dilute CNF suspensions were placed on the carbon-coated electron-microscopy grids. The

excess liquid was absorbed with a piece of filter paper. Then, 1 wt% phosphotungstic acid solution was
added to negatively stain the samples for about 1 minute to enhance image contrast. The excess was
absorbed by filter paper. After drying, the sample grid was observed using a JEM-2100 transmission-
electron microscope (JEOL Ltd., Japan) at an accelerator voltage of 200 kV. The dimensions of the CNFs
were determined from the TEM images with the Image J software.

3 Results and Discussion

3.1 Spectroscopic Analyses
The FTIR technique can be used to straightforwardly evaluate the structural changes that have occurred in

cellulose after multi-site regioselective oxidation. Fig. 1 displays the FTIR spectra of the MCC and CNFs
prepared by Method 3. Fig. 1a displays the entire spectral region, while Fig. 1b shows an enlargement of the
1650–1750 cm−1 region. In the spectra of all samples, the characteristic peaks of cellulose, hydrogen-bonded

Figure 1: FTIR spectra of the MCC and CNFs prepared by Method 3
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O–H stretching peak and sp3-hybridized C–H stretching peak, appears near 3330 cm-1 and 2900 cm-1,
respectively. The shoulder observed at 1733 cm−1 is attributed to the carbonyl groups (C=O) of the free
carboxylic groups, whereas the large sharp absorption band at 1718 cm−1 is assigned to the C=O stretching
vibrations of the aldehyde groups [20,27]. Its asymmetry suggests the presence of overlapping peaks. The
sharp absorptions at 1027 cm−1 are corresponded to C−O stretching [28,29], and the small peaks at 897 cm−1

are assiged to the stretching of hemiacetal linkages [28,30]. The small peak near 1636 cm−1 is attributed to
the bending vibrations of residual water molecules in the MCC and CNF samples [31,32].

3.2 The Effect of Multi-Site Regioselective Oxidation on the Crystal Structure of Cellulose
To investigate the influence of the multi-site regioselective oxidation process on the crystal structure of

cellulose, the XRD patterns of MCC and the CNFs prepared by Method 3 were examined (Fig. 2). The XRD
pattern of each material exhibited peaks at 2θ values of around 16.5° and 22.5°, which are consistent with
typical cellulose I structures [33,34], indicating that crystal integrity was maintained during the oxidation
process. The crystallinities (CrI) of the original untreated MCC and the CNFs prepared through multi-site
regioselective oxidation were 76.6% and 71.3%, respectively. The decrease in crystallinity is ascribed to
the degradation of cellulose, but the change is ignorable.

3.3 Cellulose Nanofibrils Morphology
Transmission electron microscopy revealed that the CNFs had widths below 100 nm with the average

widths of 81.9, 55.4, and 14.1 nm for Method 1–3 used in this study. The TEM images of different CNFs
prepared by periodate oxidation, TEMPO-periodate oxidation and TEMPO-mediated oxidation were
shown Fig. 3. The periodate oxidation system selectively oxidizes the hydroxyl groups at C2 and C3 on
the cellulose chain to carboxyl groups. The amorphous region of cellulose is first attacked, then the
reaction occurs on the surface of the crystalline region and the ends of crystals, and then penetrates from
the surface to the interior of the crystalline region [37,38]. The short-rod shape CNFs with an average
width of 5–10 nm and several hundred nm in length can be prepared by periodate oxidation system
(Fig. 3a) [35,37]. Since TEMPO-mediated oxidation system selectively oxidizes the C6 primary hydroxyl
groups exposed on the cellulose fibril surfaces to carboxyl groups, and the crystalline core is not altered
by the oxidation [23,36]. Therefore, the individual CNFs with an average width of 3–5 nm and a length

Figure 2: X-ray diffraction patterns of the MCC and CNFs prepared by Method 3
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of several μm can be prepared by TEMPO-mediated oxidation (Fig. 3c) [23,36]. As shown in Fig. 3, the
morphology of CNFs prepared by multi-site regioselective oxidation (concurrent oxidation with TEMPO
and periodate) are different from the former two CNFs. The particle length of CNFs prepared by the
periodate oxidation method is significantly shorter than those of CNFs prepared by the TEMPO-mediated
oxidation and the multi-site regioselective oxidation methods.

3.4 Theoretical Calculation of Carboxylate and Aldehyde Groups on the Surface of CNFs
The carboxylate and aldehyde contents of the CNFs were determined using titration methods, as

described in Sections 2.3 and 2.4. The aldehyde-group contents of the CNFs were determined to be 0.80,
0.80 and 2.26 mmol/g, while the carboxylate contents were 0.14, 0.46, and 2.91 mmol/g for Methods 1–3
in this study.

A model was developed to calculate the total content of carboxylate and aldehyde groups of CNFs based
on the microstructure model of CNFs shown in Fig. 4 [39]. The hydroxyl groups on the surface of CNFs
facing the outside can be oxidized to carboxylate or aldehyde groups since the oxidation reaction of
periodate and TEMPO occurs firstly on the outer surface of cellulose, and the generated carboxylate and
aldehyde groups are mainly distributed on the outer surface of CNFs [28,37–39]. In addition, only half of
the hydroxyl groups can be oxidized to carboxylate and aldehyde groups due to the gt conformation of
the surface cellulose molecules [39]. The length of the cellulose basic unit cellobiose on the cellulose
molecular chain is 1.03 nm [40]. Regardless of the influence of lignin and hemicellulose residues in

(a) (b) (c)

Figure 3: Transmission-electron microscopy (TEM) images of different CNFs: (a) CNFs prepared by
periodate oxidation [35]; (b) CNFs prepared by TEMPO-periodate oxidation in this study; (c) CNFs
prepared by TEMPO-mediated oxidation [36], reproduction of the image with permission from American
Chemical Society. (a) Periodate oxidation. (b)TEMPO-periodate oxidation. (c)TEMPO-mediated oxidation

Figure 4: A microstructure model of cellulose nanofibrils used in calculation model [39]
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purified cellulose, it is assumed that the CNFs is composed of a total of B cellulose molecular chains, and C
cellulose molecular chains are exposed to the outside. The average width and length of CNFs was assumed to
be d and L nm, respectively. The relative molecular mass of a hydroglucose ring is calculated with 162, and
the Avogadro’s constant is expressed by NA.

The mass of cellulose nanofibrils of length L is given by [35]

L

1:03
� 2� B� 162

NA
¼ 314:555LB

NA
(4)

The total number of carboxylate and aldehyde groups facing the exterior is given by

For the TEMPO mediated oxidation method,

C � L

1:03
� 2� 1

2
� 1 ¼ 0:9709LC (5)

For the periodate oxidation method,

C � L

1:03
� 2� 1

2
� 2 ¼ 1:9417LC (6)

For the multi-site regioselective oxidation method or TEMPO-periodate oxidation method,

C � L

1:03
� 2� 1

2
� 3 ¼ 2:9126LC (7)

and the total content of carboxylate and aldehyde groups (TCA) is given by

For the TEMPO mediated oxidation method,

TCA ¼ 0:9709LC

NA
� 103 � NA

314:555LB
¼ 3:0865C

B
mmol=g (8)

For the periodate oxidation method,

TCA ¼ 1:9417LC

NA
� 103 � NA

314:555LB
¼ 6:1727C

B
mmol=g (9)

For the multi-site regioselective oxidation method or TEMPO-periodate oxidation method,

TCA ¼ 2:9126LC

NA
� 103 � NA

314:555LB
¼ 9:2592C

B
mmol=g (10)

The ratio of the number (C) of cellulose molecular chains exposed to the surface to the total number (B)
of molecular chains of the CNFs can be calculated using the following formula [39].

C

B
¼

2� ð d

0:61
þ d

0:53
Þ

ð d

0:61
þ 1Þ � ð d

0:53
þ 1Þ

(11)

The total content of carboxylate and aldehyde groups on the surface of CNFs for the TEMPO mediated
oxidation, the periodate oxidation, and the multi-site regioselective oxidation methods were calculated using
the Eqs. (8)–(11). The results are listed in the Tab. 2.

1276 JRM, 2020, vol.8, no.10



As shown in Fig. 5, the calculated values have the same trend as the experimental values for the TEMPO
mediated oxidation method, and the correlation coefficient (R) is 0.98. The total content of carboxylate and
aldehyde groups increases as the particle width of CNFs becomes small. This is because the smaller the
particle width of CNFs, the more the oxidized groups are formed on the surface of the elementary fibrils.
Almost all the calculated values fall within the 95% confidence interval of the regression curve derived
from the experimental values. Moreover, the type of raw materials (softwood, hardwood, cotton,
bacterial, tunicate, and algal celluloses) and the reaction time (the oxidation end point from 2.5 h to 5 h)
have little effect on the calculation accuracy of the model. In addition, these results also prove that the
oxidation reaction of the TEMPO mediated oxidation method mainly occurs on the surface of the
elementary fibrils. The CNFs retains the basic structure of elementary fibrils and is not prone to
degradation reactions with TEMPO mediated oxidation. The model developed in this study can be used
to calculate the total content of carboxylate and aldehyde groups of CNFs prepared by TEMPO mediated
oxidation method based on the particle width.

As shown in Fig. 6, although the calculated value and the experimental value also have the same change
trend for the periodate oxidation method, the experimental value and the calculated value have a large

Table 2: Total content of carboxylate and aldehyde groups on the surface of CNFs

No. Material Method Reaction
time (h)

Particle
width (nm)

Experimental
value (mmol/g)

Calculated
value (mmol/g)

References

1 Softwood pulp T 5.0 3.1 1.70 1.6199 [13]

2 Softwood pulp T 5.0 3.1 1.80 1.6199 [41]

3 Softwood pulp T 4.0 3.8 1.72 1.4004 [24]

4 Hardwood pulp T 4.3 3.8 1.69 1.4004 [24]

5 Cotton T 3.7 5.4 1.36 1.0743 [24]

6 Bacteria T 2.7 5.8 1.15 1.0059 [24]

7 Halocynthia T 2.5 9.1 0.65 0.6849 [24]

8 Cladophora T 3.0 13.2 0.52 0.4916 [24]

9 Softwood pulp I 3.0 25.0 1.75 1.0763 [15]

10 Hardwood pulp I 3.0 25.0 1.80 1.0763 [42]

11 Rice straw I 24.0 13.3 3.77 1.9460 [35]

12 Wheat straw I 24.0 8.4 3.90 2.9386 [35]

13 Corn straw I 24.0 7.9 4.04 3.0996 [35]

14 Cellulose pulp I 42.0 8.0 8.20 3.0660 [43]

15 Softwood pulp I 84.0 5.6 8.80 4.1407 [39]

16 MCC I 72.0 5.0 10.97 4.5365 [44]

17 CNC I 160.0 3.6 12.50 5.8279 [38]

18 Softwood pulp T + I 120.0 10.0 7.20 5.6687 [27]

19 MCC T + I 9.0 14.1 5.17 4.1413 Present study

20 MCC T + I 4.0 55.4 1.26 1.1208 Present study

21 MCC T + I 4.0 81.9 0.94 0.7626 Present study
MCC = Microcrystalline cellulose; CNC = Cellulose nanocrystals; T = TEMPO-mediated oxidation method; I = Periodate oxidation method; T + I =
Multi-site regioselective oxidation method or TEMPO-periodate oxidation method.
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deviation, and the correlation coefficient (R) is 0.94. When the particle width is greater than 10 nm, the
estimated value is still mostly within the 95% confidence interval of the regression curve derived from
the experimental values. But when the particle width of CNFs is less than 10 nm or the oxidation time is
greater than 24 h, the experimental value is much larger than the calculated value. This may be explained
as follows. Because the periodate is a strong oxidant, the oxidation reaction of cellulose not only occurs
on the surface of the microfibrils, but also proceeds to the inside of the microfibrils when the reaction
proceeds to a certain time [37,38]. Fig. 3 also shows that the length of CNFs prepared by the periodate
oxidation method is significantly shorter than those of CNFs prepared by the TEMPO-mediated oxidation
and the multi-site regioselective oxidation methods. After the structure of the elementary fibrils is
destroyed, the cellulose undergoes peroxidative degradation and the cellulose molecular chain is also
destroyed. A large number of functional groups are formed, resulting in an increase in the total content of
carboxylate and aldehyde groups. Therefore, the model developed in this study is not suitable to calculate
the total content of carboxylate and aldehyde groups of CNFs prepared by the periodate oxidation method
based on the particle width.

As shown in Fig. 7, the calculated value has the same trend as the experimental value for the multi-site
regioselective oxidation method, and the correlation coefficient (R) is 0.99. Almost all the calculated values
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Figure 6: The relationship between total content of carboxylate and aldehyde groups and particle width for
dicarboxyl CNFs (periodate oxidation method)
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Figure 5: The relationship between total content of carboxylate and aldehyde groups and particle width for
monocarboxyl CNFs (TEMPO mediated oxidation method)
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fall within the 95% confidence interval of the regression curve derived from the experimental values. The
results show that the model can be used to calculate the total content of carboxylate and aldehyde groups
of CNFs prepared by the multi-site regioselective oxidation method.

3.5 CNFs Yield
The CNFs yields of the Methods 1 and 2 were not more than 5%. The reason may be that the TEMPO

dose is too small or the reaction time is too short. The CNFs yield of the Method 3 was 20.2 ± 1.5% (n = 5).
This yield is still lower than those of the TEMPO-mediate oxidation method or the periodate oxidation
method [14,35]. This is because part of the CNFs was mixed into the precipitation during the centrifugal
separation of the reaction slurry. The yields are expected to increase by improving the separation method
or optimizing the reaction processes in the future.

4 Conclusions

CNFs were prepared through the multi-site regioselective oxidation of microcrystalline cellulose with
TEMPO and periodate. Transmission electron microscopy revealed that the CNFs had the average widths
of 14.1, 55.4, and 81.9 nm for three different treatments. FTIR spectroscopy revealed the formation of
carboxyl groups on the surfaces of the microfibrils. XRD studies of the treated and untreated cellulose
fibers showed that, not only was the cellulose I structure maintained during oxidation, but the crystallinity
index of the CNFs produced in this manner exceeded 70% for all samples. The results demonstrate that
CNFs can be prepared by multi-site regioselective oxidation. In addition, a model was developed to
calculate the total content of carboxylate and aldehyde groups of CNFs prepared by the TEMPO mediate
oxidation, the periodate oxidation and the multi-site regioselective oxidation methods based on the
particle width of CNFs. The calculated values of the model were in good agreement with the total content
(experimental value) of carboxylate and aldehyde groups of CNFs prepared by the TEMPO-mediated
oxidation and the multi-site regioselective oxidation methods. The correlation coefficients of the
calculated values and the experimental values for the TEMPO mediate oxidation and the multi-site
regioselective oxidation methods were 0.98 and 0.99, respectively. The model was not valid for CNFs
prepared by the periodate oxidation system. These results will help the expert to easier know the
oxidation level of cellulose based on the particle width of CNFs.
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Figure 7: The relationship between total content of carboxylate and aldehyde groups and particle width for
tricarboxyl CNFs (multi-site regioselective oxidation method)
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