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A Simple and Rapid Method for the Diameter Detection
of Cellulose Nanocrystals via Sedimentation Method

Shancong Huang,? Jialin Xing,? Guisheng Zhou,? and Xinxing Xia **

The diameter of nanocellulose most often is detected using scanning
electron microscopy (SEM), transmission electron microscopy (TEM),
atomic force microscopy (AFM), and other related techniques. These
detection methods are not only expensive, time-consuming, and
complicated to operate, but also are not conducive to the detection of the
diameter during the actual production of nanocellulose. In this study, the
settling height of cellulose nanocrystals (CNCs) was related to CNC
diameter by sedimentation method to find a convenient technique for the
rapid detection of CNC diameter. The results showed that when the CNC
concentration was at 0.2 wt%, the sodium chloride (NaCl) dosage at 40
g/L, and at the standing time of 48 h, the CNC sedimentation performance
was the best. Furthermore, with the increase of CNC diameter, the settling
height of CNCs gradually decreased. The relationship between CNC
diameter and settling height was Y (setting height) = -30.17 In(X (cNC diameten)) +
123.64; and the coefficient of determination for the fit was 0.9965. This
research provides a new method for the diameter detection of CNCs in the
actual CNCs production in enterprises.
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INTRODUCTION

Nanocellulose (NC) can be defined as a nano-size polymer material with a diameter
of 1.0 to 100 nm with a definite aspect ratio (Hambardzumyan et al. 2022). Cellulose
nanocrystals (CNCs) are a type of NC, and their morphology is usually rod-shaped, which
has the advantages of being renewable and biodegradable, and having large specific surface
area, high hydrophilicity, high transparency, high strength, etc. (Sharaby et al. 2022). In
addition, it has been widely used in many fields, such as papermaking, medicine, and food
(Bangar ef al. 2022; Li et al. 2022; Mali and Sherje 2022; Xu et al. 2022). As one of the
most important quality indicators of CNCs, the diameter is usually quantified by
transmission electron microscopy (TEM), atomic force microscopy (AFM), scanning
electron microscopy (SEM), and laser particle size analyzer (Cao and Verian 2017; Zhang
et al. 2020; Campano et al. 2021).

The CNC morphology has been primarily observed by SEM, and it was found that
the CNCs had a large aspect ratio and the diameter was less than 100 nm (Mocktar et al.
2020). In addition, the CNC agglomeration could be observed in the SEM images, which
is caused by the hydrogen bonding force between fibers (Surip et al. 2012). The resolution
of TEM is approximately 0.1 to 0.2 nm, and the magnification can reach several million
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times. Therefore, TEM is more suitable for observing the morphology of nano-size samples
than SEM. Onkarappa et al. (2020) used TEM to study the surface morphology of CNCs
made from corn husks. They found that the CNCs had a rod-like structure with an average
diameter between 14 nm and 29 nm and a length range of a few nm to several hundred nm.
In addition, AFM is a powerful analytical instrument for detecting nanocellulose structure.
Lahiji et al. (2010) used AFM to study the morphology of the CNCs prepared, and they
found that the length of the CNCs was 100 to 300 nm and the diameters were 2 to 8 nm.

Although the CNC morphology can be directly detected by these instruments, the
diameter of the sample needs to be analyzed by software such as Nano Measurer, Image J,
and NanoScope Analysis, efc. (Zhang et al. 2014; Rha et al. 2015; Zhang et al. 2018).
Therefore, the conventional nanocellulose diameter detection method is complex, the
detection time is long, and the detection cost is expensive, which seriously limits the large-
scale use of nanocellulose. Thus, there is an urgent need to develop a concise method for
the diameter detection of nanocellulose.

Boluk et al. (2011) developed a method to determine the shape parameters
(length/diameter) of rod-like CNC particles by measuring the viscosity of CNC
suspensions. The captured AFM images showed the CNC aggregated and dispersed regions.
After analysis, the CNC length was 100 to 300 nm and the diameter was 4 to 8 nm.
Ultimately, the shape factors obtained from the intrinsic viscosity measurements were
basically in good agreement with the AFM measurements.

A colloid can be defined as a dispersion system that contains dispersoid and
dispersant. The diameter of dispersoid particle is in the range of 1.0 to 100 nm. Therefore,
nanocellulose suspensions fall within the definition of a colloid. The interaction between
colloidal particles is an important factor affecting many properties and behaviors of
colloids, including the stability of colloids (Alexander ef al. 1984; Grosse et al. 1999) and
the disordered and ordered phase transitions of colloids (Mognetti et al. 2013; Yi et al.
2013; Edison et al. 2015). The surface of CNCs has negatively charged sulfonic acid groups.
Due to the existence of electrostatic repulsion, CNCs that have been prepared using
concentrated sulfuric acid are uniformly and stably distributed in water (Revol et al. 1992;
Habibi et al. 2010; Chu et al. 2020). Through the addition of opposite charges, the colloidal
particle charge is neutralized, and the colloidal particles aggregate into large particles,
thereby causing sedimentation. Thus, when the cationic electrolyte is added to the CNC
suspensions, the CNCs will agglomerate and settle. Based on this theory, the authors further
explored the relationship between CNC diameter and sedimentation performance.

In this paper, the authors prepared CNCs with different diameters by adjusting the
concentration of sulfuric acid in acid hydrolysis, studied the effects of sodium chloride
(NaCl) dosage, standing time, CNC concentration, and CNC diameter on the sedimentation
performance of CNCs, and established the relationship between CNC diameter and settling
height. This research would provide a concise detection method for assessing the CNC
diameter.
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EXPERIMENTAL

Materials

Microcrystalline cellulose (MCC, diameter 25 pm) was obtained from Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Sulfuric acid (AR grade)
and sodium chloride (AR grade) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).

Methods
Preparation of CNCs

To begin, MCC was mixed with sulfuric acid solutions of different concentrations
at a solid-liquid ratio of 1:10 (g: mL), which was then reacted at 50 °C for 1.5 h. Afterwards,
the mixture was centrifuged and washed several times with de-ionized water. The CNCs
on the upper layer of the centrifuge tube were collected and dialyzed in a dialysis bag (MW:
8000-14000) until the filtrate was neutral; thus CNCs with various diameters were obtained
(Gil-Castell et al. 2022; Zubair et al. 2022). The samples were numbered as shown in Table
1.

Table 1. Sample Number of CNCs

Sulfuric Acid
Concentration 50 52 54 56 58 60 62 64
(%)
Sample CNCs- | CNCs- | CNCs- | CNCs- | CNCs- | CNCs- | CNCs- | CNCs-
Number 1 2 3 4 5 6 7 8

TEM analysis of CNCs

The morphology of CNCs were studied by TEM (JEM-1400Flash, JEOL Ltd.,
Tokyo Japan). The CNC suspension (1 wt%) was prepared, and 10 pL of CNC suspensions
was dropped on the surface of copper grid. Then, 10 puL of uranyl acetate solution (2 wt%)
was added dropwise, stained for 2 to 3 min, the dye was sucked out with filter paper, and
CNCs were dried at room temperature. Finally, the CNC image was obtained by TEM at
an accelerating voltage of 120 KV (Campano et al. 2021).

CNC Diameter Measurement

The diameters of 8 kinds of prepared CNCs were measured in the TEM image using
the Image J (200 CNCs were measured in each image) software, and the obtained data were
analyzed using the Origin software (OriginLab, OriginPro 2021, Northampton, MA, USA).

NaCl dosage

A total of 0.2 g nanocellulose (CNCs-8) was added to 100 mL NaCl solution, mixed
well, placed in a 100-mL graduated cylinder, and allowed to stand for 48 h to observe the
settling height. Various dosages of NaCl, such as 0, 10, 20, 30, 40, and 50 g/L, were used.

Standing time

For this study, the 0.2 wt% CNCs-8 and a NaCl dosage of 40 g/L was used, which
was placed in a 100-mL graduated cylinder, and the effect of standing time on the settling
height was observed.
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CNC concentration

Various concentrations of CNCs-8, such as 0.05 wt%, 0.1 wt%, 0.2 wt%, 0.3 wt%,
and 0.4 wt%, and NaCl dosage of 40 g/L, and the standing time of 48 h were used to observe
the effect of CNC concentration on the settling height.

Relationship between CNC diameter and settling height

A 0.2 wt% CNCs, NaCl dosage of 40 g/L, and the standing time of 48 h was used.
The CNCs with different diameters were placed in a 100-mL graduated cylinder, and the
CNC settling height was measured. A scatter chart of CNC diameter and settling height
was drawn by Excel software (Microsoft, Microsoft Office Home and Student 2019,
Redmond, WA, USA). Furthermore, the logarithmic function was used to fit the data to
obtain the function between CNC diameter and settling height.

RESULTS AND DISCUSSION

TEM Analysis of CNCs

Figure 1 shows the TEM images of CNCs prepared under various sulfuric acid
concentrations, and the CNCs all appeared rod-shaped. The diameter distributions of CNC-
1, CNC-2, CNC-3, CNC-4, CNC-5, and CNC-6 were more dispersed, while those of CNC-
7 and CNC-8 were more concentrated (Fig. 2). In addition, with the gradually increasing
sulfuric acid concentration during acid hydrolysis, the diameter of the prepared CNCs
gradually decreased, as shown in Table 2. This is because of the reaction of sulfuric acid
with glucose B-1,4 glycosidic bonds in cellulose macromolecules, and thus the cellulose
amorphous region is hydrolyzed (Dong et al. 1998).

Fig. 1. TEM images of a: CNCs-1; b: CNCs-2; c: CNCs-3; d: CNCs-4; e: CNCs-5; f: CNCs-6; g:
CNCs-7; and h: CNCs-8
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Table 2. Average Diameter of CNCs

Samole Number CNC- | CNC- | CNC- | CNC- | CNC- | CNC- | CNC- | CNC-
P 1 2 3 4 5 6 7 8
H2S04 Concentration
(%) 50 52 54 56 58 60 62 64
Average Diameter
(nm) 41.3 38.7 16.9 141 10.3 8.1 6.6 4.3
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Fig. 2. Diameter distribution figures of a: CNCs-1; b: CNCs-2; ¢: CNCs-3; d: CNCs-4; e: CNCs-5;
f: CNCs-6; g: CNCs-7; and h: CNCs-8

Effect of NaCl Dosage on CNC Sedimentation Performance

As shown in Fig. 3a, the settling height of the CNC suspensions gradually decreased
with the increase of NaCl dosage. When the NaCl dosage was greater than 20 g/L, the
settling height began to decrease noticeably, which indicated that the CNC suspension
began to exhibit colloidal instability. When the NaCl dosage was 40 g/L, the sedimentation
performance of the CNC suspensions reached the best, and its settling height was 80.2 mL.
With the NaCl dosage continued to increase, the settling height hardly changed. Therefore,
the optimal dosage of NaCl was 40 g/L.

Figure 3b shows the effect of NaCl dosage on the electrokinetic properties of CNC
suspensions. It can be seen from Fig. 3b that the CNCs were negatively charged, and with
the increase of NaCl dosage, the absolute value of zeta potential decreased gradually. When
the NaCl dosage was at 40 g/L, the zeta potential was close to zero. With the addition of
NacCl, the electric double layer of the CNC particles was compressed, the negative charge
was weakened, then the mutual repulsion force was decreased, and the stability of the CNC
suspensions was destroyed, according to the Gouy-Chapman-Stern double layer theoretical
model (Fig. 3c) (Jin et al. 2021). This is the reason why the CNC subsidence occurs with
the addition of NaCl.
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Fig. 3. a: Effect of NaCl dosage on CNC settlement height; b: Effect of NaCl dosage on electrical
properties of NCC suspensions; and c: NaCl-induced CNC sedimentation mechanism

Effect of Standing Time on CNC Sedimentation Performance

Figure 4 shows the effect of standing time on the CNC settling height. Within 48 h,
the settling height of the CNC suspensions gradually decreased with the increase of time.
From 48 to 72 h, the settling height of the CNC suspensions hardly changed with time, and
it finally stabilized at around 80.7 mL. Therefore, the reasonable settling time of CNCs was

48 h.
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Fig. 4. Effect of standing time on CNC settling height
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Effect of CNC Concentration on CNC Sedimentation Performance
The settling height of CNCs increased with increasing CNC concentration (Fig. 5).
When the concentration of CNCs were at 0.05 wt% and 0.1 wt%, the settling heights were
38.2 and 57.4 mL, respectively, both less than 60 mL. It was difficult to accurately draw
the CNC diameter - settling height curve when the settling height was too low. When the
CNC concentrations were at 0.3 and 0.4 wt%, the settling height of the CNC suspensions
were 95.7 and 98.8 mL, respectively, and the sedimentation performance of CNCs
decreased. Therefore, the optimal concentration of CNCs was selected as 0.2 wt%, and the
settling height of CNC-8 was 80.6 mL.
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Fig. 5. Effect of CNC concentration on CNC settling height

Relationship Between CNC Diameter and Settling Height

Figure 6 shows the settling height photos for different CNC diameters. When the
CNC diameter decreases, the CNC settling height gradually increases. The fitting curve of
CNC settling height and diameter is drawn as shown in Fig. 7, and the function was
obtained as: Ysettling height = -30.17 InXcNe diameter + 123.64. The fitting degree was 0.9965.
Thus, the diameter of CNCs can be quickly calculated from the settling height.
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Fig. 6. The CNC settling height pictures of different diameters
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Fig. 7. Relationship between CNC diameter and settling height

CONCLUSIONS

This study showed that the sedimentation of CNC suspensions could be
reproducibly brought about by the addition of NaCl to the solution, and that the sedimented
CNC layer could be conveniently measured.

1. A CNC concentration of 0.2 wt%, NaCl dosage of 40 g/L, and standing time of 48 h
achieved the best sedimentation performance of CNCs. (CNCs is prepared from MCC
as raw material using 50% to 64% sulfuric acid hydrolysis.)

2. With the increase of CNC diameter, the settling height of CNCs gradually decreased.
The function between CNC diameter and settling height was Ysettling height = -30.17
InXcNe diameter + 123.64; The fitting degree was 0.9965. Therefore, this mathematical
function is expected to be used as a new method for the rapid detection of CNC diameter.
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