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The applicability of cotton-bleached soda pulp (C-BSP) was investigated 
as a raw material for manufacturing cationic nano-fibrillated cellulose (NFC) 
via quaternization of anionic NFC using glycidyl-trimethyl-ammonium 
chloride (GMA). The anionic NFC was prepared by beating and micro-
grinding C-BSP, and quaternization was performed post treatment to 
induce a charge reversal in anionic NFC. The characteristics of cationic 
NFC manufactured using C-BSP and hardwood-bleached kraft pulp (Hw-
BKP) as a control were analyzed. Relatively higher mechanical energy 
was required to prepare anionic NFC from C-BSP than that from Hw-BKP. 
Fourier transform infrared and zeta potential analyses results showed that 
quaternization by GMA post treatment electrostatically induced charge 
reversal in anionic NFC. However, GMA did not affect the fiber width and 
viscosity of the cationic NFCs. It was found that cationic NFC could be 
manufactured via quaternization of anionic NFC manufactured from C-
BSP using less GMA than that for Hw-BKP. 
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INTRODUCTION  
 

 Nanocellulose, which is a biodegradable, non-toxic, and sustainable natural 

resource, can be defined as cellulose particles with a fibrillar width less than 100 nm 

(Nechyporchuk et al. 2016; Candan et al. 2022). There are two main types of nano-

cellulose: nanocrystalline cellulose (NCC) and nano-fibrillated cellulose (NFC) (Balea et 

al. 2020; Naddeem et al. 2022). The ISO terms for these products are CNC and CNF, 

respectively.   

NCC is commonly produced using the acid hydrolysis process using sulfuric acid. 

On the other hand, NFC can be manufactured through various mechanical treatments such 

as grinding, high-pressure homogenization, micro-fluidization, electrospinning, and steam 

explosion (Nechyporchuk et al. 2016; Balea et al. 2020; Norizan et al. 2022). The NFC 

has been regarded as a promising material in many industries because of its low density, 

high aspect ratio, flexibility, and high mechanical strength (Eichhorn et al. 2010; Sato et 

al. 2016; Qin et al. 2020; Sanchez-Salvador et al. 2020).  
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Despite various studies on the functionalities and applications of NFC, NFC has 

not been industrialized worldwide, indicating that many issues need to be solved (Yi et al. 

2020). These issues include high energy demand, low compatibility with other materials, 

lack of precise applications in various industries, and the need for new cellulose resources, 

not limited to woody resources (Ashori et al. 2014; Pennells et al. 2020; Yasim-Anuar et 

al. 2020; Candan et al. 2022). Because of the low self-sufficiency rate of woody resources 

in South Korea (Korea Rural Economics Institute 2020), novel cellulose resources should 

be developed for stable production and supply of NFC.  

Cotton fiber, a seed fiber among non-woody fiber resources, is a natural cellulose 

fiber resource that can be grown quickly (Park and Kim 2010; Deng et al. 2022). Research 

has been underway to apply cotton fibers as industrial materials in Europe and China (Li 

et al. 2014; Ruiz-Caldas et al. 2022). When manufacturing NFC, cotton fiber is expected 

to have the advantage of high yield because of its relatively high alpha cellulose content 

and crystallinity (Sczostak 2009; Morais et al. 2013; Beltramino et al. 2018). Therefore, 

cotton fiber has been considered a non-woody fiber resource that could be effectively 

utilized for NFC manufacturing.  

 Most of the NFCs have generally been manufactured by combining various pre-

treatments and mechanical treatments, which result in an anionic electrostatic charge of the 

NFC due to carboxylic acids (Aulin et al. 2010; Charreau et al. 2020; Zinge and 

Kandasubramanian 2020). The NFC with a negative charge has poor retention on the 

surfaces of other anionic materials used in papermaking during the paper forming process 

(Liimatainen et al. 2014). Therefore, developing a pre-treatment or post treatment 

technology that can change the electrostatic characteristics of NFC fabricated from various 

cellulose resources is necessary.  

 Many studies have reported that quaternization is a common reaction for 

manufacturing cationic NFC. Cationic NFC was internally added during the papermaking 

and remained in the anionic fibers to be used as a strength enhancer (Lee et al. 2021) and 

was combined with anionic NFC to improve gas barrier properties to be used as a coating 

agent. (Jo et al. 2022). It was also used as an adsorbent for removing Cr from contaminated 

water (Etale et al. 2021) or a filter for removing anionic ions (Jo et al. 2021). 

Glycidyl-trimethyl-ammonium chloride (GMA), Girard’s agent T., and 3-chloro-2-

hydroxy-propyl trimethyl-ammonium chloride (CHPTAC) have been primarily used to 

introduce quaternary amine groups to NFC molecules (Chaker and Boufi 2015; Bansal et 

al. 2021; Etale et al. 2021). However, because these are organic solvents that are not easy 

to handle and toxic to human health (Correia et al. 2021), it is required to minimize the use 

of organic solvents for manufacturing eco-friendly cationic NFC.  

 This study developed a technology to manufacture cationic NFC from cotton- 

bleached soda pulp (C-BSP) via quaternization using a minimum amount of GMA. Most 

previous studies have performed quaternization as a pre-treatment for manufacturing 

cationic NFC (Liimatainen et al. 2014; Nechyporchuk et al. 2016). However, this study 

reversed the zeta potential of anionic NFC through a post-treatment. Anionic NFC was 

prepared through beating and micro-grinding C-BSP. Then, quaternization was carried out 

using various amounts of GMA to prepare cationic NFC. Finally, the fiber width, low-

shear viscosity, and zeta potential of cationic NFCs were measured to determine the 

minimum quantity of GMA required for preparing cationic NFC from C-BSP. 
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EXPERIMENTAL 
 
Materials 
 The C-BSP was supplied by KOMSCO Co., Ltd. (Daejeon, Republic of Korea). 

Hardwood-bleached kraft pulp (Hw-BKP) was supplied by Moorim Paper Co., Ltd. (Jinju, 

Republic of Korea), as shown in Fig. 1. The C-BSP consisted of 60% cotton linter and 40% 

cotton noil. Glycidiyltrimethylammonium chloride (GMA, C16H14CINO, 99.00%) and N, 

N-dimethylacetamide (DMAc, C4H9NO, 99.50%) were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Potassium hydroxide flakes (KOH, 93.00%), ethyl alcohol (C2H5OH, 

95.00%), and n-hexane (C6H4, 86.18%) were provided by Daejung Chemicals (Republic 

of Korea).  

 

 
 

Fig. 1. Images of (a) C-BSP and (b) Hw-BKP 

 

Methods 
Chemical composition comparison between C-BSP and Hw-BKP  

The chemical composition of Hw-BKP was analyzed as follows, and the extractive 

content and ash content were measured according to the following standards: KS M 7035 

(2018) and TAPPI T211 om-07 (2007). The lignin content was analyzed using the chlorite 

method (Wise et al. 1946), and holocellulose was determined by weighing the delignified 

specimens, whereas alpha-cellulose was quantified by dissolving hemicellulose from 

delignified specimens using 17.5% NaOH. To compare the chemical composition of C-

BSP with those of Hw-BKP, a reference search was carried out.  

 

Preparation of anionic NFC from C-BSP and Hw-BKP 

Anionic NFC was manufactured by beating and micro-grinding C-BSP as the 

sample and Hw-BKP as the control. The beating of C-BSP and Hw-BKP was performed 

at a consistency of 1.57% using a laboratory Hollander (valley) beater (FRANK-PTI 

GmbH, Birkenau, Germany). The C-BSP and Hw-BKP were beaten to a Canadian standard 

freeness (CSF) of 170 ± 5 and 450 ± 5 mL, respectively (Lee et al. 2017; Park et al. 2018). 

After beating the pulps, the fiber length and width of the beaten pulps were measured using 

a fiber analyzer (FQA-360; OpTest Equipment Inc., Hawkesbury, Canada). The beaten 

pulp was diluted to 1.0% consistency with distilled water and then fibrillated using a Super 

Mass Colloider (MKZA6-2, Masuko Sangyo Co., Ltd., Kawaguchi, Japan) at 1,500 rpm. 

The pulp slurry was fed continuously to the grinder consisting of two stone grinding disks 
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positioned on top of each other. The gap between the two disks was adjusted to about 150 

μm. Four types of anionic NFC samples, manufactured from C-BSP and Hw-BKP, were 

taken at a micro-grinding pass number of five and seven (hereafter referred to as the pass 

number), respectively, as shown in Table 1.  

 

Table 1. Manufacturing Conditions of anionic NFC from C-BSP and Hw-BKP 

Pulp type  
Pretreatment 

(Refining) 
Mechanical treatment 

C-BSP 170 mL CSF Pass number 

= 5, 7 Hw-BKP 450 mL CSF 

 

Quaternization of anionic NFC to prepare cationic NFC 

Cationic NFC was prepared from anionic NFC via quaternization of GMA (Chaker 

and Boufi 2015; Lee et al. 2019). The water was removed from the anionic NFC slurry 

using a centrifuge (LaboGene 1248, Gyrozen Co., Ltd., Republic of Korea), and solvent 

exchange was performed twice using DMAc. After NFC was conditioned at room 

temperature for 12 h, 10%, 20%, and 30% solutions of GMA and approximately 15 mL of 

1.0 M KOH as a catalyst were added to the NFC. Afterwards, the quaternization was 

performed in a constant temperature water bath at 70 °C for 6 h, as shown in Table 2. The 

cationic NFC formed after the reaction was washed five times with 200-250 mL of distilled 

water and centrifuged to remove the remaining chemicals. Figure 2 shows the flow diagram 

for the quaternization of anionic NFC.   

 

Table 2. Quaternization reaction condition for cationic NFC  

Pulp Type of 

Anionic NFC 
Dosage of KOH Dosage of GMA Temperature Time 

C-BSP 
1.0 M 15 mL 

10, 20, 30 

(% on oven-dried fibers) 
70 °C 6 h 

Hw-BKP 

 

 
 

Fig. 2. Flow diagram of the quaternization of anionic NFC for preparing cationic NFC 
 

Characterization of anionic and cationic NFCs 

The fiber width and low-shear viscosity of NFCs were measured to evaluate their 

characteristics depending on the pulp type, the pass number of fibrillation, and the amount 

of GMA added. The fiber width of NFCs was analyzed using a field emission scanning 

electron microscope (FE-SEM; JSM-7610F, JEOL, Tokyo, Japan). Wet NFC pads were 

prepared as test specimens to measure the fiber width using a vacuum filtration system. 

The wet NFC pads were dried by the solvent exchange method using ethyl alcohol and n-
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hexane to provide the dry test specimens (Oh et al. 2022). Afterward, the FE-SEM images 

of the pads were captured, and the fiber width was measured with image analysis using a 

three-dimensional (3D) image software (MP-45030TDI, JEOL, Osaka, Japan). The low-

shear viscosity of 1.0% NFC slurries was determined using a low-shear viscometer (DV-

IP, Brookfield Engineering Laboratories, Inc., Middleborough, MA, USA) with a spindle 

number of 64 and a speed of 60 rpm. The temperature of NFC slurries was maintained at 

25 ℃ during the viscosity measurement.  

Fourier-transform infrared (FT-IR) spectroscopy is a non-destructive technique to 

analyze the vibrations to detect functional groups in the molecular structure (Sofi et al. 

2023). The spectra were used to determine the introduction of tertiary amino groups on a 

cationic NFC pad with a grammage of 100 g/m2 using an FI-IR (IS50, Thermo Fisher 

Scientific, Waltham, MA, USA). To identify the modification of electrostatic properties of 

NFCs through a quaternization of GMA, the average zeta potential, and zeta potential 

distribution of 0.01% NFC slurries were measured using a Zeta-potential analyzer (Nano 

ZS, Malvern Panalytical, Malvern, UK).  

 
 
RESULTS AND DISCUSSION 
 
Chemical Composition Comparison between C-BSP and Hw-BKP 

Table 3 shows the chemical composition of C-BSP reported in the previous study 

(Lee et al. 2022) and that of Hw-BKP measured in this study. The alpha-cellulose content 

of C-BSP was higher than that of Hw-BKP. The C-BSP had almost no hemicellulose 

content. The contents of other components in C-BSP did not show the significant difference 

from Hw-BKP. Therefore, C-BSP could have alpha-cellulose content sufficient for 

manufacturing NFC.  

 
Table 3. Chemical Compositions of C-BSP and Hw-BKP 

Chemical 

Composition 

(%) 

Alpha-

cellulose 
Hemicellulose Lignin Extractives Ash 

C-BSPa 96.9 - 2.4 0.30 0.38 

Hw-BKPb 80.8 18.0 1.2 0.04 0.01 

a cited from the literature (Lee et al. 2022) and b measured in laboratory 
 
Fiber Width and Viscosity of NFC  

In this study, anionic NFC was manufactured by beating and micro-grinding C-

BSP and Hw-BKP.  After that, cationic NFC was prepared via quaternization using GMA.  

Figure 3 shows an image of cationic NFCs made from C-BSP and Hw-BKP at the 

pass number of seven by adding 30% of GMA to the oven-dried NFC fibers. Cationic NFCs 

made from C-BSP and Hw-BKP were visually not significantly different. Figure 4 shows 

the average fiber width of NFCs made from C-BSP and Hw-BKP as a function of added 

GMA amount and the micro-grinding pass number. Before adding GMA, the fiber width 

of anionic NFCs differed for C-BSP and Hw-BKP. When the pass number was five, most 

of the fibrils in C-BSP were more than 100 nm in diameter, which is a standard between 
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micro- and nano-fibrillated cellulose, and all the fibrils in Hw-BKP were nanosized. As the 

pass number increased from five to seven, all the fibrils in C-BSP and Hw-BKP were less 

than 100 nm. When comparing the two pulps, the fiber width of the anionic NFC made 

from Hw-BKP was lower than that of the anionic NFC made from C-BSP. This was 

because the fiber length and width of beaten Hw-BKP were lower than those of beaten C-

BSP, as shown in Table 4. Thus, more mechanical treatment was required to manufacture 

anionic NFC using C-BSP than Hw-BKP. In contrast, the fiber length of NFCs from both 

pulps did not change considerably when the added amount of GMA was increased at the 

same pass number. Even though the pass number increased from five to seven, the fiber 

width of cationic NFC did not change noticeably with respect to the amount of GMA.   

 

    
 
Fig. 3. Images of (a) NFCs manufactured from C-BSP and (b) NFCs manufactured from Hw-BKP 
NFCs at the pass number of seven by adding 30% of GMA to the oven-dried NFC fibers 

 

Table 4. Average Fiber Length and Fiber Width of Beaten C-BSP and Hw-BKP 
before Micro-grinding 

Pulp Type C-BSP Hw-BKP 

Freeness 170 mL CSF 450 mL CSF 

Average fiber length  1.0 mm 0.5 mm 

Average fiber width 24.0 μm 18.4 μm 

  

 
 

Fig. 4. Average fiber width of NFCs manufactured from (a) C-BSP and (b) Hw-BKP depending on 
the amount of GMA added and the pass number of micro-grinding 
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Figures 5 and 6 show the FE-SEM images of NFCs made from C-BSP and Hw-

BKP, respectively, depending on the added amount of GMA at the pass number of seven. 

All the fibrils made from two pulps had a fiber width of less than 100 nm, indicating that 

the micro-grinding seven times was sufficient for manufacturing nanofibrils from C-BSP 

and Hw-BKP. These images also showed that the quaternization using GMA did not 

change the fiber width of the NFCs, which is consistent with Fig. 5. 

 

 
 

Fig. 5. FE-SEM images of NFCs manufactured from C-BSP at the pass number of seven by 
adding (a) 0%, (b) 10%, (c) 20%, and (d) 30% of GMA to the oven-dried NFC fibers 
 

 
 

Fig. 6. FE-SEM images of NFCs manufactured from Hw-BKP at the pass number of seven by 
adding (a) 0%, (b) 10%, (c) 20%, and (d) 30% of GMA to the oven-dried NFC fibers   

 

Figure 7 shows the low-shear viscosity of NFCs made from C-BSP and Hw-BKP 

depending on the added amount of GMA and the pass number of micro-grinding. When 

GMA (0%) was not added, the viscosity of anionic NFC slurry increased with the increase 

of pass number, and NFC from Hw-BKP showed higher viscosity than C-BSP at the same 

micro-grinding pass number. Saarikoski et al. (2012) and Grüneberger et al. (2014) 

reported that the low-shear viscosity of NFC was proportional to its nanofibril content and 
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specific surface. It was thought that the nanofibril content and specific surface area of NFC 

made from Hw-BKP were higher than those of one made from C-BSP at the same step of 

micro-grinding due to the smaller fiber size of Hw-BKP. However, as the amount of GMA 

increased, the viscosity of cationic NFC slurry did not change irrespectively of pulp type 

because the quaternization did not affect the fiber width of cationic NFC, confirmed by 

Figs. 4, 5, and 6. Therefore, it was confirmed that relatively higher mechanical energy was 

required to manufacture anionic NFC from C-BSP than Hw-BKP. The quaternization using 

GMA did not change the fiber width and low-shear viscosity of NFCs. 

 

 
 

Fig. 7. Low-shear viscosity of NFCs made from (a) C-BSP and (b) Hw-BKP as a function of 
added GMA amount and the pass number of micro-grinding 

 

Zeta Potential and FT-IR Analysis of NFCs  
To identify the tertiary amines introduced on anionic NFC during the quaternization 

using GMA, FT-IR spectra were acquired for NFC pads fabricated from C-BSP, as shown 

in Fig. 8. Because the FT-IR peaks at 1,342 to 1,266 cm-1 represent the C–N group 

stretching vibrations, the peaks in this range should be observed as high-intensity bands 

(Gunasekaran and Sailatha 2009; Das et al. 2019). The anionic NFC made from C-BSP 

with the pass number of five did not show the peaks at 1,342 to 1,266 cm-1, but the peaks 

in this range started to appear as GMA was introduced to anionic NFC, and the pass number 

was increased. Therefore, the quaternization using GMA effectively introduced tertiary 

amines on cationic NFC.  

 
 

Fig. 8. FT-IR spectra of NFCs made from C-BSP depending on the amount of GMA added and 
the pass number of micro-grinding 
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Figure 9 shows the average zeta potential of NFCs prepared from C-BSP and Hw-

BKP depending on the added amount of GMA and the pass number of micro-grinding. In 

C-BSP, the average zeta potential was reversed to a positive value when 10% of GMA was 

added. In Hw-BKP, the average zeta potential was reversed to a positive value when 20% 

of GMA was added. However, in both pulps, there was no difference in zeta potential due 

to the change in the pass number of micro-grinding. Figures 10 and 11 show the zeta 

potential distributions of NFCs manufactured from C-BSP and Hw-BKP, respectively, 

depending on the added amount of GMA and the pass number of micro-grinding. When 

10% of GMA was added into anionic NFC prepared from C-BSP, all the fibrils were 

reversed from negative to positive for a pass number of five. However, when the pass 

number was seven, at least 20% of GMA was required to reverse the zeta potential of all 

fibrils in cationic NFC from C-BSP. However, for Hw-BKP, even 20% of GMA was 

insufficient to reverse the zeta potential of cationic NFC irrespective of the micro-grinding 

pass number. After the addition of 30% GMA, the zeta potential of cationic NFC was 

reversed for Hw-BKP. 

 

 
 

Fig. 9. Average zeta potential of NFCs manufactured from (a) C-BSP and (b) Hw-BKP depending 
on the amount of GMA added and the pass number of micro-grinding   

 

 
 

Fig. 10. Zeta potential distribution of NFCs made from C-BSP depending on the pass number of 
micro-grinding: (a) pass number 5 and (b) pass number 7 
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Fig. 11. Zeta-potential distribution of NFCs made from Hw-BKP depending on the pass number of 
micro-grinding: (a) pass number 5 and (b) pass number 7   

 
The fiber width decreased, and the low-shear viscosity of cationic NFC increased 

as the nanofibril content increased (Saarikoski et al. 2012; Grüneberger et al. 2014; Lee et 

al. 2019). Because nanofibrils have a higher specific surface area than microfibrils, more 

GMA is required to electrostatically induce charge reversal in anionic NFC with higher 

nanofibril content (Grüneberger et al. 2014). Thus, anionic NFC made from C-BSP showed 

higher fiber width and lower viscosity than Hw-BKP; less GMA was required to prepare 

cationic NFC from anionic NFC using C-BSP. Therefore, it was concluded that cationic 

NFC could be manufactured via the quaternization of anionic NFC made from C-BSP using 

less GMA addition than that for Hw-BKP.  

 

 
CONCLUSIONS 
 

1. Anionic nano-fibrillated cellulose (NFC) was manufactured by beating and micro-

grinding treatments of cotton-bleached soda pulp (C-BSP) and hardwood-bleached 

kraft pulp (Hw-BKP), respectively. After that, cationic NFC was manufactured via 

quaternization of anionic NFC using glycidyl trimethyl ammonium chloride (GMA). 

2. Relatively higher mechanical energy was required to fabricate anionic NFC from C-

BSP than that for Hw-BKP, and the amount of GMA used for quaternization did not 

impact the fiber width and viscosities of cationic NFCs. Quaternization using GMA as 

a post treatment electrostatically induced charge reversal in anionic NFC and was 

confirmed by Fourier transform infrared (FT-IR) and zeta potential analyses. 

3. It was concluded that C-BSP could manufacture cationic NFC via quaternization of 

anionic NFC with less amount of GMA than Hw-BKP 

4. Cationic NFC made from C-BSP can be widely used for manufacturing various 

products, which require the cationic electrostatic property and high low-shear viscosity 

including a strength enhancer and barrier coating agent in papermaking process, a 

thickener of the emulsions, and membrane filter for removing anions from the 

contaminated water. 
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