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Abstract This study investigated the effects of

carboxyl content and mechanical treatment intensity

on the morphological characteristics of car-

boxymethylated cellulose nanofibrils (CM CNFs)

and on the rheological properties of CM CNF suspen-

sion. The mechanical properties of self-standing CM

CNF film were also examined. CM CNFs produced

under different conditions had similar, uniform widths

of about 5 nm, as measured using transmission

electron microscope images and Image J software.

The aspect ratios of three CM CNFs were evaluated

using gel point analysis and the crowding number

theory. Higher carboxyl content in the CM CNFs

reduced the amount of mechanical energy required

and increased the aspect ratio. The rheological prop-

erties and the tensile properties of CNF film were all

strongly influenced by the aspect ratio of the CM

CNFs. The CMCNF samples with higher aspect ratios

produced stronger suspension network structures and

had greater tensile properties.

Keywords Cellulose nanofibrils � Aspect ratio � Gel
point � Carboxymethylation � Carboxyl content

Introduction

Recently, cellulose nanofibrils (CNFs) have been the

subject of extensive scientific research. Many studies

have used CNFs as a reinforcing material in various

nanocomposites (Liu et al. 2013; Errezma et al. 2017;

Yao et al. 2017). CNFs are suitable reinforcing

materials for nanocomposites because of their inherent

characteristics such as biodegradability, renewability,

very high tensile strength, low thermal coefficient, etc.

(Fujisawa et al. 2013; Saito et al. 2013).

However, several challenges limit the use of CNFs

in commercial applications. One of the most important

challenges associated with nano-fibrillation of CNF is

the high-energy consumption required by fibrillating

processes (Isogai 2018). Mechanical, enzymatic, and

chemical pretreatments have been tested as methods to

facilitate nanofibrillation (Wang et al. 2015; Ko et al.

2011; Suflet et al. 2006), which made the CNF a more

attractive material for commercial applications

(Nechyporchuk et al. 2016). Among these pretreat-

ment methods, chemical pretreatments that introduce

charged groups to the CNF surface have made it

possible to obtain CNFs with narrow width distribu-

tions (Saito et al. 2006; Wågberg et al. 2008). These

charged groups also provide electrostatic repulsion

between the fibrils, which creates the well-dispersed

CNF suspensions that are necessary to form final

products that have the uniform and mechanical

properties (Ahola et al. 2008; Fujisawa et al. 2012).
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The morphological properties of CNFs are essential

parameters for controlling the mechanical properties

of CNF-based materials. Microscopic techniques

including SEM and TEM can accurately measure the

diameter of the fibers (Iwamoto et al. 2014; Uetani and

Yano, 2012; Pääkkö et al. 2007). Atomic force

microscopes (AFM) have also been used to measure

nanofibril length (Shinoda et al. 2012; Saito et al.

2013). The microscopic measurements must be made

at different magnifications, as CNFs have broad fiber

diameter distribution (Zhang et al. 2012). However,

the length of the fibers cannot be readily obtained from

microscopy images, as a CNF is too long to be

observed in its entirety under high magnification (Ishii

et al. 2011). Furthermore, the high aspect ratio fibers

tend to become entangled with each other, which

makes it difficult to determine the ends of a single fiber

(Ishii, et al. 2011).

Fukuzumi et al. (2013) measured the length and

length distribution of TEMPO-oxidized CNF (TOCN)

using transmission electron microscope (TEM)

images and investigated the effect of CNF length on

film properties. They found that films prepared with a

longer average length TOCN had high tensile strength

and elongation at break. However, it was not easy to

determine the fibril length using electron microscopes

(TEM or SEM), even though these techniques offer

clear and instant understanding of the structural

features of CNF, because numerous observations are

required for statistically reliable size evaluations.

To overcome the weaknesses of microscopic mea-

surements, the average lengths of cellulose nanofibrils

dispersed in water have been estimated using dynamic

viscoelastic or shear viscosity measurements of CNF

suspensions (Tanaka et al. 2014; Ishii et al. 2011). The

average lengths determined by rheological measure-

ment have been one order of magnitude higher than

those measured by microscopy. This discrepancy has

been attributed to the fact that the nanofibrils used in

the dynamic viscoelastic measurements were not

completely isolated, but partially aggregated in water

(Tanaka et al. 2014).

Sedimentation experiments could also be used to

assess the aspect ratio of CNFs. Raj et al. (2016)

evaluated aspect ratios using the sedimentation

method proposed by Zhang et al. (2012). Theoreti-

cally, the sedimentation method is based on a gel point

(or critical concentration) that is defined as the lowest

volume fraction where the fiber forms a continuous

network. Kerekes and Schell (1992) defined the

crowding factor, N, as the number of fibers in a

spherical volume with a diameter equal to the length of

a fiber. The crowding factor can be expressed as

follows:

N ¼ 2=3ð ÞUA2; ð1Þ

where U and A are the volumetric concentration and

aspect ratio of fiber, respectively. Experimentally, the

gel point occurs at a crowding number of approxi-

mately 16(± 4), as proposed byMartinez et al. (2001).

Then, volumetric concentration for the gel point, Uc,

can be simplified as follows:

Uc ¼ 24=A2: ð2Þ

For fiber suspension, it is often convenient to use

weight fraction, C. According to Varanasi et al.

(2013), C can be written as follows:

C ¼ qfU=ðqfUþ qlð1� UÞÞ; ð3Þ

where qf and ql are the density of the fibers and liquid,
respectively. Thus, if U � 1, then Eq. (3) may be re-

expressed as follows:

Uc ¼ Ccðql=qf Þ; ð4Þ

where Cc is the weight fraction of the gel point. Then,

combining Eqs. (2) and (4), the aspect ratio of the fiber

can be calculated using the weight fraction of the gel

point. The assumed density of the CNF is 1.5 g/cm3

(Svagan et al. 2008; Varanasi et al. 2013).

Several studies have examined how the charge

content of pulp fiber influences the mechanical energy

that is required to completely isolate the pulp fiber

(Tejado et al. 2012; Syverud et al. 2011). Besbes et al.

(2011) found that pulp with higher carboxyl content

reduced the mechanical energy consumption and that

TOCN prepared with different levels of carboxyl

content have almost homogeneous widths (3–4 nm),

regardless of the mechanical treatment intensity.

The fundamental properties of CNF-based products

are influenced by the CNF morphologies. However,

the effect of the mechanical intensity and carboxyl

content on the morphological properties of CNF has

not been studied in detail. In this study, we investi-

gated the effect of carboxyl content and mechanical

intensity (i.e., number of grinding pass) on the

morphological properties of carboxymethylated CNFs

(CM CNFs). In addition, the effect of preparation
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conditions on the rheological properties of CM CNF

suspension and the mechanical properties of CM CNF

film were investigated.

Experimental material

Never-dried bleached eucalyptus kraft pulp provided

by Moorim P&P (Ulsan, Korea) was used as a starting

raw material. The chemical composition of the pulp

was evaluated according to TAPPIMethod (T 203 om-

93). The pulp consisted of 79.4 ± 0.6% cellulose,

18.8 ± 0.2% hemicelluloses, and small amounts of

lignin and ash. Monochloroacetic acid (Sigma–

Aldrich, 99.0%, MCA), sodium hydroxide (Samchun

chemical, 98.0%), and isopropanol (Duksan Reagents,

99.5%, IPA) were used without further purification for

the carboxymethylation.

Preparation of carboxymethylated CNF

The carboxymethyation reaction was carried out

according to the method described by Im et al.

(2018). Briefly, the pulp fiber was washed with

deionized water and filtered by a vacuum filtration

system to a consistency of 24% before carboxymethy-

lation. Then, the pulp fiber was impregnated for

30 min at 35 �C with a solution of NaOH in IPA for

alkalization. MCA dissolved in IPA was added to this

reaction chamber for esterification, which was carried

out for 60 min at 65 �C. The carboxyl content of the

pulp fiber was controlled by changing the amounts of

MCA (Table 1). The carboxyl content of the car-

boxymethylated pulp was determined using a conduc-

tometric titration method in accordance with SCAN-

CM 65:02.

To produce CM CNFs, the consistency and total

volume of the CM pulp suspension was adjusted to

0.5 wt% and 3 L, respectively. The pulp suspension

was passed through a grinder (Super Masscolloider,

Masuko Sangyo Co., Ltd., Japan). The operation speed

and gap distance were 1500 rpm and - 80 lm,

respectively.

Transmission electron microscopy (TEM, Carl

Zeiss, LIBRA 120, Germany) was used to evaluate

the width of the CM CNFs with different carboxyl

contents. For TEM analysis, the CM CNF suspension

was diluted with deionized water to 0.002% and then

deposited on a glow-discharged carbon grid (Carbon

type-B, Ted Pella Inc.). The CM CNF samples were

observed at an accelerating voltage of 160 kV after

negative staining. The average width of the CM CNFs

was obtained using Image-J software. Furthermore,

the cupriethylenediamine (CED) viscosity of the CM

CNFs was measured to investigate the degree of

polymerization according to the TAPPI Standard (T

230 om-08).

Estimation of the aspect ratios of CM CNFs

It is difficult to settle down the highly charged CNFs in

water suspension because the repulsive forces make

the charged CNFs stable (Iwamoto et al. 2014).

Onyianta and Williams (2018) evaluated the gel point

of carboxymethylated and TEMPO-oxidized CNFs by

adding inorganic salts. In this study, the gel point

analysis by sedimentation was employed to calculate

the aspect ratios of the CM CNFs. To screen the

surface charge before the sedimentation experiments,

CM CNF samples with different carboxyl contents

were diluted with deionized water to 0.3 wt%, and then

dispersed in NaCl solutions with concentrations

ranging from 0.03 to 0.18 M at 0.1 w/v%. The zeta

potentials of the CNFs at different salt concentrations

were evaluated using Zetasizer (Nano Zs, Malvern

Instruments, Ltd.) at 25 �C. The sedimentation exper-

iments were conducted with CM CNFs that had the

same zeta potential, which was achieved by dispersing

the CM CNF in salt solutions with different concen-

trations based on the carboxyl contents of the CM

Table 1 Reaction conditions for the carboxymethylation of pulp

Pulp fiber, g Condition Total volume of IPA, mL NaOH, mmol/g dry pulp MCA, mmol/g dry pulp

19 A 1800 3.68 0.96

B 0.80

C 0.50
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CNFs. CM CNF suspensions with 0.1–0.02 w/v%

consistency were prepared and allowed to fully

sediment in 50 mL glass cylinders for 5 days. The

plot of the concentration against the relative sediment

height (sediment height Hs to initial suspension height

H0) was fitted with a quadratic equation, where the

linear fit shows the gel point/connectivity threshold.

The aspect ratio was then calculated using Eqs. (2) and

(4).

Rheological properties of CM CNF

The rheological properties of the CM CNFs were

studied using a Bohlin cone and plate rheometer

(CVO, Malvern instrument, USA) with a gap angle

between the cone and plate of 4� and a cone diameter

of 4 cm. The rotational viscosity with an increase in

shear rate was measured using CM CNF suspensions

at 0.5 wt%. An oscillatory rheometer was also used to

find the network properties of the CM CNF suspen-

sions. Two modes of amplitude sweeps were carried

out to evaluate the rheological properties of the CM

CNFs. One shear-stress-amplitude sweep was per-

formed in the range of 0.5–100 Pa at a constant

frequency of 1 Hz and a second shear–strain–ampli-

tude sweep was carried out in the range of 1–100 Hz at

a constant stress of 0.5 Pa.

Preparation and analysis of CM CNF film

CMCNF films were prepared by pouring the CMCNF

suspensions onto polystyrene petri dishes after degas-

sing under a 0.1 MPa vacuum for 1 h and drying at

25 �C and 55% humidity for 6 days. The mechanical

properties of the CM CNF films, such as tensile

property, elongation at break, and modulus of elastic-

ity, were evaluated using a Universal Testing Machine

(Instron Co., USA). The width of the specimen and the

measurement span were 15 and 30 mm, respectively.

The strain rate during measurement was 3 mm/min.

The crystallinity of the CM CNF films was measured

using an X-ray diffractometer with a Cu K a X-ray

source (XRD, Bruker, D8 Advance, Germany) set at

5–40 degrees with a scanning speed of 0.5 s/step. The

crystallinity index was estimated from the diffraction

patterns using the Segal method. The crystallinity was

calculated from the height ratio between the intensity

of the crystalline peak (I200 - IAM) and total intensity

(I200) according to Eq. (5).

Crystallinity %ð Þ ¼ I200�IAMð Þ=I200ð Þ � 100; ð5Þ

where I200 is the total intensity of the 200 peak at

2h = 22.7�, and IAM is the minimum intensity between

the 200 and 110 peaks at 2h = 18�, respectively

(Thygesen et al. 2005).

Results and discussion

Characteristics of the CM pulp and CNFs

Table 2 shows the characteristics of the CM pulp and

CNFs manufactured under the different reaction

conditions. The carboxyl content of the pulp fiber

increased as the amount of MCA increased. The

number of grinding passes required to obtain com-

pletely isolated CM CNFs decreased as the carboxyl

content increased, which is consistent with previous

studies by Tejado et al. (2012) and Wågberg et al.

(2008). The average widths of the three CM CNF

samples were similar, ranging from 4.9 to 5.1 nm, as

shown in Table 2. Figure 1 also shows that the shapes

of the CMCNFs were very similar. However, the CED

viscosity value, which indicates the degree of poly-

merization of cellulose, decreased as the number of

grinding passes increased. Shinoda et al. (2012)

investigated the relationship between the length and

degree of polymerization (DP) of TOCNs and con-

cluded that there is a linear relationship between the

average fibril length and the DP of TOCNs. This

implies that a reduction in CED viscosity accompa-

nied by an increase in the number of grinding passes is

associated with the reduction of the CM CNF length.

Aspect ratios of CM CNFs manufactured

under different conditions

It is difficult to determine the ends of a single fiber in

TEM images because many fibrils are entangled with

each other and the image areas are not large enough to

display whole fibrils from end to end (Fig. 1). This

problem associated with the microscopic analysis in

the CNF length measurement can be resolved using a

sedimentation experiment.

Before carrying out the sedimentation experiment,

the zeta-potential of the CM CNFs at 0.1 w/v% was

determined using NaCl concentration (Fig. 2). CM

CNF A, which had the highest carboxyl content,
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showed a zeta-potential of - 53 mV in deionized

water, because it had more carboxyl groups than CM

CNF B and C. Increases in the NaCl concentration led

to more rapid changes in the zeta potential of CMCNF

A. The zeta potentials of CM CNF B and C also

changed with the increase in salt concentration. CM

CNF C, which had the lowest carboxyl content, had

the smallest change in zeta potential with salt

concentration. The zeta potentials of the three CM

CNF samples were adjusted to - 25 mV, which was

the zeta potential of untreated CNF, by adjusting the

concentrations of salt solutions. The zeta potentials of

- 25 mV for CMCNFA, CMCNFB, and CMCNFC

were obtained by adjusting the concentration of salt

solutions to 0.1, 0.13, and 0.18 M, respectively. These

salt concentrations were used to dilute the three CM

CNF samples to 0.2–1.0 w/v% for the sedimentation

experiments.

Figure 3 shows the quadratic fit of the plot of the

concentration of CM CNFs against the relative

sediment height. Table 3 displays the results of the

sedimentation experiment including the quadratic

regression, gel point, and calculated aspect ratio. The

width, zeta potential, and length of the CM CNFs

might influence the sedimentation tendency. The

width and zeta potential of the three CM CNFs were

very similar to each other. Therefore, the aspect ratio

is the only one of the three factors that affects

sedimentation tendency. Table 3 shows that the CM

CNFs prepared under different conditions had differ-

ent aspect ratios. CM CNF A, which had the highest

carboxyl content and underwent the mildest mechan-

ical treatment, had the highest aspect ratio of 171. This

Table 2 Characteristics of CM CNFs produced under different reaction conditions

Classification Carboxyl contents, lmol/g The number of grinding pass Width, nm (st.dev) CED viscosity, mPa s

CM CNF A 510 4 5.1 (0.98) 6.57

CM CNF B 330 7 5.1 (1.05) 6.26

CM CNF C 220 10 4.9 (0.87) 4.98

Fig. 1 TEM images of the CM CNFs with different carboxyl content and number of grinding passes

Fig. 2 Zeta potential of CM CNFs at different salt

concentration
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indicates that the carboxyl content of CM CNFs

influences both the mechanical energy needed to

produce the CNF and the aspect ratio of the fibrils.

Wågberg et al. (2008) reported that the length (L) and

width (d) of CM CNF was L B 1 lm and

d & 5–15 nm, respectively. This result agrees with

the results calculated from sedimentation. Onyianta

and Williams (2018) also calculated the aspect ratio of

charged CNF using sedimentation. It was reported that

the aspect ratio of CM CNF with carboxyl content of

550 lmol/g was 229 ± 18. This difference was likely

attributed to different salt concentration to dilute CNF,

which influenced charge properties of CNF.

Rheological properties of CM CNF

Figure 4 shows the rheological properties of the CM

CNFs at 0.5 wt%. Shear thinning was clearly observed

(Fig. 4a), which was caused by the interactions

between fibrils orientated along the shear direction.

CM CNF A had a higher shear viscosity than the other

two CNFs. The shear viscosities of CM CNF B and C

were the same, irrespective of the carboxyl content

and mechanical treatment level. The amplitude and

frequency sweep mode measurements were performed

to find the network properties of the CM CNFs.

Figure 4(b) plots the storage modulus of CM CNFs

against shear stress. The storage modulus had a plateau

region in the low shear stress range. When the shear

stress increased beyond the yield stress, the storage

modulus decreased significantly. Yield stress is gen-

erally accepted as an indication of network strength.

The network associated with the fibrils began to break

down at the yield point. In a CNF system, yield stress

depends on the aspect ratio (Müller et al. 2017; Li et al.

2015). Obviously, CMCNFA had a higher yield stress

than CNF-B and CNF-C (CNF-A:47 Pa, CNF-

B:33 Pa, CNF-C:26 Pa), which is consistent with

CM CNF A’s high aspect ratio, as measured in the

sedimentation experiment. Onyianta et al. (2018) also

evaluated the aspect ratio and rheological properties of

TEMPO-oxidized CNF and CMCNF. They concluded

that the CNF with higher aspect ratio showed higher

storage modulus and critical strain. Figure 4c shows

the storage modulus as a function of frequency. The

storage modulus increased as the aspect ratio

increased, indicating that the CM CNF with the

highest aspect ratio had the strongest network

properties.

Mechanical properties of CM CNF film

Figure 5 and Table 4 show the XRD patterns and

crystallinities of CNF samples, respectively. The

crystallinities of the three CM CNF samples were

around 60%, suggesting that carboxymethylation and

mechanical treatment had no significant effects on

crystallinity. Similar results have been reported by

Siró et al. (2010) and Aulin et al. (2009). The densities

of the CM CNFs films prepared using three CNFs are

also listed in Table 4. The density of the film made of

CM CNF C was higher than those of two other films,

Fig. 3 Sedimentation tendency of CM CNFs

Table 3 Quadratic regression, gel point, and aspect ratio

Classification Quadratic regression (R2) Gel point (weight fraction) Aspect ratio

CM CNF A y = 2.95x2 ? 1.227 9 (0.988) 0.0012 171

CM CNF B y = 1.85x2 ? 1.767 9 (0.997) 0.0018 142

CM CNF C y = 0.91x2 ? 1.952 9 (0.989) 0.0020 135
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presumably because of its low aspect ratio as

mentioned by Zhao et al. (2015).

Figure 6 shows the mechanical properties of the

CM CNF films. There are clear correlations between

the morphological properties of the CNF and the

mechanical properties of the CNF films. There was a

linear relationship between the tensile index and

tensile strength of CNFs (Fig. 6a). This indicated that

the tensile property of film at the same basis weight is

proportional to the aspect ratio. The film produced

using CM CNF with a high aspect ratio also showed a

high elongation at the break but a low modulus of

elasticity due to the interconnection between fibrils.

Fukuzumi et al. (2013) have shown that an increase in

fibril length improves tensile strength and elongation

at break. Lower tensile index of CM CNF film was

attained compare with the results by Naderi et al.

(2015). And this was attributed to the fact that the

grinder gave lower specific area of CNF than homog-

enizer as pointed out by Spence et al. (2011).

Conclusions

The influence of carboxyl content and mechanical

treatment on the morphological properties of CMCNF

was investigated. The carboxyl content of the pulp

fiber was controlled by controlling the amount of

MCA in the carboxymethylation reaction. The net-

work properties of CM CNF suspensions and the

mechanical properties of CM CNF films were also

evaluated. The width was measured using TEM image

analysis and the aspect ratio of the CM CNF was

investigated using sedimentation experiments. To

settle down the fibrils under the same condition, the

zeta potential of the CM CNFs with different carboxyl

content was controlled by adding salt solutions. The

aspect ratio was decreased as the number of grinding

passes increased, which was dependent on the car-

boxyl content of the pulp fiber. The CM CNF with the

highest aspect ratio had the greatest network strength

in suspension and produced the film with the strongest

mechanical properties.

Fig. 4 Rheological properties of the CM CNFs: a shear viscosity, b the storage modulus as a function of stress, and c the storage

modulus with frequency sweep

Fig. 5 The XRD pattern of CM CNFs

Table 4 Properties of the CM CNF films

Sample Crystallinity, % Density, g/cm3

CM CNF A 60.4 1.03

CM CNF B 64.8 1.04

CM CNF C 58.6 1.19
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(2005) On the determination of crystallinity and cellulose
content in plant fibres. Cellulose 12:563–576. https://doi.

org/10.1007/s10570-005-9001-8

Uetani K, Yano H (2012) Zeta potential time dependence

reveals the swelling dynamics of wood cellulose nanofib-

rils. Langmuir 28:818–827. https://doi.org/10.1021/

la203404g

Varanasi S, He R, Batchelor W (2013) Estimation of cellulose

nanofibre aspect ratio from measurements of fibre sus-

pension gel point. Cellulose 20:1885–1896. https://doi.org/

10.1007/s10570-013-9972-9
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