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Abstract A planetary ball milling was applied as a

pretreatment of chitin powder to prepare precursors

for chitin nanofiber (ChNF) production. The study

aims to examine the effects of ball milling conditions

(dry milling, and wet milling in neutral and acidic

aqueous medium) on the degree of pre-fibrillation of

the ChNF precursors and the characteristics of the

resulting nanofibers. The results showed that no

fibrous-morphology ChNFs were obtained using dry

ball milling followed by high-pressure

homogenization (HPH), but fibrous-morphology

ChNFs were successfully prepared using wet ball

milling as a pretreatment. Ball milling in a mildly

acidic aqueous medium was found to most effectively

pre-fibrillate chitin, thus facilitating fibrillation in the

subsequent HPH treatment to generate the finest

ChNFs with an average diameter of around 12 nm

and the narrowest size distribution. The resultant

chitin products from wet milling pretreatment exhib-

ited much higher crystallinity and thermal stability

than those from dry milling. The results suggest that

pre-fibrillation of chitin via ball milling in this study

plays a crucial role in the successful procuration of the

ChNFs in a subsequent mechanical disintegration

process, while wet ball milling, especially under

mildly acidic conditions, is a promising green

approach to produce efficient precursors for ChNF

production.
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Introduction

Chitin is an abundant but still underutilized polysac-

charide that exists in crustaceans, fungi, and insects. It

is biosynthesized every year at a rate of 1010 to 1011
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tons (Kumar 2000; Nair and Dufresne 2003). Chitin

can be categorized into a-, b- and c-chitin on the basis
of the arrangement of chitin molecule chains (Rinaudo

2006). a-Chitin is the most ubiquitous and can be

extracted from crab, shrimp, and lobster shells.

Around 6 to 8 million tonnes are projected to be

generated globally every year and most of them have

been largely regarded as food waste from the canning

industry (Rinaudo 2006; Yan and Chen 2015). Chitin

occurs in the form ofmicrofibrils of long-chains of the

N-acetylglucosamine polymer on the nanoscale that

are fundamental supporting units within the structure

in the crustaceans, fungi, and yeast (Pillai et al. 2009;

Rinaudo 2006; Salaberria et al. 2015). The extraction

of these microfibrils as chitin nanofibers (ChNFs) has

been extensively studied because of their advanced

properties. Namely, ChNFs possess a high specific

area, high strength and stiffness, but low density.

Additional advantages include renewability,

biodegradability, and biocompatibility, which allow

for their use as sustainable functional fillers such as

reinforcements and antimicrobial agents for biopoly-

mers or synthetic polymers (Butchosa et al. 2013;

Ifuku et al. 2011; Li et al. 2015; Salaberria et al. 2015;

Shams et al. 2011; Zhong et al. 2019).

The ChNF extraction usually demands intensive

mechanical disintegration using conventional disinte-

gration devices such as intense ultrasonication, high-

pressure homogenization, microfluidization, and ultra-

fine grinding (Qing et al. 2013). In particular, high-

pressure homogenization is regarded as one of the

most effective ways because it can generate strong

mechanical shearing forces acting on fibers entrained

inflows with high velocity under high pressure in a

microchannel to initiate the fibrillation of the fibers

(Missoum et al. 2013). However, chitin is aggregates

of microfibrils formed by intermolecular hydrogen

bonding, which makes it challenging in disintegrating

chitin fibers into nanofibrils. Moreover, bulk particle

size and fiber agglomeration often result in clogging in

the microchannel in disintegration devices, leading to

the premature termination of the production process

(Zhang et al. 2015). Because of these issues, pretreat-

ments are often applied prior to the mechanical

disintegration process. Chemical pretreatments are

effective approaches due to their low energy con-

sumption, including strong acid hydrolysis (Goodrich

and Winter 2007) and (2,2,6,6-Tetramethylpiperidin-

1-yl)oxyl (TEMPO) oxidation (Fan et al. 2008). For

example, hydrochloric acid hydrolysis can eliminate

the amorphous part of chitin to ease the fibrillation in

the subsequent mechanical disintegration process

(Goodrich and Winter 2007). TEMPO oxidation can

convert some primary hydroxyl groups in chitin into

negatively charged carboxylate groups under alkaline

conditions, which can facilitate the isolation of

microfibrils, and produce a stable dispersion due to

electrostatic repulsion effect arising from anionic

carboxylate groups on the surface of chitin nanofibers

(Fan et al. 2008). However, chemical pretreatments

usually bring about environmental issues such as

strong corrosive, toxic and expensive chemical usage

in the process. Mechanical pretreatments have

received growing attention because it can be employed

as an alternative approach of reducing the particle size

to prevent fiber clogging problems in disintegration

devices and have been successfully applied to generate

desirable precursors of nanocellulose. Conventional

mechanical pretreatment devices include

SuperMassColloider, disk refiners, ball mills, and

blenders (Lee and Mani 2017; Qing et al. 2013; Zhang

et al. 2015).

Different mechanical pretreatments have also been

attempted to pretreat chitin for ChNF production,

including the use of an Ultra-Turrax homogenizer

(Salaberria et al. 2015) and domestic blender followed

by ultrafine grinding in a SuperMassColloider (Ifuku

et al. 2010). One unexplored method among mechan-

ical pretreatments of chitin for ChNF production is

ball milling. Ball milling has been accepted as a

routine pretreatment process for various materials for

particle size reduction due to its simplicity, use of

relatively inexpensive equipment, and versatility

(Nemoto et al. 2017; Zhang et al. 2015). Ball milling

has also been used as a powerful tool to alter the

crystal structure and crystallinity for different mate-

rials such as inorganic materials (Chauruka et al. 2015;

Venkataraman and Narayanan, 1998), biopolymers

(Lu et al. 2015), and organic substances (Willart and

Descamps 2008). De-crystallization of cellulosic or

chitin materials may be beneficial for downstream

biorefinery processes, i.e., subsequent enzymatic

degradation for low molecular organic materials

production. Conversely, the deconstruction of crystal

structure and the reduced crystallinity may be

unwanted in ChNF production because de-crystalliza-

tion can adversely affect the mechanical and thermal

properties of final products (Nakagawa et al. 2011;
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Pedersoli Júnior 2000; Zhang et al. 2015). To date,

little attention has been paid to the selection of a

planetary ball milling to pretreat chitin for ChNF

production, the effect of planetary ball milling on the

properties of ChNF precursors and resultant products

remain unstudied.

In this study, the objective was to investigate the

effects of various ball milling conditions (dry milling,

and wet milling in neutral or mildly acidic conditions)

on the degree of pre-fibrillation and the properties of

ChNF precursors. The particle size, size distribution,

microstructure, and crystallinity after ball milling

were investigated. Our study also explored ChNF

preparation through mechanical disintegration of ball

milling-pretreated chitin particles in a high-pressure

homogenizer and then characterized the resultant

ChNFs including morphology, size, and thermal

stability.

Experimental

Materials

Chitin from shrimp shells (powder, practical grade)

was purchased from Sigma-Aldrich. Acetic acid

(glacial, ACS grade) was purchased from EMD

Millipore Corporation. Potassium bromide (KBr)

was purchased from Sigma-Aldrich.

Methods

Mechanical pretreatment of chitin using dry ball

milling (DBM)

The chitin was milled in two stainless steel jars at a

rotation speed of 645 RPM for 120 min using a

4-Station Planetary Ball Mill (PQ-N04, Across Inter-

national, USA). Each jar (100 cm3) contained chitin

powder (3 g, 4% moisture content) and stainless

grinding balls (90 g total weight: 14 large balls of

10 mm in diameter and 38 small balls of 6.25 mm in

diameter) The dry ball milled chitin was labeled as the

DBM sample.

Mechanical pretreatment of chitin using wet ball

milling (WBM)

Neutral wet ball milling of chitin was conducted in two

jars in a similar manner to the dry milling. Each jar

contained a ‘‘paste-like’’ mixture of chitin powder

(3 g), distilled water (15 g), and grinding balls (90 g).

The milled chitin sample was coded as pH7/WBM.

Chitin was also milled in a mildly acidic aqueous

medium using a slightly modified procedure from the

neutral wet milling. Chitin particle suspension was

first created by mixing chitin powder (3 g) with water

(100 g). Glacial acetic acid was then added dropwise

until the pH reached 3. The suspension was vacuum

filtrated to remove excess water until the weight of the

‘‘paste-like’’ chitin was 18 g was obtained, i.e. the

chitin to water weight ratio was maintained to be the

same as that for the neutral wet milling as 3 g/15 g.

The acidified chitin was ball-milled in the same way as

used for milling the pH7/WBM. The sample was

coded as pH3/WBM.

Mechanical disintegration using high-pressure

homogenization (HPH)

The dry- and wet ball milled chitin particles were re-

dispersed in water to adjust chitin concentration to be

0.5 wt%. One portion of the chitin particle suspensions

was adjusted to pH = 3 by adding acetic acid. The ball

milling-pretreated chitin particle suspensions (* 0.5

wt%, pH = 3 or pH = 7) passed through a high-

pressure homogenizer equipped with an 87-lm dia-

mond interaction chamber (LM20, Microfluidics,

USA) 10 times under a pressure of 30,000 psi. Based

on the various conditions (DBM, WBM, HPH, and

pH = 3 or pH = 7) of milling pretreatment and

mechanical disintegration treatment, five different

samples were coded as DBM-pH7/HPH; DBM-pH3/

HPH; pH7/WBM-pH7/HPH; pH7/WBM-pH3/HPH,

and pH3/WBM-pH3/HPH.

Particle size distribution measurement

The volume-based particle size and size distribution of

chitin particles were measured with a laser scattering

particle size analyzer (Mastersizer 3000, Malvern,

UK) in duplicate. The average median particle size

was used to represent the particle size for analysis.
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Scanning electron microscopy (SEM)

The surface morphology of chitin particles was

observed with an SEM (Quanta 200F, FEI, USA) at

20 kV. Dry chitin particles were scattered directly

onto the carbon tape mounted to a metal stub. For

chitin particles in water, the diluted suspensions were

dropped to an aluminum film and dried overnight. All

the samples were coated with platinum using a sputter

prior to the SEM observation.

Transmission electron microscopy (TEM)

The morphology of the ChNFs was observed with a

TEM (Tecnai G2 20 Twin, FEI, USA) operating at

200 kV. A 10-lL aliquot of the diluted dispersion was

dropped onto a Formvar/ nickel grid, and then a drop

of 2% uranyl acetate negative stain was added. The

sample on the grid was dried overnight prior to the

TEM observation.

X-ray diffraction (XRD) characterization

The diffractograms of ball-milled chitin particles were

recorded using a Miniflex 600X-ray powder diffrac-

tometer (Rigaku, Japan) with a Cu Ka X-ray source

(k = 0.1548 nm) at 40 kV and 15 mA. Wet ball-

milled chitin particles were freeze-dried before XRD

characterization. The crystallinity index (CrI) was

estimated using an empirical equation as described by

Fan et al. (2008).

CrI ¼ I110 � Iamorphous

I110
� 100%

where I110 is the intensity of the main peak (110) and

Iamorphous is the intensity of the amorphous portion at

2h = 16.0�.

Fourier-transformed infrared (FTIR) analysis

FTIR spectra of the resulting chitin products were

recorded using an FTIR spectrometer (Nicolet iS-50,

Thermo Fisher Scientific, USA) under transmission

mode from 4000 cm-1 to 400 cm-1 with a 4 cm-1

resolution and 64 scans. The pellets made of potassium

bromide (KBr) and chitin samples at a weight ratio of

50:1 were prepared before the FTIR analysis.

Thermogravimetric analysis (TGA)

The thermal stability of the resulting chitin products

was assessed by a thermogravimetric analyzer (SDT

Q600, TA, USA), with a temperature ramp-up rate of

10 �C/min and a nitrogen purging flow rate of

100 mL/min.

Zeta potential measurement

The zeta potential of the resulting chitin nanofibers in

water (concentration: 0.1 wt%, pH = 3) was measured

at room temperature using a Zetasizer Nano (Malvern,

UK). The measurements were performed six times.

Results and discussion

Effects of ball milling conditions on particle size

and size distribution of milled chitin

Milling conditions greatly influenced the particle size

and size distribution of the resulting chitin particles.

The dry milling dramatically reduced the size of the

chitin particles from a median particle size of 142.8

lm to a median particle size of 13.8 lm, a roughly ten-

fold size reduction after the milling (Fig. 1a). The wet

ball milling reduced the size of the chitin particles to a

median size of 45.5 lm under the neutral condition

(pH7/WBM) and 62.0 lm under the acidic condition

(pH3/WBM), less pronounced than that under the dry

milling. Generally, dry ball milling enables more

direct contact between grinding media and raw

materials than does wet ball milling. This led to the

more frequent transfer of imposed stresses generated

by mechanical milling to the materials, resulting in the

cleavage of materials and ultimately particle size

reduction. By contrast, lower impact and shear forces

were expected in wet ball milling since the water

medium likely acted as a buffer between the materials

and grinding media. This can explain why the sizes of

the particles from the wet ball milling were larger than

that from the dry ball milling. It has been reported that

chitin usually contains about 5–15% amino groups

because partial deacetylation often occurs during the

extraction from shells (Cárdenas et al. 2004; Pillai

et al. 2009). Once these existing amino groups are

cationized with the addition of an acid (Ifuku et al.

2010; Suenaga et al. 2017), interfibrillar electrostatic
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repulsion is generated, which would aid mechanical

milling to effectively fibrillate packed microfibrils.

These explain that the particles obtained by the wet

milling in mildly acidic aqueous medium exhibited a

slightly larger size than that from the neutral wet

milling. As can be seen from Fig. 1b, the DBM sample

had a trimodal distribution curve with two very small

peaks located at around 300 lm and 3 lm, respec-

tively. The wet ball milling produced relatively

narrower unimodal distributions than did the dry ball

milling.

Effect of ball milling conditions on crystal

structure and crystallinity of milled chitin

Dry ball milling significantly altered the crystalline

structure and crystallinity of chitin whereas wet ball

milling had little effect on the crystal structure and

crystallinity. As shown in Fig. 2, the raw chitin had six

characteristic peaks in the XRD pattern at 2h = 9.5�,
12.8�, 19.3�, 20.9�, 23.4�, and 26.5�, which corre-

sponded to the crystalline planes of (020), (021),

(110), (120), (130), and (013), respectively, suggesting

a typical crystalline structure of a-chitin (Fan et al.

2008; Minke and Blackwell 1978). The values of the

characteristic peak positions for all the milled chitin

particles are presented in Table 1S. The average CrI of

the raw chitin was approximate 90%. The DBM

sample after the dry milling presents a broad reflection

without the characteristic peaks, indicating the amor-

phization of the chitin by the dry milling. However,

both pH7/WBM and pH3/WBM samples from the wet

ball milling retained the characteristic peaks with an

average CrI of around 87%, indicating that the wet

milling did not alter the crystalline structure. As

discussed previously, dry milling can impose many

high stresses on chitin, thereby disrupting crystalline

domains of chitin and decreasing the crystallinity. By

contrast, wet milling had water to act as a good

cushion between chitin domains to prevent the

collapse of the crystal structure. These assumptions

can explain why the wet milling preserved most of the

crystallinity whereas the dry milling drastically

reduced it.

Fig. 1 aMedian particle size and b particle size distribution of

raw chitin and the milled chitin particles

Fig. 2 XRD patterns of raw chitin and the milled chitin

particles and the corresponding crystallinity index (CrI)
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Effect of ball milling conditions on particle

morphology and microstructure of milled chitin

Raw chitin particles exhibited a flake-like shape

(Fig. 3a) and were reduced to mostly smaller particles

in a quasi-circular shape after the dry ball milling

(Fig. 3c), but a small number of large chitin particles

were also present. The SEM observation was consis-

tent with the particle size analysis of the DBM sample

as shown in Fig. 1b. Although the dry ball milling

dramatically reduced particle sizes (Fig. 3c–d), it did

not fibrillate the chitin at all. The DBM sample still

exhibited a close-packed texture that was similar to

that of the raw chitin (Fig. 3b). The particles produced

by the wet ball milling under either the neutral or

acidic conditions were in a flake-like shape (Fig. 3e

and Fig. 3g), partially sheared apart into microfibril

bundles, and somewhat loose and open (Fig. 3f and h).

This might be attributed to the effect of the water that

penetrated into the chitin particles, weakened hydro-

gen bonding between microfibrils, and swollen the

chitin (Zhang et al. 2015). It assumed that the impact

and shearing forces generated from the wet ball

milling more easily acted on the water-swollen and

softened chitin particles and separated them into

microfibril bundles. In addition, the wet ball milling

under the acidic condition produced particles with a

higher degree of fibrillation than under the neutral

condition. This more effective fibrillation could be

ascribed to the electrostatic repulsion force among the

cationized chitin fibers under the mildly acidic con-

dition (Ifuku et al. 2010), which would weaken

intermolecular forces and ease the liberation of

microfibrils from their bundles as nanofibrils.

Effect of ball milling and mechanical

disintegration conditions on morphology and size

of chitin nanofibers

The high-pressure homogenization treatment reduced

the particle sizes of the milled chitin particles further

to a degree depending on both milling and homoge-

nization conditions. The DBM-pH7/HPH and DBM-

pH3/HPH samples obtained through the dry milling

followed by the high-pressure homogenization

retained their flake-like appearance (Fig. 4a, b). Their

stable suspensions could not sustain over one month

and the chitin particles gradually settled on the bottom

(Fig. 4a, b insets). In addition, the acid condition

produced a smaller and narrower size distribution than

the neutral condition (Fig. 4c). All in all, the dry ball

milling pretreatment followed by the homogenization

treatment failed to produce nanofibers.

The wet milling followed by the high-pressure

homogenization did produce ChNFs. Figure 5 dis-

plays the morphology and size distributions of the

resulting ChNFs under the three conditions. The

diameters (width) of the resulting ChNFs were

analyzed by ImageJ software based on TEM images.

Approximately one hundred nanofibers for each

sample were measured, and the average diameters

(width) and their size distributions are shown in

Fig. 5b, d, and f. The length values of the resulting

ChNFs were not obtained due to the difficulty in

identifying both ends of the nanofibers on the TEM

images. The wet milling and homogenization under

the neutral condition produced the relatively coarse

ChNFs with a diameter of around 19 nm and broad

size distribution (Fig. 5a, b). The acidic homogeniza-

tion produced the finer ChNFs with a diameter of

around 16 nm and a relatively narrower size distribu-

tion (Fig. 5c, d). Further, both the acidic milling and

acidic homogenization produced the finest ChNFs

with a diameter of 11.9 � 6.3 nm and the narrowest

size distribution (Fig. 5e, f). All resulting ChNFs

formed stable suspensions beyond one-month storage

(Fig. 5 insets). In general, the acidic condition helped

surface cationization of chitin fibers resulting in the

interfibrillar electrostatic repulsion force, which facil-

itated forming a much looser and opener fiber structure

beneficial to the mechanical disintegration of chitin

particles into ChNFs. Other researchers report the

similar method to produce chitin- and chitosan

nanofibers. For example, Liu et al. (2011, 2013a, b)

has employed aqueous grinding pretreatment of chitin

and chitosan using a conical grinder and then followed

by high-pressure homogenization treatment to gener-

ate chitin and chitosan nanofibers, respectively. This

wet grinding andmechanical disintegration of chitin in

neutral medium generated relatively coarse networked

chitin nanofibers with a diameter of about 50 nm.

However, the influences of grinding and subsequent

mechanical disintegration under acidic medium have

cFig. 3 SEM images of raw chitin and the milled chitin particles.

(a–b raw chitin; c–d DBM; e–f pH7/WBM; and g–h pH3/

WBM)
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not been reported yet. This study demonstrated that

wet ball mill grinding in acidic aqueous medium

effectively pre-fibrillated chitin and produced finer

and smaller chitin nanofibers with a diameter of about

12 nm after high-pressure homogenization. It is

believed that this effect was aided by the interfibrillar

electrostatic repulsion forces that were induced by the

protonation under acidic medium. It is interesting to

note that a few spherical particles on the nanoscale

observed on the TEM images might be some ball

milling-induced broken but unfibrillated chitin. Some

unknown white dots observed on the TEM images

might be chitin nanoparticles, but most probably came

from negative staining materials.

Effect of ball milling conditions on chemical

structure and thermals stability

Figure 6 compares the FTIR spectra of the raw chitin

and the resulting chitin microparticles and ChNFs. The

band at 3447 cm-1 was assigned to the intramolecular

hydrogen bond O–H stretching, the bands at

3269 cm-1 and 3104 cm-1 to the asymmetric and

symmetric stretching vibration of N–H, respectively,

and the bands at 2933 cm-1 and 2890 cm-1 to the

symmetric stretching vibration of –CH2 and asym-

metric stretching vibration of - CH3 in chitin

molecule, respectively (Cárdenas et al. 2004). The

two strong bands at 1662 cm-1 and 1558 cm-1 were

assigned to the stretching of the C=O in the amide I

and the overlapping of stretching of the C–N and the

bending of the N–H in the amide II, respectively

(Cárdenas et al. 2004; Rinaudo 2006). The shoulder at

1636 cm-1 was a unique signature band for a-chitin
(Rinaudo 2006), which could not be found in b-chitin.
The band at 1157 cm-1 was attributed to the C–O–C

glycosidic ether band arising from the polysaccharide

components (Lu et al. 2015; Schwanninger et al.

2004). The band at 898 cm-1 was ascribed to the b-
linkage in chitin (Cárdenas et al. 2004). The ball

milling under either neutral or acidic conditions

rendered similar characteristic bands discussed above

to the raw chitin, indicating that the chemical structure

was not altered under this treatment.

Figure 7 displays the typical TGA and DTG curves

of the resulting chitin products obtained by the ball

Fig. 4 SEM images of the chitin products a DBM-pH7/HPH

and b DBM-pH3/HPH (Inset: the corresponding chitin particle

suspensions), and c particle size distribution

cFig. 5 TEM images of the ChNFs, the corresponding ChNF

suspensions at 0.3 wt% (insets), and size histograms of the

ChNFs: a–b pH7/WBM-pH7/HPH; c-d pH7/WBM-pH3/HPH;

e–f pH3/WBM-pH3/HPH. Scale bar = 100 nm
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milling followed by the homogenization. The degra-

dation temperature of 5% weight loss (T(5%)) as a

result of polymer degration after removing water loss,

the onset degradation temperature (T(onset)) based on

TGA curves, the degradation temperature of 50%

weight loss (T(50%)) and the peak temperature of DTG

curves (TDTG peak) are summarized in Table S2. The

original chitin exhibited the three main stages of

weight loss (Fig. 7b). The first stage occurring

between 50 and 110 �C was due to water evaporation;

the second degradation took place at around 270 �C as

a result of the decomposition of N-acetamido groups;

the third degradation occurred at 390.6 �C, which was
ascribed to the decomposition of the backbone of

chitin (Kumar et al. 2013). The peak temperature at the

DTG curve, Tmax, is often regarded as an essential

indicator of thermal stability corresponding to the

maximum weight loss rate or the maximum decom-

position rate (Liu et al. 2013a; Zhong et al. 2015). The

particles obtained with the dry milling as a pretreat-

ment had much lower Tmax than that of the raw chitin, a

reduction at around 55 �C, indicating a significant loss
of thermal stability. However, there was around 20 �C
reduction in Tmax of the chitin nanofibers obtained

using the wet ball milling as the pretreatment. Dry ball

milling also resulted in much lower the T5% degrada-

tion temperature due to polymer (chitin) degradation

and the onset thermal degradation temperature of the

final products when compared to those obtained from

wet ball milling pretreatment, as shown in Table S2. It

appears that the ball mill conditions, especially the dry

or wet milling state, played a critical role in influenc-

ing the thermal stability of the final products. The

effect of the wet ball milling pretreatment on the

thermal stability was much less pronounced than that

using the dry ball milling pretreatment. It may be

ascribed mainly to the significant loss of the crys-

tallinity under the dry milling. Low crystallinity may

account for poor thermal stability of a product because

less amount of energy is demanded to disrupt

crystalline domains (Avolio et al. 2012; Pedersoli

Júnior 2000).

Figure 8 shows the zeta potentials of all the three

resulting ChNFs, there is no statistically significant

difference among the different ChNFs. The zeta

potentials for all the ChNFs were approximate

39 mV at the pH of 3, which might be mainly induced

Fig. 6 FTIR spectra of raw chitin and the resulting chitin

products

Fig. 7 TGA and DTG curves of raw chitin and the resulting

chitin products
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by the protonation of the existing amino groups

(–NH2) in chitin molecules under the acidic condition

into ammonium cations (–NH3
?). As discussed pre-

viously, chitin usually bears about 5–15% amino

groups because of partial deacetylation often occurs

during its extraction from shells under alkali condi-

tions (Cárdenas et al. 2004; Pillai et al. 2009).

Conclusion

This study demonstrated that wet ball milling could

generate ChNF precursors with different degrees of

pre-fibrillation, which were dependent on the pH

(neutral or acidic) of the aqueous media. It was found

that ball milling of chitin powder in a mildly acidic

aqueous medium was the most effective in pre-

fibrillating chitin to produce efficient ChNF precursors

with the unchanged crystal structure and almost did

not affect crystallinity. Individual chitin nanofibers,

having an average diameter of around 12 nm, were

successfully obtained by further mechanical disinte-

gration of these ChNF precursors using high-pressure

homogenization. Although ball milling under the dry

state proved to be a powerful tool to reduce particle

size, break down the crystalline structure, and

decrease the crystallinity of chitin, however, no

fibrous-morphology ChNFs were obtained in the

subsequent mechanical disintegration step. The prod-

ucts obtained by wet ball milling pretreatment exhib-

ited much higher thermal stability than those prepared

with dry milling pretreatment. The results indicate that

pre-fibrillation of chitin via ball milling in this study

plays a crucial role in successful ChNF generation in a

subsequent mechanical disintegration device; wet ball

milling, especially under mildly acidic conditions, is a

promising green approach to produce efficient precur-

sors for ChNF production.
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