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a  b  s  t  r  a  c  t

To  reveal  the  structures  of cellulose  naonfiber  bundles  extracted  from  lignocellulosic  pulps  and  prepared
by mechanical  nanofibrillation  methods,  the  samples  were  systematically  investigated  by transmission
electron  microscopy  (TEM)  observation.  First,  high  magnification  and  high  resolution  TEM  images  were
obtained  starting  from  one  end  of the  bundles.  The  imaging  position  was  then  carefully  shifted  along  the
length  of  the  bundles  until  the  other  end  was  reached.  Finally,  a series  of  TEM  images  were  integrated
eywords:
ellulose nanofibers
undles
ransmission electron microscopy
tructures

through  image  processing  and  analyzed.  The  cellulose  nanofiber  bundles  displayed  ribbon-like  structures,
which  were  organized  with  parallel  aligned  cellulose  nanofibers  2–5  nm  in  width.  The  length  of  the
bundles  was  >11  �m.  The  bundles  were  interconnected  with  other  nanofibers  and  nanofiber  bundles,
forming  entangled,  web-like  networks  in suspension.  Evidence  demonstrating  the  existence  of  twisted
bundle  morphologies  was  also  presented.
. Introduction

In the last decade, nanocellulose has been the subject of intense
esearch (Eichhorn, 2011; Habibi, Lucia, & Rojas, 2010; Isogai,
013; Isogai, Saito, & Fukuzumi, 2011; Klemm et al., 2011; Moon,
artini, Nairn, Simonsen, & Youngblood, 2011; Siró & Plackett,

010) because its unique physiochemical properties are different
rom those of cellulose pulps. Various applications of nanocellu-
ose are anticipated in transparent films (Nogi, Iwamoto, Nakagaito,

 Yano, 2009; Nogi & Yano, 2008; Yano et al., 2005), reinforcing
llers for polymers (Capadona, Shanmuganathan, Tyler, Rowan, &
eder, 2008; Capadona et al., 2007), aerogels (Chen et al., 2014;

hen, Yu, Li, Liu, & Li, 2011; Pääkkö et al., 2008), templates (Kelly,
iese, Shopsowitz, Hamad, & MacLachlan, 2014; Olsson et al., 2010;
hopsowitz, Qi, Hamad, & MacLachlan, 2010), separation mem-
ranes (Metreveli et al., 2014), and many others. Long and flexible
ellulose nanofibers can be produced by the nanofibrillation of
hemically purified cellulose pulps using a grinder (Abe, Iwamoto,

 Yano, 2007; Abe & Yano, 2009; Abe & Yano, 2010), a high-

ressure homogenizer (Herrick, Casebier, Hamilton, & Sandberg,
983; Turbak, Snyder, & Sandberg, 1983), a blender (Uetani & Yano,
010; Uetani & Yano, 2013), or a high intensity ultrasonicator
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(Chen et al., 2011b; Chen et al., 2011c; Zhao, Feng, & Gao, 2007).
Compared with mechanical nanofibrillation, chemical or enzyme
pretreatment followed by nanofibrillation technique, was reported
to reduce the production cost, by decreasing the number of treat-
ments through the nanofibrillation facilities (Abe et al., 2007;
Chen et al., 2011b, 2011c; Pääkkö et al., 2007). It is well known
that cellulose nanofibers with 2–5 nm widths can be exacted after
mechanical nanofibrillation (Eichhorn, 2011; Habibi et al., 2010;
Isogai, 2013; Isogai et al., 2011; Klemm et al., 2011; Moon et al.,
2011; Siró & Plackett, 2010). However, cellulose nanofibers usu-
ally self-organized into bundles or aggregates during the drying
process. (Eichhorn, 2011; Habibi et al., 2010; Isogai, 2013; Isogai
et al., 2011; Klemm et al., 2011; Moon et al., 2011; Siró & Plackett,
2010) because of the complicated physical and chemical inter-
actions between the nanofibers. Thus, the structures of cellulose
nanofiber bundles play a critical role in the understanding and
application of cellulose nanofibers.

Scanning electron microscopy (SEM) has exclusively been
utilized for the structural analysis of cellulose nanofibers and
nanofiber bundles. Coating the surfaces of samples with gold or
platinum before SEM observation is needed to avoid charging. How-
ever, the coating most likely broadens the nano-sized structures.

In addition, the cellulose nanofibers inside the bundles probably
self-aggregate into thick nanofibers with widths of 12–50 nm or
more when they are dried into a thin sheet for SEM observation
(Abe et al., 2007; Abe & Yano, 2009; Abe & Yano, 2010; Chen et al.,
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011b, 2011c). Thus, SEM can not clearly reveal the real structures
f cellulose nanofiber bundles. Compared with conventional SEM,
he resolution of atomic force microscopy (AFM) and transmission
lectron microscopy (TEM) is high, and it is not necessary to coat
he sample surfaces before observation. Conventional TEM and AFM
nalyses typically reveal the widths of single cellulose nanofibers,
lender bundles, and web-like entangled structures. Few works,
owever, have utilized TEM or AFM to characterize the length of
he bundles. Because the bundles are thin and long, their entire
ength can not be included when they are observed at high magni-
cation. Decreasing the magnification, however, prohibits the clear
isplay of the bundle structures because of the low resolution. For
hese reasons, the structures along the whole length of the bundles
ave never been systematically investigated.

The plant cell walls consist of a rigid, multi-layered and higher
rder structure in which cellulose microfibril bundles mutually
dhere by means of strong cohesive forces derived from their
ydroxyl groups. The microfibrils within the cell walls of cellulosic
aterials exhibit twisted morphologies (Hanley, Revol, Godbout, &
ray, 1997; Khandelwal & Windle, 2014). When the cell walls are
isintegrated and release the cellulose nanofibers and nanofiber
undles, whether the twisted bundle structures become flat due
o mechanical nanofibrillation or still unchanged, remains unclear.
herefore, high resolution characterization along the full lengths of
he bundles is important to show their real structures.

Here, the structures of cellulose nanofiber bundles were
evealed by a careful integration of high resolution TEM images
ecorded along the length of the bundles. The ribbon-like bundles
ere long and flexible. Impressively, the bundles were organized
ith parallel aligned cellulose nanofibers. Evidence demonstrating

he presence of twisting in the bundles was also presented.

. Experimental

.1. Materials

Wood, bamboo, rice straw, corn straw and newspaper were
sed as sources of native cellulose fibers. Wood powders from
oplar wood were sieved with 60 mesh. Mature culms of Moso
amboo were collected from Zhejiang Province, China. The rice
traw and corn straw were collected from local farms in Hei-
ongjiang Province, China; only stems cut into approximately
0 mm lengths were used. Commonly-used newspapers were col-

ected. The newspaper was torn into small pieces before use. All
amples were air-dried and stored at room temperature. Benzene,
thanol, sodium chlorite, acetic acid, potassium hydroxide, and
ther chemicals were of laboratory grade and used without further
urification.

.2. Removal of matrixes

Chemical purification of raw materials was performed accord-
ng to the literature with minor modifications (Chen et al., 2011b,c).
riefly, 2 g samples were dewaxed in a Soxhlet apparatus with a 2:1
v/v) mixture of benzene/ethanol for 6 h. Afterward, lignin in the
amples was removed using an acidified sodium chlorite solution
t 75 ◦C for 1 h; this process was repeated three times. Next, the
amples were treated with 3 wt% potassium hydroxide at 90 ◦C for

 h to remove large amounts of hemicelluloses. To produce highly
urified cellulose, the samples were further treated with an acid-
fied sodium chlorite solution at 75 ◦C for 1 h followed by treated
ith 8 wt% potassium hydroxide at 90 ◦C for 1 h. This resulted in
urified cellulose pulps, and the hemicellulose content, which was
easured based on previous method (Chen et al., 2011c), was in
mers 117 (2015) 950–956 951

the range of 13–18%, depending on the raw materials. Lignin was
totally removed during the chemically purified process.

2.3. Fibrillation of cellulose pulps using a blender

The chemically purified cellulose suspension (250 mL)  with
fiber contents of 0.2 wt% was fibrillated using a common domestic
blender. The agitation time was  20 min.

2.4. Fibrillation of cellulose pulps using an ultrasonicator

The chemically purified cellulose suspension (100 mL) with fiber
contents of 0.2 wt% was fibrillated using a high intensity ultra-
sonicator (JY99-IIDN, Ningbo Scientz Biotechnology Co., China) at
1200 W for 20 min. This procedure was based on the previous work
(Chen et al., 2011b, 2011c).

2.5. Fibrillation of cellulose pulps using a high-pressure
homogenizer

To avoid blocking of the high-pressure homogenizer by the big
cellulose fibers, the chemically purified cellulose suspension with
fiber contents of 0.2 wt% was  subjected to pre-fibrillation using a
high intensity ultrasonicator at 1000 W for 5 min. Then, ∼100 mL
of the suspension was passed through the micro-gap of an APV-
2000 high-pressure homogenizer (APV, Copenhagen, Denmark),
and repeat treated for 20 min.

2.6. TEM observation

TEM images of the cellulose nanofibers and nanofiber bun-
dles were collected using a FEI Tecnai G2 electron microscope
at 80 kV acceleration voltages. Drops of dilute cellulose nanofiber
suspensions were deposited onto glow-discharged, carbon-coated,
electron microscopy grids, then following removal of excess liq-
uid by a piece of filter paper, the sample was air dried at room
temperature. Subsequently, a drop of ∼2% phosphotungstic acid
(PTA) solution was deposited onto the sample for 40–80 s. Later,
the excess liquid was removed by a piece of filter paper. The
as-prepared sample was  air dried at room temperature before
TEM observation. Widths of the cellulose nanofibers and nanofiber
bundles, which were used to illustrate size distributions, were cal-
culated from the TEM images using a microscope image analysis
system (TDY-V5.2, Beijing Tianhong Precision Instrument Technol-
ogy Co., Ltd., China).

2.7. Scanning electron microscope (SEM)

SEM images were acquired with a scanning electron microscope
(Quanta200, FEI, USA).

2.8. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded on a Fourier transform infrared
(FTIR) instrument (Magna 560, Nicolet, Thermo Electron Corp.,
USA) in the range of 400–4000 cm−1 with a resolution of 4 cm−1.
The dried samples were ground into powders using a fiber micro-
tome, and then blended with KBr before pressing into ultrathin
pellets.

3. Results and discussion
3.1. Preparation of cellulose nanofiber suspensions

The raw wood fibers exhibit rod like structures (Fig. 1a) with yel-
low color (Fig. 1d). After the removal of lignin and large amounts
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Fig. 1. (a) SEM image of raw wood fibers, (b) SEM image of chemically purified cellulose fibers, (c) FTIR spectra of raw wood fibers and chemically purified cellulose fibers, (d)
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hotographs of (left) raw wood fibers and (right) chemically purified cellulose fibers
he  wood cellulose pulps using (left) a blender, (middle) a high intensity ultrasonica
e)  after just prepared and (f) after set up for more than 10 h.

f hemicelluloses, the samples became white (Fig. 1d). The fibers
ere split into two different types: fibrous cells and parenchyma

ells (Fig. 1b). The FT-IR spectrum of the chemically purified cel-
ulose fibers was quite different from that of the raw wood fibers
Fig. 1c). The peaks at 1508 cm−1 (attributed to the C C stretching
ibration in the aromatic ring of lignin) and 1737 cm−1 (attributed
o either the acetyl and uronic ester groups or the ester link-
ge of carboxylic group of the ferulic and p-coumeric acids of
emicelluloses) were absent in the spectrum of the chemically
urified cellulose fibers. This absence indicated that the removal
f lignin and large amount of hemicelluloses were achieved by
he chemical pre-treatment. The main chemical composition of
he resulting sample was cellulose. But, 13–18% hemicellulose was
lso presented. The hemicellulose has the dual functions of facil-
tating the disintegration and stabilizing the colloid suspensions.
ext, cellulose nanofiber suspensions were prepared by subject-

ng the chemically purified cellulose fibers to nanofibrillation with
 blender, a high intensity ultrasonicator, and a high-pressure
omogenizer, respectively. Just after production, all the suspen-
ions were stable and uniform (Fig. 1e); however, the blender- and
igh intensity ultrasonicator-treated samples were precipitated at
he bottom of the bottle after set up for more than 10 h (Fig. 1f). The
igh pressure homogenizer-treated sample was still stable after set
p for 10 h (Fig. 1f) because the nanofibrillation forces introduced
y the high-pressure homogenizer were higher than those pro-
ided by the blender and high intensity ultrasonicator. The strong
anofibrillation improves the nanofibrillation degree of cellulose
ulps, resulting in highly uniform and stable suspensions.

.2. Structures of cellulose nanofibers

The structures of the cellulose nanofibers were characterized
y TEM after negative staining by PTA. The samples obtained via

ifferent nanofibrillation methods and from various raw materi-
ls exhibit similar morphologies (Fig. 2). TEM images show the
resence of very long nanofibers with varying degrees of entan-
lement. The widths of single nanofibers are mainly in the range of
d f) Photographs of the cellulose nanofiber suspensions prepared by nanofibrillation
nd (right) a high-pressure homogenizer, respectively. The photographs were taken

2–5 nm (Fig. S1). In higher plants, the diameters of single elemen-
tal fibrils are reported to be ∼3 nm (Somerville et al., 2004). Thus,
the slender nanofibers with widths of 2–5 nm are the elemental
fibrils isolated from the plant cell walls. The lengths of the single
nanofibers exceeded 1 �m,  but their ends were difficult to observe
because of their entangled, web-like structures.

3.3. Structures of cellulose nanofiber bundles

Large amount of cellulose nanofiber bundles existed in all the
suspensions (Figs. 3 and 4). Because the bundles are slender, long
and flexible, it is difficult to clearly reveal their structures at any
TEM magnifications. However, it is very easy to find a bundle and
focus on one end of the bundle during TEM observation. To display
the bundle structures vividly, first, high magnification (Magnified
higher than 40,000 times) and high resolution TEM images were
obtained starting from one end of the bundles. The imaging position
was then carefully shifted along the length of the bundles until the
other end was  reached. Finally, a series of TEM images were inte-
grated through image processing. This resulted in high resolution
TEM image of the bundle along its whole length. For the bundles
obtained by nanofibrillation the cellulose pulps with a blender, 11
TEM images recorded along the length of a representative bundle
were integrated (Fig. 3). The results demonstrate several impor-
tant points. First, the length of the bundle was around 12.17 �m.
Longer bundles were also frequently observed in the suspensions.
Second, the bundle was  organized of aligned cellulose nanofibers
with 2–5 nm widths. The ends of single cellulose nanofibers inside
the bundles were also difficult to observe. Third, several individual-
ized nanofibers and slender bundles were attached on the surfaces
of the big bundle. Fourth, the bundle was  interconnected with other
nanofibers and nanofiber bundles, forming a web-like, entangled
network in the suspension.
As shown in Fig. 4, the high intensity ultrasonicator-treated and
high pressure homogenizer-treated bundles also displayed long
and flexible ribbon-like structures. The lengths of high intensity
ultrasonicator-treated and high-pressure homogenizer-treated
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Fig. 2. TEM images of cellulose nanofibers prepared by nanofibrillation the wood cellulose pulps using (a and d) a blender, (b and e) a high intensity ultrasonicator, and (c
and  f) a high-pressure homogenizer, respectively. TEM images of cellulose nanofibers isolated from (g) bamboo, (h) rice straw, (i) corn stalk and (j) newspaper. The cellulose
nanofibers in figures (g)–(j) were prepared by nanofibrillation of the purified cellulose pulps using a high-pressure homogenizer.

Fig. 3. A series of 13 TEM images of a 12.17 �m-long cellulose nanofiber bundles prepared by nanofibrillation the wood cellulose pulps using a blender. Images of ((b)–(f))
are  the high magnification images of (a).
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ig. 4. (a) A series of 20 TEM images of a 18.71 �m-long cellulose nanofiber bundles p
h)  A series of 13 TEM images of a 11.75 �m-long cellulose nanofiber bundles pre
mages  of ((b)–(g)) are the high magnification images of (a). Images of ((i)–(l)) are t

undles were 18.71 �m and 11.75 �m,  respectively. It should
e noted that several larger bundles existed in all the sam-
les. Although the different cellulose nanofiber types showed

ifferent colloidal behavior and stability (Fig. 1f) because of the
ifferences of the nanofibrillation degree of cellulose pulps, the
tructures of the 3 kinds of bundles illustrated similar results. The
mount of big bundles in the blender-treated and high intensity
ed by nanofibrillation the wood cellulose pulps using a high intensity ultrasonicator.
 by nanofibrillation the wood cellulose pulps using a high-pressure homogenizer.
h magnification images of (h).

ultrasonicator-treated samples should be higher than that of high
pressure homogenizer-treated samples. But, the bundles were
existed in all the samples during or after removal of hemicellulose,

or in the colloidal state (because the suspensions were not trans-
parent), or during or after the drying of the colloid suspensions.
All the bundles exhibited long ribbon-like structures organized by
parallel aligned 2–5 nm width cellulose nanofibers. Bundles were
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ig. 5. SEM images of cellulose nanofiber bundles showing twisted morphologies w
a)  a blender, (b) a high intensity ultrasonicator, and (c) a high-pressure homogenize
sing  a high-pressure homogenizer.

lso frequently observed in the suspensions obtained from different
aw cellulose resources including bamboo, rice straw, corn straw,
ewspaper, and many others.

.4. Twisted morphologies of cellulose naofiber bundles

Observations of the cellulose nanofiber bundles along their
engths show that the bundles exhibit twisted morphologies
Fig. 5). The twisting tendency is identified in images of bundles
btained from differently nanofibrillation methods and raw materi-
ls. In the TEM images, twisted regions are visible at intervals. There
re several torsion points along the lengths of the bundles. The ‘top’
urface of the ribbon-like bundle twists ∼180◦ and transforms to
he ‘bottom’ surface when it crosses the torsion point. The appar-
nt differences between the two sides of the torsion points clearly
llustrate the twisting tendency of the cellulose nanofiber bundles.
he bundles thus appear to be flat ribbons with twist morphologies
rganized by parallel aligned cellulose nanofibers.

The fact that microfibrils within the cell walls of cellulosic mate-
ials tend to twist has long been recognized. For instance, the
wisting process has been observed during the biosynthesis of bac-
erial cellulose (Brown et al., 1983). Khandelwal and Windle (2014)
lso provided evidence to support the twisted structure of bac-
erial cellulose microfibrils. Grey et al. reported that individual

icrofibrils of green alga (Micrasterias denticulate) show a strong
endency to twist in a right-handed manner (Hanley et al., 1997).
he microfibrils in the plant cell walls (especially at the S2 layer)
wist and rotate to form the higher-order structures of cell walls.
herefore, the twist structures of cellulose nanofiber bundles are
riginated from their natural twisted structures within the plant
ell walls.
. Conclusion

In summary, the structures of cellulose nanofiber bundles were
ystematically investigated by the integration of a series of TEM
ows. The bundles were prepared by nanofibrillation the wood cellulose pulps using
ectively. The bundles in (d) were prepared by nanofibrillation the newspaper pulps

images recorded along the length of the bundles. The bundles were
formed during or after removal of hemicellulose, or in the col-
loidal state, or during or after the drying of the colloid suspensions.
Although the different cellulose nanofiber types showed differ-
ent colloidal behavior and stability, the bundles obtained from
different nanofibrillation methods and raw materials exhibited
similar ribbon-like structures organized by parallel aligned cellu-
lose nanofibers with 2–5 nm widths. The length of the bundles was
>11 �m. Single nanofibers or slender bundles were also attached
on the surfaces of the bundles. The bundles and individualized cel-
lulose nanofibers were cross-linked with each other and formed
entangled, web-like structures. The twisted structures of the bun-
dles were also revealed from the TEM images.
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