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Abstract Nanocrystalline cellulose (NCC) was

prepared by sulfuric acid hydrolysis of microcrystal-

line cellulose. A differential centrifugation technique

was studied to obtain NCC whiskers with a narrow

size distribution. It was shown that the volume of

NCC in different fractions had an inverse relationship

with relative centrifugal force (RCF). The length of

NCC whiskers was also fractionized by differential

RCF. The aspect ratio of NCC in different fractions

had a relatively narrow range. This technique

provides an easy way of producing NCC whiskers

with a narrow size distribution.
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Introduction

Cellulose is the most abundant natural polymer and

contains both amorphous and crystalline structures.

Nanocrystalline cellulose (NCC), also called cellulose

nanocrystals, is typically a rigid rod-shaped mono-

crystalline cellulose domain (whisker) with 1–100 nm

in diameter and tens to hundreds of nanometers in

length (Ruiz et al. 2000; de Souza Lima and Borsali

2004). NCC has a highly crystalline structure, a very

large aspect ratio (around 70), and a high surface area

(ca. 150 m2/g) (Ruiz et al. 2000). Extensive studies

have shown that NCC can be used for many applica-

tions such as regenerative medicine (Fleming et al.

2001), optical application (Revol et al. 1998), auto-

motive application (Hill 1997; Dahlke et al. 1998),

composite materials and so on. NCC has a very high

tensile strength, a very high Young’s modulus and

should be a very good reinforcing filler for various

composite materials (Ruiz et al. 2000; Samir et al.

2005; Sakurada et al. 1962). Several studies have

shown that NCC serves as a reinforcing filler to

dramatically increase the strength of reinforced ther-

moset and thermoplastic materials (Helbert et al. 1996;

Grunert and Winter 2000; Winter and Bhattacharya

2003; Roman and Winter 2006). The geometrical

features of NCC are important factors that determine

the strength of NCC-reinforced composite materials

(Terech et al. 1999; Samir et al. 2004a, b).

Previous studies show that NCC can be produced

from acid hydrolysis of various natural cellulose

fibers such as cotton, cellulose fibers from lignocel-

lulosic materials, and a marine animal tunicate

(Grunert and Winter 2000, 2002; Dong et al. 1998;

Edgar and Gray 2002; Heux et al. 2000).
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Microcrystalline cellulose (MCC) from lignocellu-

losic materials such as wood is abundant, inexpensive

and readily available. Therefore, NCC is commonly

produced from the hydrolysis of MCC with a strong

acid such as sulfuric acid (Bondeson et al. 2006). The

acid hydrolysis removes the amorphous cellulose to

form highly crystalline cellulose, and also reduces the

size of MCC. NCC from acid hydrolysis of MCC

typically has a wide range in size. Geometrical

characteristics of NCC depend on the hydrolysis

conditions such as temperature and time (Dong et al.

1998), and the original source of cellulose fibers:

bacterial cellulose (Grunert and Winter 2000, 2002),

cotton filter paper (Dong et al. 1998; Edgar and Gray

2002), and tunicates (Heux et al. 2000). The size of

NCC from previous studies all has a wide range and

little has been published on how to produce NCC

with a narrow distribution of size.

In this paper, we have developed a novel technique

of differential centrifugation to separate NCC sus-

pensions into different fractions with each fraction

having a narrow size distribution.

Experimental methods

Chemicals

MCC (Avicel pH-101, *50 lm) was purchased from

FMC BioPolymer (Philadelphia, PA, USA). Sulfuric

acid (95–98 wt%) was purchased from Fisher Scien-

tific (Gibbstown, NJ, USA). All water utilized

throughout the experimental procedures was deion-

ized water. Uranyl Acetate and copper grids (200

mesh, covered with carbon film) were purchased

from Ted Pella Incorporated (Redding, CA, USA).

Preparation of NCC suspensions

NCC suspension was produced by following a

literature procedure (Dong et al. 1998). MCC powder

(10.0 g) was hydrolyzed by sulfuric acid (87.5 mL,

64% w/v) for 5 h at 45 �C with continuous stirring.

The hydrolysis was quenched by adding a large

amount of water (500 mL) to the reaction mixture.

The resulting mixture was cooled to room tempera-

ture (25 �C) and centrifuged (2,383g or 3,500 rpm)

for 30 min at room temperature (Labofuge 400,

Heraeus, Hanau, Germany). The supernatant was

decanted. Water (500 mL) was added to the precip-

itate and the mixture was then sonicated for 10 min to

form a new suspension. This centrifugation/sonica-

tion process was repeated three times. The newly

generated suspension was filtered with an ultra-

filtration membrane (30,000 molecular weight cutoff)

using an Amicon Stirred Cell (Millipore Corporation,

Bedford, MA, USA) until the pH of the suspension

reached a constant value. The resultant NCC suspen-

sion (around 0.2 wt%) was stored in a refrigerator at

3.0 �C.

Transmission electron microscopy (TEM) graphs

An NCC suspension was placed on a copper grid (the

drop size of the suspension was around 2.5 mm in

diameter) and dried at room temperature (25 �C). The

sample was stained with uranyl acetate (around

5 wt%) for 3 min (Zimmermann et al. 2006). TEM

graphs were acquired with Philips CM-12 at 60 kV

(Philips, Eindhoven, The Netherlands).

Fractionation of NCC suspensions using

a differential centrifugation technique

NCC suspensions were separated into six fractions

using differential angle velocity, i.e., relative centrif-

ugal force (RCF) at a fixed centrifugal time (10 min).

A NCC suspension prepared per the previously

described hydrolysis technique was centrifuged at

an angular velocity of 500 rpm for 10 min. The

precipitate from this centrifugation was discarded

because the most whiskers of the precipitate had

diameters over 100 nm. The suspension from the

previous centrifugation at 500 rpm was centrifuged at

1,000 rpm for 10 min. The precipitate from this

centrifugation was designated as Fraction #1. The

suspension from the previous centrifugation at

1,000 rpm was centrifuged at 1,500 rpm for 10 min,

and the resultant precipitate was designated as

Fraction #2. The suspension from the previous

centrifugation at 1,500 rpm was centrifuged at

2,000 rpm for 10 min, and the resultant precipitate

was designated as Fraction #3. The suspension from

the previous centrifugation at 2,000 rpm was centri-

fuged at 2,500 rpm for 10 min, and the resultant

precipitate was designated as Fraction #4. The

suspension from the previous centrifugation at

2,500 rpm was centrifuged at 3,000 rpm for 10 min,
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and the resultant precipitate was designated as

Fraction #5. The suspension from the previous

centrifugation at 3,000 rpm was centrifuged at

3,500 rpm for 10 min, and the resultant precipitate

was designated as Fraction #6. This sequential

centrifugation process was repeated three times. This

fractionation experiment is shown in Table 1.

Determination of the diameter, length,

and volume of NCC

It has been shown that NCCs from tunicate have

ribbon-like morphology (Elazzouzi-Hafraoui et al.

2008). However, numerous evidences from micros-

copy and light scattering techniques reveal that

cellulose crystals have rodlike shape (De Souza Lima

and Borsali 2004). Ribbon-like morphology was not

observed for the NCCs in our study. Therefore we

assume that the NCCs have cylindrical shape in our

calculation of the NCC volumes.

Approximately ten TEM graphs were acquired for

each NCC fraction and subsequently used to deter-

mine the diameter and length of each NCC crystals. At

least 80–100 measurements of the diameter and the

length were made for each fraction. Adobe Photoshop

CS software was used to aid in the determination of

the NCC size. All data were analyzed by a statistical

method (frequency distribution analysis) with all data

exhibiting moderately skewed distributions. The

relationship between the volume of NCC and RCF

was determined via linear regression analysis.

The volume of each NCC particle is calculated

from the diameter (d) and length (L) of the NCC

particle according to the Eq. 1.

V ¼ pd2L

4
ð1Þ

The volume of a NCC particle for each fraction is

reported as the average volume that can be calculated

by Eq. 2.

V ¼

Pn

i¼1

Vi

n
ð2Þ

Vi The volume of individual NCC particle, V the

average volume of NCC in each fraction.

Mechanism of differential centrifugation

Equation 3 shows the relationship between angular

velocity and RCF (Boyer 1993).

RCF ¼ 1:118� 10�6x2r ð3Þ

where r = radius (mm), x = angular velocity (rpm).

NCC whiskers were uniformly dispersed in the

suspension. The whiskers traveled to the bottom of

the tube with a velocity of v when the centrifugal

force (Fc), buoyant force (Fb) and frictional force (Ff)

were on balance as shown in Fig. 1 (Boyer 1993).

Fc ¼ mx2r ð4Þ

Fb ¼ m0x
2r ð5Þ

Ff ¼ fv ð6Þ

where m = the mass of NCC, x = angular velocity,

r = radius, m0 = the mass of the displaced water,

f = frictional coefficient, v = the velocity of NCC

toward the bottom of centrifugation tube.

The force balance on a NCC particle was

explained in Eq. 7

mx2r � m0x
2r � fv ¼ 0 ð7Þ

m ¼ qpV ð8Þ

m0 ¼ qsV ð9Þ

where qs = solvent (water) density, qp = NCC

particle density, and V = the volume of a NCC

particle.

Equation 10 is derived from Eqs. 7, 8, and 9. To

get the relationship between RCF and volume of

Table 1 Experimental design of NCC fractions by differential

RCF at fixed centrifuge time (10 min)

Fraction

no.

x
(rpm)

RCF

(g)

Average

yield of

NCCa (%)

Standard

deviation

Relative

weight

percentageb

(%)

1 1,000 195 6.68 ±0.54 31.79

2 1,500 438 2.15 ±0.34 10.21

3 2,000 778 3.00 ±0.14 14.27

4 2,500 1,216 2.50 ±0.42 11.90

5 3,000 1,751 1.46 ±0.11 6.94

6 3,500 2,383 5.23 ±0.13 24.89

a The average yield of NCC whiskers was based on the dry

weight of MCC used in the hydrolysis. Data were the means of

three replicates
b The relative weight percentage was defined as the weight of

each fraction divided by the total weight of six fractions
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NCC particle, Eq. 11 is derived from the combination

of Eqs. 3 and 10.

V ¼ fv

x2rðqp � qsÞ
ð10Þ

V ¼ 1:118� 10�6fv

RCFðqp � qsÞ
ð11Þ

V ¼ Av

RCF
ð12Þ

logðVÞ ¼ logðAvÞ � logðRCFÞ ð13Þ

where A ¼ 1:118�10�6f
ðqp�qsÞ

, A is a constant.

From Eqs. 12 and 13, we can see that the volume

(V) is proportional to the velocity v at a fixed RCF. In

other words, at a fixed RCF as all centrifugation was

done, a bigger NCC would have a higher velocity,

i.e., would reach the bottom of a centrifugation tube

first. For individual NCC particle, its precipitation

speed to the bottom of a centrifuge tube increases

along with increase in RCF. For precipitating a small

NCC particle, either RCF or centrifugation time has

to be increased. At a fixed centrifugation time, NCC

fractions with different volume distributions can be

obtained through a sequential change in RCF. This is

the basic principle behind this work.

Results and discussion

Verification of NCC size by TEM

TEM images of NCC fractions from the angle

velocity of 1,000–3,500 rpm revealed that all

cellulose whiskers maintained diameters less than

100 nm. A representative TEM image of the cellulose

whiskers is shown in Fig. 2. However, the diameters

of some cellulose whiskers were larger than 100 nm

when the hydrolysis time was less than 5 h. There-

fore, the 5 h hydrolysis time was used for generating

NCC suspensions in this fractionation study. TEM

images were used to determine the sizes of NCC in

the fractionation study.

Yields of NCC in different fractions

The yield of NCC in each fraction was calculated by

the weight of NCC in each fraction divided by the

initial weight of MCC. The average yields of NCC

from Fraction 1 to Fraction 6 were 6.68, 2.15, 3.00,

2.50, 1.46, and 5.23% (Table 1). The total yield of

NCC in six fractions was about 21.02%. The high

yields of NCC were in Fraction 1 and Fraction 6

(Table 1). Fraction 1 accounted for 31.79% of all

NCCs. The high yield of NCC in Fraction 1 was

probably due to a number of large NCC. The relative

weight percentages of the Fractions 2–5 were 10.21,

14.27, 11.90, and 6.94%, respectively. The relative

weight percentage of NCC in the Fraction 6 was

around 24.89%. It also indicated that the number of

NCC with small size in Fraction 6 was larger than

that of any other fractions.

Fc

Fb

Ff

air

meniscus

r

bottom
solution

ω 

Fig. 1 A schematic of working mechanism of centrifugation.

x Angle velocity, r radius of centrifuge, Fc centrifugal force,

Fb buoyant force, Ff frictional force

Fig. 2 Transmission electron microscope (TEM) image of

NCC
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The relationship between RCF and the volume of

NCC in each fraction

The inverse relationship between RCF and the

volume (V) of NCC from the Fraction 1 to the

Fraction 6 is shown in Fig. 3. The inverse relation-

ship between RCF and volume of NCC whiskers is

consistent with the principle of differential centrifu-

gation described in the Method section. R2 was 0.88

from the simple linear regression analysis, indicating

a linear relationship between log(RCF) and log(V).

Each data point represented the average volume of

NCC whiskers in each fraction (Fig. 3). The standard

error of each data point was not shown because all the

volume distributions were not normal and moderately

skewed. At the same centrifuge time, the larger the

centrifuge force, the smaller the precipitated NCC

whiskers. However, there was a break point at

Fraction 3 (RCF = 778). The average volume of

NCC in Fractions 3 was smaller than both Fraction 2

and Fraction 4. The exact reason for this break point

is not well understood. The break point at Fraction 3

led to a relatively low value of R2 (0.88).

The volume distributions of the NCC whiskers

from the six fractions are shown in Fig. 4. For the

Fraction 1, about 3.80% of NCC whiskers was in the

volume range from 0 to 5 9 103 nm3 (Fig. 4a). The

percentage of NCC whiskers increased to 17.72% in

the volume range from 6 9 103 to 10 9 103 nm3. It

decreased to 13.92% in the volume range from

11 9 103 to 15 9 103 nm3 and further decreased to

10.13% in volume range from 16 9 103 to

20 9 103 nm3. The right tail (from 66 9 103

to 105 9 103 nm3) of the volume distribution for

the Fraction 1 was 12.66%. For the Fraction 2,

11.58% of NCC whiskers fell within the volume

range from 0 to 5 9 103 nm3. The percentage of

NCC increased to 24.21% in the volume range from

6 9 103 to 10 9 103 nm3. It decreased to 18.95% in

the volume range from 11 9 103 to 15 9 103 nm3

and further decreased to 8.43% in the volume range

from 16 9 103 to 20 9 103 nm3. The right tail (from

66 9 103 to 105 9 103 nm3) of the volume distribu-

tion in the Fraction 2 was 6.32% (Fig. 4a). For the

Fraction 3, 28.89% of NCC was in the volume range

from 0 to 5 9 103 nm3. The percentage of NCC was

also 28.89% in the volume range from 6 9 103 to

10 9 103 nm3. It decreased to 13.33% in the volume

range from 11 9 103 to 15 9 103 nm3 and further

decreased to 11.11% in volume range from 16 9 103

to 20 9 103 nm3. The right tail (from 66 9 103 to

105 9 103 nm3) of the volume distribution in Frac-

tion 3 was only 1.11% (Fig. 4a). For the Fraction 4,

18.12% of NCC was in the volume range from 0 to

5 9 103 nm3. The percentage decreased to 16.87,

15.62, and 9.38% in volume ranges from 6 9 103 to

10 9 103 nm3, from 11 9 103 to 15 9 103 nm3, and

from 16 9 103 to 20 9 103 nm3, respectively. The

right tail (from 66 9 103 to 105 9 103 nm3) of the

volume distribution for the Fraction 4 was 4.38%

(Fig. 4b). For the Fraction 5, 22.00% of NCC

whiskers were in the volume range from 0 to

5 9 103 nm3. The percentages of NCC in volume

ranges from 6 9 103 to 10 9 103 nm3, from

11 9 103 to 15 9 103 nm3, and from 16 9 103 to

20 9 103 nm3 continuously decreased to 30.00, 9.00,

and 6.00%, respectively (Fig. 4b). The right tail

(from 66 9 103 to 105 9 103 nm3) of the volume

distribution for the Fraction 5 was about 1.00%. For

the Fraction 6, about 41.90% of NCC whiskers were

in volume range from 0 to 5 9 103 nm3. The

percentages decreased to 23.80, 10.48, and 4.76%

in following three volume ranges from 6 9 103 to

10 9 103 nm3, from 11 9 103 to 15 9 103 nm3 and

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
3.8

4.0

4.2

4.4

4.6

4.8

5.0

log(RCF)

lo
g

(V
)

Fig. 3 The inverse relationship between relative centrifugal

force (RCF) and volume (V)* of NCC from Fraction 1 to

Fraction 6. *The values of volume at all data points are the

average volume of NCC in each fraction. The volume

distribution of each fraction is not a normal distribution, so

that the standard deviation is not shown in the figure
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from 16 9 103 to 20 9 103 nm3, respectively. There

were no NCC whiskers in the right tail (from

66 9 103 to 105 9 103 nm3) of the volume distribu-

tion for the Fraction 6. The volume of NCC whiskers

in each fraction had a distribution and was not a

single value because NCC whiskers were uniformly

suspended in the water and the travelling distances to

the bottom of the centrifuge tube varied. Even though

a small centrifuge force was applied to a NCC

whisker with a small volume, NCC might precipitate

if it was close enough to the bottom of a centrifuge

tube. However, there is a general trend in the overall

volume distribution. The larger the applied centrifu-

gal force was, the more NCC whiskers with smaller

volumes were precipitated.

As seen in Table 2, the majority (80%) of NCC

whiskers in each fraction had their volume ranges:

the Fraction 1, 0–80 9 103 nm3; the Fraction 2, 0–

45 9 103 nm3; the Fraction 3, 0–20 9 103 nm3; the

Fraction 4, 0–35 9 103 nm3; the Fraction 5, 0–

30 9 103 nm3; and the Fraction 6, 0–20 9 103 nm3,

respectively. Compared with the full volume ranges,

Fig. 4 The volume

distribution of NCC after

fractionation by differential

RCF. *Relative

percentage = (Number of

NCC whiskers in each bin

of one fraction)/(total

number of NCC whiskers in

one fraction) 9 100%.

**Legends stand for

differential RCF in different

fractions
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the major (80% of NCC whiskers) volume ranges

were relatively narrow. For Fractions 3–5, there was

no significant difference in the volume distributions

under 95% confidence interval [p = 0.062 from one-

way ANOVA test for multiple comparison using S-

Plus software (Version 8.0, Insightful Corp., Seattle,

WA, USA)]. It may be due to the small differences of

RCF in these three fractions. Overall, there was

ample evidence that the majority of NCC whiskers in

each fraction shifted to a small volume and the

volume range became narrow as RCF increased. The

results from the volume distributions (Fig. 4) were

also consistent with the inverse relationship between

RCF and the volume of NCC whiskers from Fig. 3.

Length distributions of NCC by differential

centrifugation method

The length distributions of NCC whiskers for Frac-

tions 1–6 are shown in Fig. 5. It was obvious that the

length distribution became narrow as RCF increased,

i.e., the length of NCC whiskers in the Fraction 1 had

the broadest distribution and the length of NCC

whiskers in the Fraction 6 had the narrowest distri-

bution. For the Fraction 1, no NCC whiskers had their

lengths less than 40 nm. Only about 1.26% of NCC

whiskers had their lengths ranging from 41 to 60 nm

and from 61 to 80 nm, respectively. The percentage

increased to 8.86% when the length range increased

to from 81 to 100 nm. The major percentages of

16.46, 13.92, and 16.46% corresponded to the length

ranges from 101 to 120 nm, 121 to 140 nm, and 141

to 160 nm, respectively. The percentages gradually

decreased with the increase in the length of NCC

whiskers. The right tail (from 281 to 420 nm) of the

length distribution for the Fraction 1 was 15.19%. For

the Fraction 2, no NCC whiskers had their lengths

less than 20 nm. NCC whiskers with the length range

from 21 to 40 nm and from 41 to 60 nm each

accounted form about 1.05%. The major percentages

of 10.53, 4.21, 22.10, 16.84, 11.58, and 10.52%

corresponded to the length ranges from 61 to 80 nm,

81 to 100 nm, 101 to 120 nm, 121 to 140 nm, 141 to

160 nm, and 161 to 180 nm, respectively. The

percentage of NCC whiskers began to decrease when

the length was higher than 180 nm (Fig. 5a). The

right tail (from 281 to 420 nm) of the length

distribution for the Fraction 2 was 2.10%. For the

Fraction 3, no NCC whiskers had its length range less

than 60 nm. About 5.55% of NCC whiskers had its

length range from 61 to 80 nm. The major percent-

ages of NCC whiskers were 17.78, 22.22, 16.67, and

11.11% corresponding to the length ranges from 81 to

100 nm, 101 to 120 nm, 121 to 140 nm, and 141

to 160 nm, respectively. The percentage decreased to

5.55% for the length range from 161 to 180 nm. The

right tail (from 281 to 420 nm) of the length

distribution for the Fraction 3 was only 1.11%. For

the Fraction 4, no NCC whisker with its length less

than 20 nm could be found. Only 0.83% of NCC

whiskers were in the length range from 21 to 40 nm.

Another 0.83% of NCC whiskers were in the length

range from 41 to 60 nm. The percentage increased to

5.83% in the length range from 61 to 80 nm. The

major percentages of NCC whiskers were 10.83,

25.00, 17.92, 10.42, and 15.00% corresponding to the

length ranges from 81 to 100 nm, 101 to 120 nm, 121

to 140 nm, 141 to 160 nm, and 161 to 180 nm. The

percentage then deceased to 4.58% in the following

length range of 181–220 nm. There were no NCC

whiskers in the right tail (from 281 to 420 nm) of the

length distribution for the Fraction 4 (Fig. 5b). For

the Fraction 5, no NCC whiskers with their lengths

less than 40 nm could be found. About 6.00% of

NCC whiskers were in the length range from 41 to

60 nm. Another 6.00% of NCC whiskers were in the

length range from 61 to 80 nm. The majority of NCC

whiskers fell into narrow length ranges from 81 to

100 nm (21.00%), 101 to 120 nm (15.00%), and 121

to 140 nm (20.00%). The percentage decreased to

8.00% in the following length range of 141–160 nm.

The right tail (from 281 to 420 nm) of the length

Table 2 Comparison between the full volume range and the

major volume range of NCC whiskers at differential RCF

Fraction

no.

x
(rpm)

RCF

(g)

Full volume

rangea (103 nm3)

Major volume

rangeb (103 nm3)

1 1,000 195 0–105 0–80

2 1,500 438 0–100 0–45

3 2,000 778 0–90 0–20

4 2,500 1,216 0–100 0–35

5 3,000 1,751 0–80 0–30

6 3,500 2,383 0–60 0–20

a The volume range contained all NCC whiskers in one

fraction
b The major volume range was defined as the narrowest

volume range containing 80% of NCC in one fraction

Cellulose (2009) 16:455–465 461

123



distribution for the Fraction 5 only accounted for

about 1.00% of NCC whiskers (Fig. 5b). For the

Fraction 6, no NCC whiskers with their lengths less

than 20 nm could be found. Only 0.95% of NCC

whiskers had its length range from 21 to 40 nm. The

major percentages of NCC whiskers were 21.90,

21.90, 14.28 and 20.00%, corresponding to the length

ranges from 41 to 60 nm, 61 to 80 nm, 81 to 100 nm,

and 101 to 120 nm, respectively. The percentage of

NCC whiskers decreased to 6.67% in the following

length range of 101–120 nm. No NCC whiskers in

the right tail (from 221 to 420 nm) could be found.

From the overall length distributions of NCC whis-

kers, the number of precipitated NCC whiskers with

small lengths increased as RCF increased.

Based on the same length range from 41 to

180 nm, the percentages of NCC whiskers from the

six fractions were 63% for the Fraction 1, 77% for

the Fraction 2, 79% for the Fraction 3, 85% for the

Fraction 4, 82% for the Fraction 5, and 96% for the

Fraction 6. Table 3 shows the narrowest length

ranges containing 90% of NCC whiskers in each

Fig. 5 The length

distribution of NCC

whiskers after fractionation

by differential RCF.

*Relative

percentage = (Number of

NCC whiskers in each bin

of one fraction)/(total

number of NCC whiskers in

one fraction) 9 100%.

**Legends stand for

differential RCF in different

fractions
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fraction: 81–320 nm for the Fraction 1, 81–220 nm

for the Fraction 2, 81–200 nm for the Fraction 3,

61–200 nm for the Fraction 4, 41–200 nm for the

Fraction 5, and 41–160 nm for the Fraction 6. There

was a general trend that the length of NCC whiskers

decreased when the RCF was increased. The length

range also became narrow at the same time. Although

the full range of length distribution of NCC in each

fraction was broad as indicated in Table 3, the length

range containing most NCC whiskers in each fraction

was much smaller than the full length range. TEM

graphs showed that NCC whiskers were rod-shaped

(Fig. 2). The diameter of NCC whiskers was almost

ten times less than the length. The variations in the

diameter of NCC whiskers were pretty small. This

may explain why this differential centrifugation

technique can separate NCC whiskers into narrow

length ranges.

Aspect ratio distribution of NCC whiskers by

differential centrifugation

The aspect ratio of NCC whiskers is defined as L/d,

which is length over diameter. The aspect ratio

distributions of NCC whiskers for the Fractions 1–6

are shown in Fig. 6. For the Fraction 1, about 82% of

NCC whiskers had the aspect ratio between 5 and 16,

more specifically, the aspect ratio range of 5–8

(21.52%), 9–12 (39.24%), and 13–16 (21.52%) with

the most abundant aspect ratio range being between 9

and 12. For the Fraction 2, about 87% of NCC

whiskers had the aspect ratio between 5 and 16, i.e.,

the aspect ratio range of 5–8 (22.1%), 9–12 (36.84%),

and 13–16 (28.42%). The NCC whiskers with the

aspect ratio range between 9 and 12 were still more

abundant than those with other aspect ratio ranges

(Fig. 6). About 65% of NCC whiskers from the

Fraction 2 had a very narrow aspect ratio between 9

and 16. For the Fraction 3, about 80% of the NCC

whiskers had the aspect ratio between 5 and 20, i.e.,

the aspect ratio range of 5–8 (12.22%), 9–12

(22.22%), 13–16 (18.89%), and 17–20 (26.67%).

The aspect ratio distribution for the Fraction 3 was

slightly broader than that for the Fractions 1 and 2.

The NCC whiskers with the aspect ratio between 17

and 20 were more abundant than those with other

aspect ratio ranges. For the Fraction 4, over 86% of

NCC whiskers had the aspect ratio between 5 and 16,

i.e., the aspect ratio range of 5–8 (24.38%), 9–12

(40.62%), and 13–16 (21.25%). The NCC whiskers

with the aspect ratio of 9–12 were the most abundant.

For the Fraction 5, about 78% of NCC whiskers had

the aspect ratio between 5 and 16, i.e., 5–8 (26.00%),

9–12 (33.00%), and 13–16 (19.00%). The most

abundant NCC whiskers also had the aspect ratio

between 9 and 12. For the Fraction 6, about 81% of

NCC whiskers had the aspect ratio between 5 and 16,

i.e., the aspect ratio range of 5–8 (32.38%), 9–12

(30.48%), and 13–16 (18.10%). In other word, about

63% of NCC whiskers had the aspect ratio between 5

and 12. The aspect ratio distributions for all six

fractions were all similar with the most abundant

aspect ratio range being between 9 and 12. Except the

Fraction 3, more than 78% of NCC whiskers from all

other five fractions had their aspect ratio between 5

and 16.

Conclusions

Based on the initial MCC weight, the total yield of

NCC whiskers from the sulfuric acid hydrolysis was

21.0%. NCC whiskers obtained from the 5 h

hydrolysis had their diameter less than 100 nm.

NCC whiskers were successfully fractionized based

on their sizes by a new differential centrifugation

technique. The volume of NCC whiskers has an

inverse relationship with RCF. The experimental

data were consistent with the model of differential

centrifugation. The majority of NCC whiskers

shifted to small sizes and the volume range of

NCC also decreased as RCF increased. Furthermore,

Table 3 Comparison between the full length range and the

major length range of NCC whiskers at differential RCF

Fraction

no.

x
(rpm)

RCF

(g)

Full length

rangea

(nm)

Major

length

rangeb (nm)

1 1,000 195 40–420 81–320

2 1,500 438 30–360 81–220

3 2,000 778 60–340 81–200

4 2,500 1,216 20–280 61–220

5 3,000 1,751 40–280 41–200

6 3,500 2,383 20–220 41–160

a The length range contained all NCC whiskers in one fraction
b The major length range was defined as the narrowest length

range containing 90% of NCC whiskers in one fraction
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the length of NCC whiskers also decreased and the

length range containing 90% of NCC whiskers

became narrow as RCF increased. The aspect ratio

distributions of NCC whiskers were in a relatively

narrow range. This differential centrifugation tech-

nique will allow us to prepare NCC whiskers with a

narrow size distribution for various scientific studies

and applications.
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