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Abstract The structure of microcrystalline cellu-

lose (MCC) made by mild acid hydrolysis from

cotton linter, flax fibres and sulphite or kraft cooked

wood pulp was studied and compared with the

structure of the starting materials. Crystallinities

and the length and the width of the cellulose

crystallites were determined by wide-angle X-ray

scattering and the packing and the cross-sectional

shape of the microfibrils were determined by small-

angle X-ray scattering. The morphological differ-

ences were studied by scanning electron microscopy.

A model for the changes in microfibrillar structure

between native materials, pulp and MCC samples

was proposed. The results indicated that from soft-

wood or hardwood pulp, flax cellulose and cotton

linter MCC with very similar nanostructures were

obtained with small changes in reaction conditions.

The crystallinity of MCC samples was 54–65%. The

width and the length of the cellulose crystallites

increased when MCC was made. For example,

between cotton and cotton MCC the width increased

from 7.1 nm to 8.8 nm and the length increased from

17.7 nm to 30.4 nm. However, the longest crystallites

were found in native spruce wood (35–36 nm).

Keywords Microcrystalline � Cellulose �
WAXS � SAXS

Introduction

Demand for renewable resources has increased

interest in cellulose and growing number of studies

on applications of cellulose have been made. Natural

fibres are used as microfibrillar fillers and composites

in many applications including furnitures, irrigation

systems, sports and leisure items (Samir et al. 2005).

Microcrystalline cellulose (MCC) from various ori-

gins has been widely used in medical, food and

cosmetic industrial applications. It has been utilized

for example as a binder and filler in medical tablets,

supporter for various biologically active substances,

stabilizer in various suspensions, controller of

flow and fat replacer in food (Fleming et al. 2001;
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El-Sakhawy and Hassan 2007; Kotelnikova and

Panarin 2005). Nanocrystalline cellulose whiskers

have lately gained much attention because of their

extraordinary properties which can be used in liquid

crystalline suspensions and reflective pigments (Re-

vol et al. 1992, 1994; Roman and Gray 2005; Terech

et al. 1999; Elazzouzi-Hafraoui et al. 2008; de Souza

Lima and Borsali 2004).

On the molecular level cellulose is a polymer

which consists of b(1,4)-linked glucose residues

(Sjöström 1993). The supramolecular structure of

cellulose has been under investigations during the last

70 years. It is well known that crystalline cellulose (I)

exists in nature in two main forms (triclinic Ia and

monoclinic Ib) (Atalla and Vander- Hart 1984;

Sugiyama et al. 1991; Nishiyama et al. 2002,

2003b). Some interesting details of the structure of

cellulose are still unknown—for example, it is

unknown what the connection between the cellulose

crystallization and the biological cellulose synthesis

complex is (Emons et al. 2007).

The wood cell wall consists of cellulose, hemicel-

lulose and lignin (Sjöström 1993). Cellulose is the

main component of the cell wall and its function is

closely related to its hierarchical structure. In the cell

wall the parallel cellulose chains form cellulose

microfibrils which are bound to hemicellulose and

lignin matrix. There are alternating amorphous and

crystalline regions in the microfibrils (Nishiyama

et al. 2003a; Gomez et al. 2008). The crystalline

regions are called cellulose crystallites and they are

formed by the cellulose chains due to Van der Waals

interactions and hydrogen bonding. The diameter of

these crystallites is of the same order as the diameter

of the cellulose microfibrils (Donaldson 2007;

Andersson 2007). The structure of the wood cell

wall determines the strength of the fibres and this has

impact on the applications and products made of

wood. Changes in cellulose microfibrils and their

aggregates occurring during pulping or the hydrolysis

process have impact on the fibre properties and are

important from the point of view of applications.

The aim of this work was to gain comparative

information on the structures of the pristine plant and

wood, pulp and MCC samples. In this work MCC

was made from conventional plant and wood sources:

cotton linter, flax fibres and sulphite and kraft cooked

pulps from Scotch pine (Pinus sylvestris), Norway

spruce (Picea abies), Silver birch (Betula pendula),

poplar (Populus simonii) and aspen (Populus tremula)

wood. The effect of hydrolysis on the structure and

properties of low molecular weight microcrystalline

cellulose was estimated. The nanometer scale struc-

ture of cellulose microfibrils was characterized using

wide- and small-angle X-ray scattering methods

(WAXS, SAXS). Scanning electron microscopy

(SEM) was used to study the morphological differ-

ences in the materials. On the basis of the results,

a model for the changes in microfibrillar structure

between native wood or plant material, pulp and MCC

was proposed.

Experimental

Materials

Norway spruce samples were cut tangentially from

stems grown in Asa in Southern Sweden (Andersson

2007; Lundgren 2004). The samples were cut into

1 mm thick slices with about 1 cm 9 1 cm area. The

samples were taken from the 14th year ring and they

represented mature wood. Sample called ASA12 was

from an irrigated and fertilized stem and ASA13 was

its control sample from a stem, which was not

irrigated or fertilized.

Pine and spruce wood celluloses were purchased

from the Academy of Forestry (St. Petersburg, Russia).

Pine and spruce wood celluloses were manufactured in

industrial plants using ordinary pulping processes,

which were performed with a mixture of sodium

hydroxide and sodium sulfide (NaOH and Na2S) that

break the bonds of lignin to cellulose (kraft process) or

with various salts of sulphurous acid (mostly sodium

bisulphate NaHSO3 or sodium sulphate Na2SO3) to

extract the lignin from wood samples (sulphite

pulping). Characteristics including cellulose and lig-

nin content and kappa numbers of the pulp samples are

given in the Table 1. MCC from pine and spruce pulp

was prepared by hydrolysis in 1 M solution of HCl at

105 �C for 2 h (Kotelnikova et al. 1976).

Birch wood cellulose was prepared by the same

sulphite cooking process as explained earlier with

pine and spruce celluloses. Birch cellulose was made

from birch chips and was formed into sheets.

Cellulose was subjected to alkaline treatment with a

10% solution of NaOH at 100 �C to remove hemi-

celluloses. After this, the pulp was washed with
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distilled water overnight and dried in vacuum at

40 �C. MCC from birch cellulose was prepared by

hydrolysis in 1 M of HCl at 105 �C for 1.5 h

(Petropavlovsky et al. 1980).

Cellulose samples from aspen and poplar wood

(origin in China) were prepared by kraft cooking and

bleached after pulping. Cooking was performed in a

laboratory forced circulation digester with a cooking

vessel volume of 5 dm3 and a circulation flow rate of

10 dm3/s. Air-dried wood chips were mixed with

cooking liquor. Cooking liquor was prepared from

technical grade Na2S and NaOH to reach the

alkalinity of 16% and sulphidity of 28%. The

liquor-to-wood ratio (w/w) during pulping was 6:1.

The initial temperature of 30 �C was raised to 165 �C

at a heating ratio of 1.0 �C/min and maintained at this

temperature for 180 min. The pulps were washed

with hot water and the rest of liquor was released by

washing through a 250-mesh wire. A bleaching

sequence was made as follows. First pulp (concen-

tration 3.5%) was treated with an aqueous chlorine

solution (chlorine consumption 1.5%) at 30 �C for

1 h. Then it was treated with 1% solution of NaOH at

pulp concentration of 8.0% at 70 �C for 1 h. Then

pulp (concentration 3.5%) was additionally bleached

with NaClO (chlorine consumption 0.5%) at 30 �C

for 40 min. Finally pulp (concentration 3.5%) was

treated with 0.2% solution of HCl for 30 min. After

thorough rinsing with tap water pulp was ready to

further study. MCC from aspen and poplar bleached

celluloses were obtained by hydrolysis in 1 M

solution of HCl at 105 �C for 2.5–3.0 h (Kotelnikova

et al. 1991).

Cotton linter was purchased from an industrial

plant (Tashkent, Republic of Uzbekistan). It was used

without any additional purification. MCC was pre-

pared by mild acid hydrolysis in 2.5 M solution of

HCl at 105 �C for 1 h (Petropavlovsky and

Table 1 Characteristics of cellulose and MCC samples: cellulose and lignin content, kappa number (for pulp samples), degree of

polymerization (DP), average fibre length and specific surface

Sample Cellulose

content

(mass%)

Lignin

content

(mass%)

Kappa

number

DP Average

fibre

length (lm)

Specific

surface

(m2/g)

Birch sulphite pulp 95.8 1.4 9.8 1600 500–1500 230

MCC from

Birch sulphite pulp 97.3 0.5 175 20–100 250

Coniferous sulphite pulp 96.2 1.3 8.7 1310 400–1700 270

MCC from

Coniferous sulphite pulp 98.8 0.4 275 80–185 280

Coniferous kraft pulp 97.8 1.1 7.5 1135 500–2100 280

MCC from

Coniferous kraft pulp 98.6 0.5 150 60-165 290

Poplar kraft pulp 96.4 1.2 8.2 1300 750–850 210

MCC from

Poplar kraft pulp 97.6 0.8 250 90-95 220

Aspen kraft pulp 96.8 1.0 6.7 1250 800–1100 220

MCC from

Aspen kraft pulp 97.5 0.6 230 50–60 240

Cotton linter (CL) 98.5 0.7 2200 2150 220

MCC from CL 99.8 0 165 20–125 230

Flax fibres (FF) 78.5 7.8 5600 1500–14500 600

Cellulose from FF 97.9 1.2 470 550–600 490

MCC from FF cellulose 99.6 0 170 30–150 510

MCC ‘‘Avicel’’ 99.9 0 150 20–250 –
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Kotelnikova 1985). Avicel powder cellulose pro-

duced by FMC Corporation (New Jersey, USA) was

used for comparison. Flax fibres were purchased from

the flax treating plant (Nevel, Russia). Cellulose from

flax fibres was prepared after purification and delig-

nification and was a fibre sample (Kotelnikova et al.

2000). MCC from flax cellulose was obtained the

same way as described above for birch cellulose.

MCC samples were prepared from the initial raw

materials to so called level-off degree of polymeri-

zation (Battista 1975). After hydrolysis MCC samples

had powder-like morphology and consisted of rod-

shaped particles whose sizes were from 1.5 to

150 lm depending on the initial raw material. Some

characteristics of the raw materials and MCC sam-

ples—cellulose and lignin content, degree of poly-

merization (DP), average fibre length and an

important adsorption property, specific surface—are

listed in Table 1. DP values were determined by

viscosimetry of cellulose solutions in cadoxen. Val-

ues of the specific surface area were obtained with a

method of aqueous vapor sorption (Buckton et al.

1999; Zografi et al. 1984). Specific surface was

determined with Brunauer–Emmet–Teller (BET)

equation which describes the isotherm of adsorption

in the range p/ps from 0.05 to 0.3. It can be seen from

the data on cellulose and lignin contents in cellulose

samples in Table 1 that hemicelluloses were mostly

absent.

WAXS experiments

WAXS measurements were done using Huber 420/

511 four-circle goniometer. A ground and bent

germanium monochromator (the reflection 111) was

used to select CuKa1 radiation (k = 0.1541 nm). The

scattered photons were detected by a NaI(Tl) scintil-

lation counter. The diffractometer was used in the

symmetrical transmission mode and the intensity was

measured as a function of the scattering angle 2h by

h - 2h scan. The instrumental broadening was

determined from the FWHM of four reflections of a

sample of hexamethylenetetramine (C6H12N4). The

reflections 110 (2h & 17.8�), 200 (2h & 25.3�), 211

(2h & 31.1�), and 220 (2h & 36.1�) of C6H12N4 were

used (Lofty et al. 1974; Tanaka et al. 1981).

For spruce wood samples ASA12 and ASA13

WAXS measurements were carried out using per-

pendicular transmission geometry and Rigaku

rotating anode X-ray tube. MAR345 image-plate

was used as a detector. The beam was focused to the

detector and monochromated with a Si(111) crystal

and a totally reflecting mirror. The wavelength of the

radiation was 0.1541 nm (CuKa1).

SAXS experiments

SAXS measurements were carried out at the beamline

I711 at MAX-lab in Lund, Sweden (Knaapila et al.

2009). The wavelength of the radiation was

0.1083 nm, the beam size was 0.12 mm 9 0.12 mm

and it was focused on the detector. The detector was

two-dimensional Mar165 CCD and the distance from

the sample to the detector was 1.5 m. The measure-

ment time was 180–360 s. The applied q-range ðq ¼
4p sin h=kÞ was 0.1–4.0 nm-1.

The samples which were measured by SAXS

included Norway spruce wood samples ASA12 and

ASA13, sulphite cooked birch pulp, sulphite and kraft

cooked pulp from spruce and pine, cotton linter, flax

fibres and cellulose from flax fibres. The samples

needed to be wet during the measurements to reduce

the scattering from air filled pores, so the samples

were sealed with water in Hilgenberg glass capillaries

with 0.01 mm wall thickness and 2 mm path length

many days before the measurements.

SEM

Morphological features of cellulose and MCC fibres

were characterized with scanning electron micros-

copy (SEM). Micrographs were taken with a LEITZ/

AMR 1200B and a Jeol JCM-35 CF scanning

electron microscopes at 15 and 20 kV voltage. Dry

samples were mounted on aluminum stubs covered

by carbon ribbon, then sputtered under argon atmo-

sphere using a gold-palladium target.

Data analysis

WAXS analysis

The WAXS intensities were corrected for absorption

and air scattering. The dimensions of the crystallites

were determined along the cellulose chain direction

by using the meridional reflection 004 and perpen-

dicular to the chain direction by using equatorial

reflections 110; 110 and 200. In the analysis of the
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reflections 110; 110 and 200 the amorphous back-

ground was fitted to the experimental intensity

pattern and subtracted. The amorphous background

was measured from a sulphate lignin sample

(Andersson et al. 2003). In the analysis of the

reflection 004 the background was assumed constant.

Gaussian peaks were fitted into the diffraction pattern

and the average crystallite width Bhkl was determined

from the FWHM (full width at half maximum) of the

diffraction peaks by using the Scherrer equation:

Bhkl ¼
0:9k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðD2hÞ2 � ðD2hinstÞ2
q

cos h
; ð1Þ

where k is the wavelength of the radiation, D2h is the

FWHM of the reflection, 2h is the position of the

reflection in the scattering angle axis and D2hinst is

the instrumental broadening. The fitted amorphous

background and Gaussian peaks for cotton linter can

be seen in the Fig. 1.

The crystallinity index was determined by a curve

fitting procedure where the calculated diffraction

pattern of cellulose and a measured diffraction pattern

of amorphous material were fitted into the experi-

mental diffraction pattern (Andersson et al. 2003).

SAXS analysis

SAXS gives information on the packing of the

microfibrils and the cross-sectional shape and size

of the microfibrils. In a simple way the SAXS

intensity I(q) can be presented as:

IðqÞ ¼ C
1

q
jFðqÞj2ZðqÞ þ BG; ð2Þ

where F(q) is the form factor, which depends on the

shape of the microfibril, and Z(q) is the interference

factor, which depends on the packing of the microfibrils

(Feigin and Svergun 1987; Wilke and Bratrich 1991). C

is a scaling factor and BG is a background constant.

They both were kept as fitting parameters (Andersson

et al. 2005). Microfibrils were modelled by crystalline,

infinite long cylinders with rectangular, circular or

elliptical cross-section with or without Gaussian or log-

normal size distribution. The fitted q-range was about

0.95–3.5 nm-1. It was chosen so, because it was

assumed that the region q\ 0.9 nm-1 corresponds to

the region where scattering mainly arises from the

pores, the scattering in the region q = 0.8–2.3 nm-1 is

from the crystallites, and the scattering in the region q

[ 2.3 nm-1 is from amorphous structures (Andersson

et al. 2005; Jakob et al. 1995, 1996; Andersson et al.

2000). For the spruce wood samples a two-dimensional

paracrystal model was used as an interference function

Z(q), and the mean distances between the microfibrils

and the mean diameters of the cross-sections of the

microfibrils were gained as fitting parameters. For the

other samples the interference term Z(q) could be

omitted, because the intensity curves showed no

features connected to packing. Only the shapes and

the mean diameters of the cross-sections of the

microfibrils could be determined for these samples.

The square of the form factor for a cylinder with

circular cross-section is:

jFðqÞj2 / J1ðqrÞ2

ðqrÞ2
; ð3Þ

where J1 is the Bessel function of the first kind and r is

the radius of the cylinder (Feigin and Svergun 1987).

For a parallelepiped the following formula is used:

jFðqÞj2/
Z

p=2

0

sinðqa
2
sinð/ÞÞ

qa
2
sinð/Þ

� �2
sinðqb

2
cosð/ÞÞ

qb
2
cosð/Þ

 !2

d/;

ð4Þ

where a and b are the edges of the rectangular cross

section (Pedersen 1997; Elazzouzi-Hafraoui et al.

2008). The model of the microfibrils with rectangular

Fig. 1 WAXS intensity of cotton linter and fitted Gaussian

functions to the reflections 110; 110; 102 and 200. The fitted

amorphous background can be seen in the insert
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cross section can be seen in the Fig. 2 where the

parameters a and b are the edges of the rectangle and

d is the mean distance between the microfibrils.

For cylinders with elliptical cross-sections the

square of the form factor was computed as:

jFðqÞj2 /
Z

p=2

0

J1ðqr
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin2ð/Þ þ b2 cos2ð/Þ
q

Þ2

ðqr
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin2ð/Þ þ b2 cos2ð/Þ
q

Þ2
d/;

ð5Þ

where r and rb are the semiaxes of the ellipse (Feigin

and Svergun 1987). The model of the microfibrils with

elliptical cross sections can be seen in the Fig. 3, where

the parameters a and b are the semiaxes of the ellipse

and d is the mean distance between the microfibrils.

The function modelling a two-dimensional para-

crystal, which was used as an interference function,

is:

F1ðqÞ ¼ exp �1

2
g2

1d2
1q2

� �

; ð7Þ

F2ðqÞ ¼ exp �1

2
g2

2d2
2q2

� �

; ð8Þ

where d1 and d2 are the mean distances between the

microfibrils in two perpendicular directions, and g1

and g2 are the relative values of the fluctuations in

corresponding directions. The g parameter charac-

terizes the order of the structure, and the closer to

one its value is, more weakly ordered the system is

in that direction. Small values of g indicate a well

Fig. 2 Microfibrils with rectangular cross section. d is the

mean distance between the microfibrils and a and b are the

edge lengths of the cross section

Fig. 3 Microfibrils with elliptical cross section. d is the mean

distance between the microfibrils and a and b are the semiaxes

of the cross section

ZðqÞ /
Z

p=2

0

1� F2
1

1� 2F1 cos ð�qd1 cos /Þ þ F2
1

1� F2
2

1� 2F2 cos ðqd2 sin /Þ þ F2
2

d/; ð6Þ
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ordered system and g [ 0.3 indicates already very

disordered system (Wilke and Bratrich 1991). The

Eqs. 6–8 are valid only when the following assump-

tions can be made: the size of the paracrystal is

infinitely large, and the two directions in the

cross-sectional area are independent on each other

(Matsuoka et al. 1987).

Results

WAXS results on crystallite size and crystallinity

The average length of the cellulose crystallites was

determined from the reflection 004 for all samples.

For samples with sufficiently well resolved equiva-

torial diffraction peaks, the width of the crystallites

was determined from the reflections 200, 110; and

110. For samples with broad diffraction peaks, like

spruce wood, only the reflection 200 could be used.

All the WAXS results are given in the Table 2.

The width of the crystallites in the spruce wood

samples was 3.0 ± 0.1 nm, and the length of the

crystallites was 35 ± 2 and 36 ± 2 nm (Andersson

2007). The width of the crystallites in cotton linter

was 7.1 ± 0.2 nm and in flax fibres 3.9 ± 0.1 nm. So,

this parameter is higher in non-wood plant samples

than in wood samples.

The widths of the crystallites in kraft and sulphite

wood pulps (4.3 ± 0.1, 4.4 ± 0.1 and 5.1 ± 0.1 nm)

were larger than the widths in native spruce wood. The

lengths of the crystallites in wood pulp samples were

smaller than the lengths in the wood samples: 23.3 ±

2 nm in birch sulphite pulp, 26.3 ± 2 nm in coniferous

sulphite pulp and 22.8 ± 2 nm in coniferous kraft pulp.

Crystallites in cellulose from flax fibres had larger

width than in pristine flax. Also the length of the

crystallites increased compared to the initial flax fibres.

The width and length of the crystallites in the

MCC samples made from kraft and sulphite cooked

fibres and cotton were larger than the corresponding

dimensions in the starting materials. The length of the

crystallites of cotton MCC increased about 72%

compared to pristine cotton linter, whereas increase

for other MCC samples was in the range from 2 to

20%. Exceptions to this were the length of the MCC

crystallites made from birch sulphite pulp (a little

lower) and from flax cellulose (the crystallite width

was equal). The difference between the sulphite or

kraft cooked samples and MCC samples made from

these starting materials was not large, except in the

case of coniferous kraft pulp. The WAXS intensities

for coniferous kraft pulp, MCC made from it, birch

sulphite pulp and MCC made from it can be seen in

the Fig. 4.

The crystallinity of the MCC samples was 54–65%.

For the MCC samples made from sulphite pulp

samples the crystallinity did not change much com-

pared to the starting materials, but for coniferous kraft

cellulose the difference between crystallinity of the

pulp sample and the MCC sample was more than

10%-units. The highest crystallinity (65%) was deter-

mined for the MCC sample prepared from cotton.

Table 2 The dimensions B200;B110;B110 and B004 of cellulose

crystallites (nm) that were determined parallel and perpendi-

cular to the cellulose chain axes by using equatorial reflections

200, 110 and 110 and the meridional reflection 004

Sample Crystallinity

(%)

B200 B110 B110 B004

ASA12 spruce wood – 3.0 – – 35.0

ASA13 spruce wood – 3.0 – – 36.0

Birch sulphite pulp 52 4.3 4.7 4.3 23.3

MCC from

Birch sulphite pulp 54 4.6 5.0 4.3 21.9

Coniferous sulphite

pulp

58 4.4 4.6 4.4 26.3

MCC from

Coniferous sulphite

pulp

59 5.3 5.3 4.8 26.8

Coniferous kraft pulp 50 5.1 3.8 3.1 22.8

MCC from

Coniferous kraft pulp 63 5.7 5.4 4.6 27.3

MCC from

Poplar kraft pulp 60 4.8 4.5 5.4 19.8

MCC from

Aspen kraft pulp 63 5.1 4.6 5.7 –

Cotton linter (CL) – 7.1 4.7 6.3 17.7

MCC from CL 65 8.8 5.2 7.4 30.4

Flax fibre (FF) – 3.9 3.2 4.2 17.8

Cellulose from FF – 4.7 3.1 5.4 21.1

MCC from FF

cellulose

60 4.7 3.8 5.6 23.7

MCC ‘‘Avicel’’ 59 5.0 – – 24.9

B004 values for the spruce wood samples ASA12 and ASA13

are from Andersson (2007)
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SAXS results on the packing, cross sectional size

and shape of the microfibrils

The SAXS intensities of the spruce wood samples

showed features of the packing of the microfibrils, so

the SAXS intensities were analyzed using a model of

two-dimensional paracrystal (Eq. 6) as an interfer-

ence term. The microfibrils were modelled as infinite

long cylinders with circular cross-sections. The fitting

results for the samples ASA13 and ASA12 are given

in the Table 3: g1 and g2 are the order parameters,

and the mean distances between the microfibrils in

two directions are given in the corresponding order.

The values of the g-parameters were high indicating

that the packing of the microfibrils was not very well

ordered. The value of g parameter was higher in the

direction which corresponds to the larger mean

distance. The experimental and fitted SAXS intensi-

ties can be seen in the Fig. 5.

The SAXS intensities of all the other samples

could be interpreted in terms of scattering from

individual microfibrils. The SAXS intensity of birch

sulphite pulp was analyzed by a model where the

microfibrils were cylinders with elliptical cross-

sections with Gaussian size distribution. Also other

models were tried using rectangular and circular cross

sections. However, the results indicated that the

cross-section is very close to circular (Table 3).

Cylinders with circular cross-sections gave the

best fitting results also for the both pulp samples

from coniferous wood. The diameters are given in the

Table 3. These values are remarkably low compared

to the WAXS results (Table 2). The experimental

and fitted SAXS intensities for birch sulphite,

coniferous sulphite and kraft cellulose can be seen

in the Fig. 6.

The SAXS results of cotton linter were analyzed

using the model of cylinders with rectangular and

elliptical cross-section for the microfibrils. The

difference between the analytical curves calculated

using exactly same values for the fitting parameters

for these two models was quite small. So both of the

models gave the same results and it can be said that it

is impossible to distinguish between these two

models. The best fitting result was gained by

assuming a log-normal size distribution for the edges

of the rectangle or the semiaxes of the ellipse. Also

Gaussian size distribution was tested, but the fitting

results were not that good. The result for the edges/

semiaxes are given in the Table 3. The standard

deviation is significantly higher in the other direction,

which means, that in this direction the crystalline

region is not as well ordered as in the other.

The SAXS intensity of flax fibres was fitted best by

the model of cylinders with elliptical cross-sections

with Gaussian size distribution. The shape of the

cross section of the microfibril was very elongated

according to the results. The SAXS result of cellulose

from flax fibres was analyzed using the same model.

The cross section of the microfibril in the isolated

cellulose sample is a little bit smaller and closer to

circular shape than in pristine flax fibres.

Fig. 4 Curves top down:

WAXS intensities of

coniferous kraft cellulose,

MCC made from it, birch

sulphite cellulose and MCC

made from it
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SEM results on the morphological features

of the fibres

Figure 7 reveals the morphological changes between

the original flax fibres, cellulose made from flax

fibres and MCC made from flax cellulose. The

original flax fibres had a clear parallel orientation.

When pulp was made from these fibres, the fibres

formed bundles like the one shown in subfigure A2.

In the MCC sample the fibres were less rod-like and

less parallel with each other and the surface of the

fibres was degraded due to the acid treatment. This

can be seen also in the subfigures B1–B3, where

MCC from cotton linter, birch sulphite pulp and

poplar kraft pulp are presented.

Discussion

In this work nanometer scale structures of cellulose

microfibrils of the native starting materials, pulp and

MCC samples were characterized using X-ray

scattering methods and differences were found in

both sizes of cellulose crystallites and their packing.

Differences also in the morphology of the original

and modified samples in micrometer level were

observed using SEM. These results are discussed in

conjunction with the results of chemical studies

(Table 1) and previous Fourier transform infra-red

(FTIR) results for materials subjected to the same

chemical treatments as the studied samples (Petro-

pavlovsky et al. 1980; Kotelnikova et al. 1991;

Table 3 The results of the SAXS analysis

Sample Shape of microfibril Diameter of circle/axes of

ellipse/edges of rectangle (nm)

g1; g2 Mean distance (nm)

ASA 13 spruce wood Circular; 2d-paracryst. 2.6 0.5; 0.3 3.9; 3.5

ASA 12 spruce wood Circular; 2d-paracryst. 2.5 0.5; 0.4 4.2; 3.5

Birch sulphite pulp Elliptical 2.5 ± 0.3; 2.4 ± 0.3

Coniferous sulphite pulp Circular 2.5

Coniferous kraft pulp Circular 2.4

Cotton linter Rectangular 7.0 ± 0.8; 4.0 ± 1.8

Flax fibres (FF) Elliptical 3.8 ± 0.9; 2.1 ± 0.5

Cellulose from FF Elliptical 3.2 ± 0.5; 2.1 ± 0.3

If the Gaussian or log-normal size distribution was included in the fitted model, the standard deviation is given with the size of the

axes/edges. Mean distance could be given, if the interference term was used in the analysis

Fig. 5 Integrated SAXS intensities for Norway spruce wood

samples ASA12 and ASA13 with the fitting results. Both axes

are in logarithmic scale

Fig. 6 Integrated SAXS intensities for coniferous sulphite,

coniferous kraft and birch sulphite celluloses with the fitting

results. Both axes are in logarithmic scale

Cellulose (2009) 16:999–1015 1007

123



Petropavlovsky and Kotelnikova 1985; Kotelnikova

et al. 2000).

FTIR spectroscopy monitors the chemical compo-

sition of samples and agrees with the removal of

lignin during the chemical modifications. FTIR is

also sensitive to changes in the hydrogen bonding

network, which may happen e.g. during degradation

or recrystallization of the microfibrils. The FTIR

spectra of cellulose samples reveal the most intensive

bands in the ranges 800–1800 cm-1, 2850–

2940 cm-1 and 3000–3600 cm-1. The intensive

bands in the first part of spectra have maxima located

in the ranges 895–910 cm-1 (deformation vibrations

of C1–H and asymmetric stretching vibrations of

pyranose rings), 985–1200 cm-1 (stretching vibra-

tions of CO groups, asymmetric stretching vibrations

of pyranose rings and asymmetric stretching vibra-

tions of bridge C1–O–C4 bonds), 1370 cm-1

(stretching vibrations of C–H), and 1430 cm-1

(symmetric stretching vibrations of C–H2 groups)

(Krässig 1993). In the range 2800–2950 cm-1 there

are two bands with maxima at 2850 and 2900 cm-1,

which are attributed to stretching symmetric and

asymmetric vibrations of CH2 groups. The range

3000–3600 cm-1 is formed by superposition of

oscillations of OH-groups band, which are involved

Fig. 7 SEM graphs: (A1)

original flax fibres; (A2)

cellulose from flax fibres;

(A3) MCC from cellulose

from flax fibres; (B1) MCC

from cotton linter; (B2)

MCC from birch sulphite

pulp; (B3) MCC from

poplar kraft pulp. The

length of the scale bar is

10 lm in all the figures
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in intra- and intermolecular H-bonds in cellulose

chains. The range 3200–3300 cm-1 is assigned to

stretching vibrations of intermolecular H-bonds such

as O(6)H���O(3), and the range 3300–3600 cm-1 to

stretching vibrations of intramolecular H-bonds such

as O(3)H���O(6) and O(2)H���O(6) (Fengel 1993).

Wood samples

The width of the cellulose crystallites has been

determined to be between 2.5 and 3.4 nm (Andersson

et al. 2003, 2005; Jakob et al. 1995, 1996; Peura et al.

2007) for pine and spruce wood and 2.8 nm for Silver

birch wood (Peura et al. 2009). Thus, the WAXS result

for the spruce wood samples ASA12 and ASA13,

3.0 nm, corresponds well with the previous results for

wood. It also corresponds well with the number of the

cellulose chains originated in the biological cellulose

synthesis complex (one rosette generates 36 chains,

Doblin et al. 2002; Gomez et al. 2008).

Microfibrils consist of alternating crystalline and

amorphous regions and for the spruce wood samples

the length of the crystalline region was about 35 nm

(Andersson 2007). The crystallites were in wood

samples longer than in any other studied sample

(Table 2).

The diameter of crystalline regions in microfibrils

determined from SAXS data was slightly smaller than

the width of the crystallites determined by WAXS.

This difference of 0.4–0.5 nm is about the same as

the distance of hydrogen bonded sheets of cellulose

chains in a cellulose crystallite (Fig. 9). Thus,

according to WAXS an average crystallite contains

about eight parallel sheets of cellulose chains and

according to SAXS there are seven of those sheets in

the microfibril. SAXS detects the crystalline core of

the microfibril. If the diameter of the core varies,

SAXS gives an average diameter of the core. The

width of the diffraction peaks in the WAXS pattern

depends not only on the size of the crystallites and

instrumental effects, but also on the perfection of the

crystallites and possible strains in the crystallites.

Around the crystalline part of the microfibril there is

a layer of weakly ordered surface chains, part of

which are bound to hemicellulose. Lattice distortions

and amorphous regions follow from malfunctions of

the cellulose synthesis complex like termination of

chain formation. The smaller value of the diameter

can be caused by these lattice imperfections and

amorphous regions along the microfibril. In this point

of view, it can be said that WAXS result is the lowest

boundary for the size of the crystallite. But it is also

known that WAXS is the most sensitive for the large

well-ordered crystallites which give well defined

diffraction peaks, so in this point of view WAXS

result does not give the lowest boundary for the

average size of the crystallites.

The obtained value of 3.5–4.2 nm for the mean

distance between the microfibrils is reasonable com-

pared to the diameters of the microfibrils. It is lower

than the previous results for thermally modified pine

samples analyzed by Andersson et al. (2005), but in

the thermal modification the size of the crystallites

increased and changes occurred also in the amorphous

matrix, which can cause the difference between the

results.

Here a two dimensional paracrystal model was

used as the interference function. Wilke (1983) has

presented general lattice factor of the ideal paracrystal

and as a special case he calculated the case of a

monoclinic macrolattice. This model has been used in

studies of partially oriented polymers like polyethy-

lene (Fronk and Wilke 1985; Wilke and Bratrich

1991). In this work a simplified version of the general

lattice factor was found out to describe satisfactory the

packing of microfibrils in the studied spruce wood

samples. However, it should be noted that there exist

also other possible models. For example, Busson and

Doucet (1999) have calculated an analytical interfer-

ence function for two-dimensional hexagonal para-

crystals, which has been used in the analysis of keratin

fibres (Briki et al. 1998). According to Mu et al. the

size effect on the paracrystal diffraction has to be

considered in the case of natural paracrystals (Mu

1998), but in our analysis the paracrystalline structure

of the microfibrils was assumed to be infinite.

Wood pulp samples

The SAXS intensities of the pulp samples (Table 3)

showed no features connected to the packing of the

microfibrils and the interference function could be

omitted from the SAXS analysis. The SAXS results

indicated thus that the short range order between

microfibrils is not as good as in native wood. Lignin

is removed from the cell wall in the pulping process

which makes the packing of cellulose microfibrils

more irregular than in wood.
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The width of cellulose crystallites determined

from the reflection 200 in the WAXS pattern of the

kraft or sulphite cooked samples was larger than that

of wood samples: 4.3 and 4.4 nm for birch sulphite

and coniferous sulphite cellulose, respectively, and

5.1 nm for coniferous kraft cellulose. This can be

explained by the cooking process: when cellulose is

isolated from wood tissue by kraft or sulphite

cooking, hemicellulose and lignin are removed from

the cell wall and this allows the surface chains of

microfibrils to crystallize further. It is also possible

that there exist separate cellulose chains, which can

cling to the crystallites during the cooking process.

Also aggregation of the microfibrils in transverse

direction during the isolation of cellulose by cooking

process may occur. This has been proposed by

Ioelovich (Ioelovich 1992), who made a WAXS

study on native birch, pine and spruce wood samples

and kraft or sulphite cooked pulp from the corre-

sponding wood materials. His results for the average

crystallite width of the native spruce and pine were

3.4 and 3.3 nm, respectively, and for the sulphite

cooked spruce and pine 4.8 and 4.6 nm, respectively

(Ioelovich 1992). Our results indicate that on average

two crystallites have aggregated together during the

cooking process.

For the kraft or sulphite cooked samples the width

of the crystallites obtained by WAXS is larger than the

microfibril diameter obtained by SAXS. This differ-

ence could be due to partial deterioration of the

microfibril in the pulping process and points to the

thinner and thicker parts in the microfibril in the kraft

or sulphite cooked samples. According to Salmén

(2004) the structure of the three dimensional web of

the cellulose microfibrils and microfibril aggregates in

pulp is lenticular so that the microfibrils have undu-

lating behaviour. This could be a proper explanation

for the difference between WAXS and SAXS results,

because WAXS is more sensitive to the larger ordered

areas like contact zones in the web of microfibrils and

SAXS detects the sizes of the separate crystalline

microfibrils. Also Kato et al. (1999) have used this

kind of structural model, when they studied the wetting

and drying of the cellulose fibres.

According to the WAXS results the crystalline

regions of the microfibrils are longer in native wood

than in the kraft or sulphite cooked samples. The

decrease in length of the crystalline regions of

microfibrils during the cooking process can be

connected to the dramatic decrease of the DP (DP

values in the Table 1 compared to the DP value of

10,000 in native wood, Sjöström 1993). The intensive

chemical and physical treatments and high tempera-

ture during the pulping which is necessary for the

separation of cellulose from lignin reduces the

cellulose chain length. Probably also the decrease in

the length of the crystallites happens due to that.

Similar results have been obtained previously by

Peura et al. (2006). These authors noticed that kraft

cooking caused widening and shortening of the

cellulose crystallites compared to the sizes of the

crystallites in native wood samples.

According to previous studies, FTIR spectra of

cellulose from birch and kraft pulp from aspen and

poplar wood were similar (Petropavlovsky et al.

1980; Kotelnikova et al. 1991). The bands in the

range 3000–3600 cm-1 were symmetric and maxima

intensities were at 3380, 3400 and 3410 cm-1,

respectively. The maxima in the same range for

coniferous sulphite and kraft pulp were 3370, 3400

and 3420 cm-1. These bands were not as symmetric

as for birch, aspen and poplar pulp samples. All those

samples were well purified and free of lignin because

no bands assigned to lignin were found in the spectra.

Cotton linter and flax

Cotton linter was the purest sample among the

original samples: it had the highest content of

cellulose (98.5 mass%) and it contained 0.7 mass%

of lignin. Cotton linter and flax fibres had also the

highest DP values (Table 1). DP of flax fibres was

5600 and that of cotton linter was 2200.

According to the WAXS results of cotton an

average crystallite contains roughly two times the

number of the cellulose chains originated in the

biological cellulose synthesis complex (Fig. 8). The

crystallite size of flax fibres was smaller than that of

cotton linter but larger than in wood. The cellulose

content of cotton and flax was also much higher than

that of wood, thus chains produced by neighboring

rosettes may more easily mix in cotton and flax than

in wood.

SAXS intensities indicated irregular packing of

microfibrils in cotton and flax (Table 3), since no

interference term was needed in SAXS analysis. In

both cotton and flax the cross-sectional shape of the

microfibrils was elliptical. The values of the largest
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diameters of the cross sections obtained by SAXS

were close to the crystallite widths obtained by

WAXS for both samples. According to the SAXS

results of cotton the standard deviation is higher in one

direction, which means that the crystalline region is

not as well ordered in this direction. The figure of the

cross section of the crystallite (Fig. 8) explains this.

Elazzouzi-Hafraoui et al. (2008) have studied the

crystal structure of MCC made from cotton linter, and

they used in their analysis also log-normal size

distribution. According to our SAXS results, for

cellulose from flax fibres the diameter of the crystal-

line part of the microfibril was smaller than the

crystallite width by WAXS indicating that the thick-

ness of the crystalline core varies along the microfi-

bril. Astley et al. (2001) have made a SAXS study on

the structure of flax fibres and according to them the

cross-section of the microfibrils was 1.0 9 5.0 nm2.

The position of the maximum in the range 3000–

3600 cm-1 in FTIR spectrum of cotton linter was at

3430 cm-1, and for flax fibres at 3427 cm-1 (Kotel-

nikova et al. 2000). For cotton the band was

symmetric but for flax it was asymmetric and shifted

to higher frequencies. This means that major OH

groups in flax were included into intramolecular

bonds. The intensive band in the spectra of flax in the

range 1620–1750 cm-1 reflected the stretching vibra-

tions of carbonyl groups belonging to lignin, which

was contained in pristine flax (Table 1). Some of

those groups were conjugated with aromatic rings and

in this case the position was lower than 1700 cm-1.

After delignification and bleaching of flax fibres,

essential difference in the spectrum of cellulose from

flax could be observed compared to the spectrum of

pristine flax, i.e. the rearrangement of OH-groups

band, which was splitted into two bands with maxima

at 3285 and 3500 cm-1 (Kotelnikova et al. 2000).

The intensity of the second band was lower than that

of the first one. This indicated that cellulose from flax

exhibited on average different system of OH-bonds

compared to cotton and pulp samples. In flax

cellulose the share of intramolecular hydrogen bonds

had decreased and most of OH-groups were included

into intermolecular H-bonds. This, probably, indi-

cated that the intramolecular H-bonds in pristine flax

fibres were not as stable as the intermolecular ones

and they were mostly broken under delignification.

The other difference of flax cellulose compared to

flax fibres was that the bands in the range 1620–

1750 cm-1 disappeared due to the removal of lignin

during delignification.

MCC samples

All the MCC samples had high cellulose content:

they contained 97.5–99.8 mass% of cellulose and not

more than 0.6 mass% of lignin. The DP values of the

MCC samples varied from 150 to 275. The crystal-

linity of MCC samples was 54–65%, so the samples

had to include cellulose in amorphous form, which

indicates that the cellulose microfibrils did not

become single crystals. For both flax fibres and

cotton linter the length of the crystallites increased

and DP decreased considerably in the process of

making MCC. However, the length of the crystallites

remained shorter than the length of the polymer for

all the studied samples. Between cotton and cotton

MCC the increase in length was so significant, that

the length of the crystallites in original cotton linter is

explained rather by the lattice defects than by the

large amorphous parts between the crystallites. The

high cellulose content of cotton linter strengthens this

interpretation.

Being very porous, flax MCC had the highest

value of specific surface, 510 m2/g, compared to the

other MCC samples. This value is very high, which is

seldom met for cellulose samples, and taking into

account the powder morphology of MCC samples,

this sample can be prospective for application as a

sorbent. However, pristine flax fibres contained the

Fig. 8 A model for the cross section of the average crystalline

region of the microfibril in cotton linter and that of the

microfibril in cotton MCC
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lowest mass fraction of cellulose (78.5 mass%) and

the greatest mass fraction of lignin (7.8 mass%).

The crystallites were wider and longer in all the

MCC samples than in the original samples, except in

the case of birch sulphite cellulose. The changes in

the widths of the crystallites were from 6.5 to 24%, so

that the largest increase was observed in the case of

cotton linter. Figure 8 illustrates the change in the

cross section of the average crystalline region in a

microfibril of cotton linter when MCC from it was

prepared. In the Fig. 9 the same comparison is made

between birch wood, birch sulphite pulp and MCC

made from birch pulp.

The increase in the length of crystalline regions of

the microfibrils was from 2 to 72%. One glucose ring

is about 0.5 nm long so for MCC made from

coniferous sulphite cellulose the increase in length

of the crystalline region corresponds to one glucose

ring, in MCC made from coniferous kraft cellulose it

corresponds to nine rings, in MCC made from

cellulose from flax fibres it corresponds to five rings

(the increase between flax and cellulose from flax

being six rings), and in cotton linter it corresponds to

24 rings. In spite of the large increase, the length of

crystalline regions in MCC from cotton linter, 30 nm,

is still smaller than that of pristine wood, 35 nm. The

changes in the length of the microfibril in spruce

wood, kraft cooked coniferous cellulose and MCC

made from it are presented in the Fig. 10.

The result, that the dimensions of the crystallites

were larger in the MCC samples than in the starting

materials, can be explained by the preparation of

MCC. When making microcrystalline cellulose,

residual hemicellulose and lignin are furthermore

removed from the sample and this allows further

surface chains to crystallize and the mean crystallite

width to increase. The process conditions decrease DP

and increase the chain mobility which allows crystal-

lization also in the chain direction. DP is lowered

during hydrolysis because the glycosidic linkages,

which join the glucose monomers, are cleaved gen-

erating separate chain segments (Kato et al. 1999).

In the FTIR spectrum of cotton the band in the

range 3000–3600 cm-1 was symmetric and the

maximum was at 3430 cm-1, and in the spectrum

of cotton MCC the shape of the band became

asymmetric and the maximum was shifted to

3380 cm-1. Those facts were explained by removal

of a part of the OH groups included to intramolecular

bonds during hydrolysis. The FTIR spectrum of MCC

from flax cellulose included similar peculiarities as

the spectra of flax cellulose. The shape of the band in

the range 3000–3600 cm-1 was the same as for flax

cellulose and that band was also splitted to two bands

with the same maxima. The FTIR spectra of MCC

from birch cellulose, aspen and poplar pulp had

similar shapes with each others. The bands in the

range 3000–3600 cm-1 were symmetric and the

maxima were at 3370, 3380 and 3390 cm-1, respec-

tively. Those maxima were slightly shifted to the

lower frequencies compared to the corresponding

pulp samples which may be connected to the increase

of crystallite size and crystallinity (Table 2) during

the hydrolysis.

Conclusions

In wood the average width of the crystalline core of

the microfibrils agrees with the number of chains

produced by a single rosette allowing also surface

chains to be disordered. In cotton linter the size

matches better with the number of chains produced

Fig. 9 A model for the cross section of the average crystalline

region of the microfibril in birch wood (according to the results

of Peura et al. 2009), birch sulphite pulp and MCC
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by two rosettes. This difference is explained by the

smaller fractions of hemicellulose and lignin in

cotton linter than in wood cell wall. However, the

crystallites were considerably longer in wood with

rigid fibre structures than in cotton linter.

The results shown in this paper indicate that from

softwood or hardwood pulp, flax cellulose and cotton

linter, MCC with very similar nanostructures were

obtained. When making MCC from kraft or sulphite

cooked wood, cotton linter or flax cellulose, the

degree of polymerization decreased but the width and

length of crystalline regions of cellulose microfibrils

increased. This occurs via crystallization of the

surface chains and aggregation of neighboring micro-

fibrils. However, microfibrils did not become single

crystals since the crystallinity in MCC samples was

about 60%.
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