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Abstract
This paper presents the results of cellulose fibre extraction from plant biomass including: 
rape, hemp and flax straws. The selected materials were treated by thermal/mechanical/ 
chemical method in order to remove non-cellulosic components such as lignin, hemicellu-
lose, and pectin as well as to obtain cellulosic material with suitable structure and proper-
ties necessary for the manufacture of nanofibres. It has been shown that the use of multi-
stage chemical treatment using oxygen and peroxide compounds as delignifing agents for 
hemp and flax straws, allowed the safe removal of lignin and other non-cellulosic compo-
nents without degradation of the cellulose fibres obtained, while maintaining a polymeriza-
tion degree above 1000 units. It was found out that it is possible to obtain cellulose fibres 
from hemp and flax straws (type retted flax straw-fibre variety, flax straw-oil variety), which 
can be processed into cellulose micro-and nanofibres.

Key words: waste plant biomass, cellulose fibres, cleaning, delignification.

cations. Annual world production of ma-
jor cereals such as rice, wheat, soybeans, 
and corn amounts to 696, 653, 265 and  
840 million tonnes, respectively (FAO, 
2010) [12]. Even assuming that only 
about 10% of all products which are suit-
able for the production of fibres, and the 
yield of the process of about 20%, pos-
sibly up to 50 million tons per year of 
technical cellulose fibres can be obtained 
from only four of the above cereals.  
The use of biomass waste would also in-
crease the value of crops [13].

The cellulose fibres obtained from waste 
materials can be used in the preparation 
of micro-and nano- cellulose fibres, mi-
cro-and nanoparticles and nanowhiskers. 
The first reports on the isolation of cel-
lulose microfibrils date back to 1983 [14, 
15] with the starting material being wood 
cellulose (softwood). Current research 
relates, to a large extent, to non-wood 
raw materials, including: the preparation 
of nanofibres from wheat straw and soy-
bean hulls [16], the impact of delignifi-
cation on isolation of bamboo nanofibre 
[17], the use of steam explosion to obtain 
banana nanofibres [18] and the extraction 
of nanowhiskers from bagasse [19].

From the economic point of view it is 
preferable to produce fibres from locally 
available biomass waste in order to avoid 
high transport costs of the raw materials. 
Therefore, studies conducted in Poland 
should focus on the use of wheat, rye, 
barley, rape, flax and hemp straws. The 
straw harvest in Poland exceeds demand 
arising from animal production (fodder, 
bedding). The average cereal straw pro-
duction amounts to 29.3 million tonnes 
per year, with an average surplus of 
11.5 million tonnes [20]. All of the rape 

n Introduction
In recent years there has been a growing 
interest of various industries in renew-
able plant materials. The most commonly 
proposed method of biomass waste man-
agement is just its incineration as a re-
newable energy source. Yet, the biomass 
is also a valuable source of cellulose and, 
more precisely, cellulose fibres. At pre-
sent, over half of the 70 million tons of 
different fibres manufactured every year 
is derived from oil based materials [1]. 
Therefore, many efforts are made to re-
place at least a portion of synthetic fibres 
with cellulose fibres obtained from plant 
waste materials. Consumer awareness is 
still increasing, and more and more peo-
ple want to buy environmentally friendly 
products. Experts estimate that the com-
modities partially made from renewable 
resources will contribute to 10 percent of 
the total U.S. production in 2020 and up 
to 50 percent in 2050 [2]. The increased 
use of agricultural fibres is one of the 
ways to give consumers a wider choice 
of environmentally friendly products. 
Growing awareness of global deforesta-
tion also increases the demand for alter-
native raw materials for the manufacture 
of wood pulp and paper.

So far, various plants are used for the 
production of cellulose pulp, such as 
cotton, hemp, agave, flax, kapok, sisal, 
ramie and hemp. Current studies indicate 
the possibility to obtain natural cellulose 
fibres from wheat straw [3], rice straw 
[4], corn stalks and husk [5, 6] leaves 
and stalks of sorghum [7] pineapple 
leaves [8], banana leaves [9], sugar cane 
[10] and even nettle [11]. The obtained 
natural cellulose fibres may be used for 
textile, pulp and paper, as a component 
of composites and other industrial appli-

List of acronyms
TP  – sodium-peroxide method
TA  – sodium hydroxide method
AO – active oxygen
RS  – rape straw
WS  – wheat straw
CS  – corn straw
Rys  – rye straw
HS  – hemp straw
FSR  – retted flax straw-fibre variety
FOS  – flax straw-oil variety
CL  – carrot leaves
SS  – sunflower straw
BS  – bean straw
O  – oxygen delignification
D  – sodium chlorite delignification
Pa  – peracetic acid delignification
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straw can be processed as well as hay and 
the residues from the production of veg-
etables.

The aim of this study was to determine 
the chemical composition of biomass 
plant materials in terms of their suitabil-
ity to extract cellulose fibres. An attempt 
was made to develop methods of ther-
mal/mechanical/chemical processing, 
namely: fragmentation, swelling and di-
gesting, in order to separate the biomass 
components like lignin, hemicellulose, 
and pectin as well as to prepare a purified 
material for the production of cellulosic 
micro- and nanofibre structures.

n Materials and methods
Different types of biomass material such 
as: rape straw, wheat straw, rye straw, 
corn straw, bean straw, sunflower straw, 
hemp straw, retted flax straw-fibre va-
riety, flax straw-oil variety and carrot 
leaves were used in the study. The hemp 
straw and flax straw are the raw material 
after separation from bast fibres of hemp 
and flax plants. These materials were ob-
tained from the Agricultural University 
in Cracow under the Innovative Econo-
my Operational Programme Project No. 
01.01.02.-10-123/09 BIOMASS.

Purification of the non-cellulosic com-
ponents of biomass
Pre-steaming of the biomass material - 
the thermal treatment was performed in 
a revolving digester with a capacity of 
15 dm3. The sample (from 0.5 to 1 kg) 
of biomass was placed in a digester and 
steam-treated at 0.2 MPa. for 10 minutes.

Refining of the biomass material – pre-
steamed pulp was placed in a container 
with hot water and subjected to refining 
in a Sprout-Waldron mill at a gap width 
of 0.5, 0.2 and 0.1 mm.

Chemical treatment of the biomass 
material:
n sodium hydroxide/hydrogen peroxide 

digestion method (TP) was performed 
in a revolving digester with a capac-
ity of 15 dm3. The pulp sample af-
ter pre-steaming (from 0.5 to 0.7 kg 
as bone dry weight) was placed in a 
container and a cooking liquor was 
added at about 60 °C containing: 5% 
NaOH, 5.5% H2O2, 0.3% EDTA, 
0.5% MgSO4 and 5% liquid glass, per 
sample bone dry weight. The pulp was 
stirred for about 10 minutes. The liq-

After each step of chemical treatment 
the pulp sample was subjected to deter-
mining pH, residual H2O2, ClO2 and AO 
(according to the method of chemical 
treatment). The sample was washed until 
neutral pH and weighed.

The test methods described above are 
based on descriptions in the cited litera-
ture [21 - 23].

Evaluation of biomass samples before 
and after chemical treatment
The properties of initial biomass and 
biomass after chemical treatment were 
evaluated according to the following 
standards: 
n The contents of cellulose, holocel-

lulose, lignin, substances soluble in 
ethanol and mineral substances were 
determined according to Polish Stand-
ard PN-92/P-50092 - Raw materials 
for the paper industry. Wood. Chemi-
cal analysis.

n Alpha-cellulose content was deter-
mined according to Polish Standard 
PN-62/P-50099 -Paper Industry Prod-
ucts - Technical Tests - Determination 
of Alpha-cellulose in Special Pulps.

n The limiting viscosity number and 
the degree of polymerisation DP were 
determined in accordance with ISO 
5351:2010 Pulps - Determination of 
limiting viscosity number in cupri-
ethylenediamine (CED) solution.

n Pectin content was determined ac-
cording to the IFU MA26:1996 meth-
od - Determination of Pectin.

n Results and discussion
Study of the chemical composition of 
different types of plant biomass 
The analysis of chemical composition of 
plant biomass was performed in order to 
determine its usefulness for the isolation 
of cellulose fibres intended for conver-
sion into cellulose nanofibres (Table 1).

Among all studied materials, hemp 
straw, and flax straw were characterized 
by a favourable qualitative and quanti-
tative composition. The alpha-cellulose 
content was 60.09% for hemp straw and 
51.56% for retted flax straw-fibre variety. 
The lignin content in these two materi-
als was 12.36 and 18.16%, respectively 
(Table 1).

The organic substances content in hemp 
straw was 3.88% and in the retted flax 
straw-fibre variety it was 3.58%, which 

uor ratio was 4:1 (amount of liquor ra-
tio to biomass material). Next the pulp 
was placed in the digester and cooked 
at 110 °C for 60 minutes.

n sodium hydroxide digestion method 
(TA) was performed in a revolving di-
gester with a capacity of 15 dm3. The 
pulp sample after pre-steaming (from 
0.5 to 0.7 kg as bone dry weight) was 
placed in a container and a cooking 
liquor was added at about 60 °C con-
taining 7% NaOH, per sample bone 
dry weight. The pulp was stirred for 
about 10 minutes. The liquor ratio was 
4:1 (amount of liquor ratio to biomass 
material). Next the pulp was placed in 
the digester and cooked at 110 °C for 
60 minutes.

Oxygen delignification of the biomass 
material (O) - after pre-steaming, digest-
ing and centrifugation, the pulp sample 
(from 0.5 to 0.7 kg as bone dry weight) 
was added to distilled water at about 
60 °C (8% pulp consistency); next 2.5% 
NaOH and 0.5% MgSO4 (per sample 
bone dry weight) was added, mixed and 
placed in a revolving digester. Oxygen 
was added to obtain the initial pressure 
of 0.28 MPa. The pulp was digested at 
120 °C for 60 minutes.

Sodium chlorite delignification of the 
biomass material (D) - after pre-steam-
ing, digesting and oxygen delignification 
the pulp sample was centrifuged; next the 
pulp sample (from 0.2 to 0.5 kg, as bone 
dry weight) was added to distilled water 
at about 60 °C, and 14 g/dm3 NaClO2 and 
3 g/dm3 H2SO4 was added, and the pulp 
was placed in a laboratory thermostat 
at a temperature of 70 °C for 120 min. 
After sodium chlorite delignification an 
alkaline extraction step followed. Cen-
trifuged and weighed pulp was added to 
distilled water at about 60 °C, and 1% 
NaOH, per sample bone dry weight, was 
added; next pulp was placed in a labora-
tory thermostat at a temperature of 70 °C 
for 120 min.

Peracetic acid delignification of the bio-
mass material (Pa) - after pre-steaming, 
digesting and oxygen and sodium chlorite 
delignification the pulp sample (from 0.2 
to 0.5 kg, as bone dry weight) was added 
to distilled water at about 60 °C; next 2% 
CH3COOOH based on active oxygen 
(AO) and 0.5% MgSO4 (per sample bone 
dry weight) was added and placed in a 
laboratory thermostat at a temperature of 
80 °C for 120 min.
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was lower in comparison with the other 
raw materials by 2 to 6 percentage units, 
on average (Table 1).

The chemical composition of hemp straw 
and retted flax straw-fibre variety was 
similar to wood since the average cellu-
lose content in wood is 40 - 44%, lignin 
in softwood is 28% and in hardwood 
21%, organic matter is 2 - 5%, and min-
erals matter is 0.5% [24]. High cellulose 
content and low content of lignin as well 
as organic and inorganic substances in-
dicate the suitability of biomass for the 
production of cellulose fibres. 

The other raw materials studied had 
worse properties in comparison with 
hemp and flax straws. Significant amount 
of organic substances soluble in ethyl al-
cohol, exceeding 7% in the case of, for 
example, bean straw, sunflower stems 
and carrot leaves, hinders thorough pu-
rification of biomass using sodium hy-
droxide or sodium hydroxide/hydrogen 
peroxide methods. The presence of these 
substances inhibits the delignification 
process as a result of their condensation 
reactions with lignin, which make lignin 
difficult to remove from plant biomass.
 
The analysed straws also contained sig-
nificant amounts of mineral substances 
(mainly silica), at least six times higher 
than wood, which is typical for all annual 
plants. Such raw material is less suscepti-
ble to loosening and swelling of the fibre 
structure.

Study on purification and isolation of 
cellulose fibres from biomass samples
Purification of plant biomass from non-
cellulosic components was performed 
using two methods: with sodium hydrox-
ide/hydrogen peroxide (TP) and sodium 
hydroxide (TA). Initially, plant biomass 
was subjected to steaming and grinding. 
Mechanical treatment and the steaming 

process modifies the structure of fibres, 
by an internal fibrillation (loosening of 
fibre structure by breaking the hydro-
gen bonds between the hydroxyl groups 
of cellulose chains) and also by external 
fibrillation, i.e. loosening the bonds be-
tween fibrils located on the fibre surface. 
Through the grinding process, cellulose 
fibres of a uniform structure can be ob-
tained. Using chemical treatment of plant 
materials we attempted to compare the 

purifying and delignification effects with 
selected methods like sodium hydroxide/
hydrogen peroxide and sodium hydrox-
ide methods.

The aim of chemical treatment was to 
obtain pulp containing only the so-called 
residual lignin, while maintaining the 
alpha-cellulose content above 60%. For 
chemically treated hemp straw (HS), ret-
ted flax straw-fibre variety (FSR) and 

Table 1. The chemical composition of different types of biomass.

Starting raw material Holocellulose, 
%

Alfa-cellulose, 
%

Lignin content, 
%

Soluble substances in 
ethanol, %

Mineral 
substances, % Pectin, %

Rape straw (RS) 73.06 40.85 19.00 3.28 4.49 6.32
Wheat straw (WS) 79.12 40.80 22.45 4.15 5.65 0.53
Corn straw (CS) 70.88 38.83 19.95 5.70 5.84 1.42
Rye straw (RyS) 78.14 45.07 21.65 4.79 4.94 0.83
Hemp straw (HS) 83.92 60.09 12.36 3.88 3.16 0.50
Retted flax straw-fibre variety (FSR) 77.61 51.56 18.16 3.58 2.55 2.56
Flax straw-oil variety (FOS) 70.12 41.86 22.90 7.00 4.50 4.47
Carrot leaves (CL) 52.89 31.58 18.51 10.34 15.21 1.88
Sunflower straw (SS) 71.85 40.41 19.45 8.80 7.31 4.75
Bean straw (BS) 59.52 40.20 18.13 7.93 10.57 11.02

Figure 1. Evaluation of lignin content after chemical treatment by sodium hydroxide/hydro-
gen peroxide (TP) and sodium hydroxide (TA) methods.

Figure 2. Yield of purification process after chemical treatment by sodium hydroxide/hy-
drogen peroxide (TP) and sodium hydroxide(TA) methods.
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flax straw-oil variety (FOS), the alpha-
cellulose and lignin contents obtained 
and yield show that the TP method was a 
more effective treatment method of bio-
mass than the TA method. In the case of 
the sodium hydroxide/hydrogen perox-
ide method a decrease in lignin content 
was observed: from 12.36% to 10.19% 
for HS sample, from 22.9% to 9.08% for 
FOS sample and from 18.16% to 13.29% 
for FSR sample, without much loss of 
yield (compared with the initial biomass) 
(Figure 1, 2 see page 169). The pulps ob-
tained from flax, hemp and rape straws 
were also characterized by high alpha-
cellulose content, which increased above 
70% (Figure 3). However, it should be 
noted that the purification degree de-
pends mainly on the biomass type.

The pulps obtained from rye straw (RyS) 
and wheat straw (WS) were only appar-
ently delignified, since the lignin content 
in the pulp decreased only 3 percentage 
points, without major changes in the 

alpha-cellulose content. The amount of 
alpha-cellulose in WS and RyS samples 
did not exceed the level of 50% and in-
creased about 6 percentage units on av-
erage compared to the initial value (Fig-
ure 1). The low level of alpha-cellulose 
content indicates that the cellulose struc-
ture might be damaged. Additionally, it 
was observed that those pulps contained 
significant amounts of non-digested 
straw material.

The TP method treatment was more ef-
fective compared to the TA method be-
cause in the TP method a higher degree of 
lignin removal, and an increase in alpha-
cellulose content was obtained. In the 
case of biomass treated using the sodium 
hydroxide method a tendency of fibre fi-
brillation was not observed, probably be-
cause the process of removing lignin and 
other non-cellulosic components was not 
very effective. In the pulps obtained from 
hemp straw or flax straw only a slow fi-
bre fibrillation process was observed. 

Incomplete removal of lignin from the 
biomass implies the necessity for further 
purification stages, which should be car-
ried out in such a way that the cellulose 
structure is not damaged.

Study of the multi-stage chemical 
treatment
The use of different types of chemical 
treatment of biomass has shown that it 
is possible to partially remove the non-
cellulosic components, such as lignin, 
pectin, organic and inorganic substances. 
Complete purification of plant biomass 
is possible by using the so-called “ex-
tended” multi-stage delignification. It is 
possible to remove lignin and other non-
cellulosic components, through, for ex-
ample, more extreme conditions of delig-
nification; however, it may affect the cel-
lulose structure and result in a decrease in 
the process yield. In order to prevent this, 
and to obtain “pure” cellulose fibres from 
plant biomass, a slow multi-stage treat-
ment was applied, which protects cellu-
lose fibre from excessive degradation.

The biomass types, which showed a ten-
dency to the fibrillation of fibres, like 
hemp straw (HS), retted flax straw-fibre 
variety (FSR) and flax straw-oil vari-
ety (FOS) were used for the multi-stage 
delignification process (Figure 4). Tak-
ing advantage of the susceptibility of 
these materials to the action of oxidizing 
agents (hydrogen peroxide) under alka-
line conditions, as the first step of treat-
ment, the sodium hydroxide/hydrogen 
peroxide method TP was used. The sec-
ond step was delignification with oxygen 
(O). Oxygen is an effective and selective 
delignification agent operating in a phe-
nylpropane unit of lignin, which leads to 
the formation of organic and inorganic 
peroxy compounds. Lignin reacting with 
oxygen in alkaline medium is oxidized 
and degraded, and as a result, becomes 
soluble in alkaline solutions and is thus 
easily removable from the pulp. Sodium 
chlorite and peracetic acid have a similar 
effect on lignin, and therefore the next 
delignification steps were carried out 
with the use of two-step sodium chlorite 
treatment (D1 and D2) and peracetic acid 
(Pa) treatment.

As a result of multi-stage treatment, hemp 
straw (HS) and retted flax straw-fibre va-
riety (FSR) pulps with a low amount of 
residual lignin, 0.45% and 0.86%, were 
obtained, while increasing alpha-cellu-
lose content to 85.5% for the HS sample 

Figure 3. Evaluation of alpha-cellulose content after chemical treatment by sodium hy-
droxide/hydrogen peroxide (TP) and sodium hydroxide (TA) methods.

Figure 4. Scheme of multi-stage treatment of plant biomass. 
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and 79.78% for the FSR sample and final 
yield (compared with the starting mate-
rial) above 50% (Table 2).

Hemp straw proved to be the most sus-
ceptible to multi-stage treatment with ox-
ygen and peroxy delignification agents. 
The high polymerization degree, above 
1200 units, (Table 2) is an indicator of the 
high quality of the pulp obtained, which 
also was characterized by the presence of 
long fibres with a tendency to form fibrils 
on their ends.

Multi-stage delignification also was ap-
plied to the retted flax straw-fibre vari-
ety (FSR). After chemical treatment with 
oxygen (O) and two-step treatment with 
sodium chlorite (D), the residue lignin 
was 2.72%, and the yield 62.87%. To im-
prove the purification degree of pulp (to 
further remove lignin), an additional step 
- selective delignification with peracetic 
acid (Pa) - was introduced. As a result 
of this treatment, lignin content was re-
duced to 0.86% and the polymerization 
degree was 1106 units (Table 2). The cel-
lulose obtained fibres showed a tendency 
for swelling with simultaneous loosening 
of their structure, and finally, for the pro-
gressive fibrillation.

Breaking lignin-carbohydrate binding 
proved to be more difficult for the flax 
straw-oil variety compared with the 
hemp straw or retted flax straw-fibre 
variety. After multi-stage purification 
of biomass, pulp with lignin content of 
2.09% was obtained, while decreasing 
the yield to 52.15%. Multi-stage treat-
ment can lead to degradation of the cellu-
lose structure as alpha-cellulose content 
decreased to 65.22%, despite a relatively 
high polymerization degree of 1025 units 
(Table 2).

In the case of hemp and flax straws, the 
application of a multi-stage delignifica-
tion process with oxygen and peroxide 
agents enabled  effective purification 
from lignin and non-cellulose compo-
nents without degradation of the cel-
lulose fibres obtained, which showed a 
tendency for creating fibrils. This can 
significantly facilitate further processing 
of pulp into micro and nanofibres.

n Summary and conclusions
1. The analyses of the chemical compo-

sition of plants biomass (in particular, 
lignin, mineral and organic content), 

have shown that the most suitable raw 
materials for obtaining cellulose fibres 
are: hemp straw, retted flax straw-fibre 
variety and flax straw-oil variety.

2. The application of the sodium hy-
droxide/hydrogen peroxide method TP 
(compared with the sodium hydroxide 
method TA) facilitated the purification 
of plant materials from non-cellulosic 
components. The amount of lignin 
removed (method TP) was 34%, on 
average, with an increase in alpha-cel-
lulose above 70%. This was especially 
evident in the case of hemp and flax 
straws.

3. The use of multi-stage treatment of 
biomass plant with oxygen and per-
oxide delignification agents allowed 
to safely remove lignin and other non-
cellulosic components, without degra-
dation of the cellulose fibres obtained, 
as evidenced by a high polymerization 
degree exceeding 1000 units.

The study results justify the appropriate 
use of multi-stage chemical treatment 
which enables purification of selected 
types of biomass from non-cellulose sub-
stance and yields raw material suitable 
for the production of micro- and nano 
fibres.
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INSTITUTE OF BIOPOLYMERS  
AND CHEMICAL FIBRES

LABORATORY OF PAPER QUALITY

Since 02.07.1996 the Laboratory has had the accreditation 
certificate of the Polish Centre for Accreditation  
No AB 065. 

The accreditation includes tests of more than 70 proper-
ties and factors carried out for:
n	pulps
n tissue, paper & board, 
n cores,
n transport packaging,
n auxiliary agents, waste, wastewater and process water in 

the pulp and paper industry.

The Laboratory offers services within the scope of testing the following: 
raw -materials, intermediate  and final paper products, as well as training 
activities.

Properties tested:
n general (dimensions, squareness, grammage, thickness, fibre furnish 

analysis, etc.),
n	chemical (pH, ash content, formaldehyde, metals, kappa number, etc.),
n surface (smoothness, roughness, degree of dusting, sizing and picking of 

a surface),
n absorption, permeability (air permeability, grease permeability, water 

absorption, oil absorption) and deformation,
n optical (brightness ISO, whitness CIE, opacity, colour),
n tensile, bursting, tearing, and bending strength, etc.,
n compression strength of corrugated containers, vertical impact testing by 

dropping, horizontal impact testing, vibration testing, testing corrugated 
containers for signs „B” and „UN”.

The equipment consists:
n	micrometers (thickness), tensile testing machines (Alwetron), Mullens 

(bursting strength), Elmendorf (tearing resistance), Bekk, Bendtsen, PPS 
(smoothness/roughness), Gurley, Bendtsen, Schopper (air permeance), 
Cobb (water absorptiveness), etc.,

n crush tester (RCT, CMT, CCT, ECT, FCT), SCT, Taber and 
Lorentzen&Wettre (bending 2-point method) Lorentzen&Wettre (bend-
ing 4-point metod and stiffness rezonanse method), Scott-Bond (internal 
bond strength), etc.,

n IGT (printing properties) and L&W Elrepho (optical properties), ect.,
n power-driven press, fall apparatus, incline plane tester, vibration table 

(specialized equipment for testing strength transport packages),
n atomic absorption spectrmeter for the determination of trace element 

content, pH-meter, spectrophotometer UV-Vis.
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