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ABSTRACT e Wood is still the most widely used raw material for pulp and paper production in the world.
However, due to the necessity to supply the paper industry with raw materials used in the extraction of cellulose
fibres and the overexploitation of forests, new sources of primary pulp fibres had to be identified. The aim of this
research is to highlight the important features of cereal crop residues and their utilization in the paper industry.
As the chemical composition of plant materials is one of the most important indicators of how such materials can
be used in paper production, the analysis of the chemical composition of straw with the highest grain production
was performed. The straw, as a harvesting residue, is a fibre resource available from the annually renewable crops,
produced abundantly in numerous regions all over the world. For the purpose of the research, wheat, triticale and
barley straw were selected for the analysis. The analysis of carbohydrate, lignin and extraneous material (organic
extractives and inorganic minerals) was performed in order to obtain the straw chemical composition. Based
on the results of the chemical composition of all analysed straw, it was confirmed that straw, as an agricultural
by-product, is rich in cellulosic fibres and, therefore, a valuable raw material for the paper industry. Out of all
analysed straw, based on the results of their chemical composition, triticale straw is considered potentially the best
source of alternative cellulose fibres.

Key words: straw, wheat, barley, triticale, chemical composition

SAZETAK ¢ Drvo je jos uvijek najceséa sirovina za proizvodnju celuloze i papira u svijetu. Medutim, s obzirom na
kolicinu sirovine za izdvajanje celuloznih viakanaca potrebnih papirnoj industriji te na prekomjernu eksploataciju
Suma, nuzno je pronaci nove izvore primarnih celuloznih viakanca. Cilj ovog istrazivanja bio je istaknuti vaznost
slame koja je kao poljoprivredni ostatak prikladna sirovina za industriju papira. Kako je kemijski sastav biljnog
materijala jedan od najvaznijih razloga njegove upotrebe u proizvodnji papira, odreden je kemijski sastav slame
Zitarica s najvecim doprinosom zrna. Slama, kao ostatak nakon Zetve, godisnje je obnovljiv izvor viakanaca te je
u mnogim regijama diljem svijeta dostupna u izobilju. Za ovo je istrazivanje izabrana slama psenice, pSenoraZzi i
jecma. Obavijena je kvantitativna analiza ugljikohidrata, lignina i ekstraktivnih tvari (organski ekstrakti i anor-
ganski minerali) kako bi se odredio kemijski sastav slame Zitarica. Na temelju kemijskog sastava svih analiziranih
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slama potvrdeno je kako je slama kao poljoprivredni nusproizvod bogat izvor celuloznih viakanaca, a time i vri-
Jedna sirovina za industriju papira. Od svih analiziranih uzoraka slama pSenorazi svojim se kemijskim sastavom
nametnula kao najveci potencijalni izvor alternativnih celuloznih vlakanaca.

Kljucéne rijeci: slama, pSenica, jecam, pSenoraz, kemijski sastav

1 INTRODUCTION
1. UVOD

Cellulose fibres are a valuable raw material for the
paper industry, which has been, in recent years, still one
of the fastest growing industries (De Galembert, 2003;
Valois et al., 2012). The availability of conventional and
forest-based raw materials used in fibre isolation be-
came limited due to the increasing demand for pulp and
paper products. According to their origin, fibres can be
divided into natural cellulose fibres and man-made (syn-
thetic) ones. Since synthetic fibres are completely man
made, the length of these fibres is also fully controlled
by man (Lainio, 2010). Natural fibres are abundantly
present in plants such as wood, grass, reeds, stalks and
straw and the length of these fibres is an inherent limita-
tion defined by the natural material they originate from.
Wood has been the most widely used raw material for
pulp and paper production in the world. As the demand
for paper products is increasingly growing, identifying
alternative sources of virgin cellulose fibres is of great
importance, considering that different types of conifer-
ous and deciduous trees became insufficient raw mate-
rial for the paper production.

In recent years, non-wood fibres have been con-
sidered as a potential source of papermaking raw mate-
rial. Non-wood fibres, as agricultural residues and an-
nual plants, are low-cost raw materials and, therefore,
interesting as sources of alternative fibres to wood cel-
lulose fibres (Sirdach, 2010). The benefit of non-wood
plants as fibre sources, with straw being a by—product
in the process, is their fast annual growth. Therefore,
these non-wood plants, and their straw, represent an
annually renewable fibre resource available in abun-
dant quantities in many regions all over the world.
Nowadays, countries with a high use of agro residue
based fibres are India and China (Jahan et al., 2009;
Leponiemi, 2008; Chandra, 1998). In European coun-
tries such as Italy, Germany, France, Spain, Greece,
Hungary and Croatia, agricultural production is rela-
tively high due to the adequate climate (Youngquist et
al., 1996). These crop species may be an alternative to
hardwoods used in paper and paper products (Kamoga
et al., 2013). The utilization of these residues is of
great importance considering that they are burned or
ploughed back into the ground.

Namely, straw as a non-wood raw material is de-
fined as part lignin, part carbohydrate and part extrane-
ous material. Just like in wood materials, straw con-
tains carbohydrate and lignin as two major complex
and polymeric chemical components. Lower amounts
of extraneous materials, mostly in the form of organic
extractives and inorganic minerals (ash), are present in
straw as well. It is known that all non-wood materials,
if compared against wood materials, consist of the
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same or lower lignin content. On the other hand, they
have in general higher nutrient and silicon content
(Hunter, 1988). As cereals are annual plants, their
chemical composition is considerably more variable
than the chemical composition of wood species. Chem-
ical composition varies not only based on the type and
cultivar of cereals but also in respect to the geographic
location of cereals, climate and soil conditions (Han,
1998). The proportion of cellulose, hemicelluloses, and
lignin in agricultural residue is an important criterion
when determining both, its suitability as an economi-
cally sustainable raw material and the optimum path-
way of its conversion for paper industry. Large quanti-
ties of cellulose do not necessarily mean that fibres are
appropriate for further processing in paper industry;
they are, however, the first of many criteria in the se-
lection of raw materials for further processing.

Numerous researches conducted on a global scale
are focused on identifying alternative non-wood raw
materials as a source of cellulose fibres. Some types of
non-wood fibres have been are already used in some pa-
per grade productions, although the paper quality varies
based on the source of the fibres. Wheat straw is consid-
ered to be one of the most important agricultural resi-
dues based on the reported results. Namely, agro-based
fibres are mostly used in the packaging and corrugated
cardboard (liner and fluting papers) production (Akbari
et al.,2012). It would be beneficial to create the accurate
inventory of non-wood fibre sources. The currently ac-
cessible data are still incomplete information on availa-
bility, suitability, sustainability, storage and cost of agri-
cultural residues. Markets will not be fully open to
agricultural fibre sources until the aforementioned data
has been properly collected, analysed and applied (Row-
el et al., 1998). This research focuses on the chemical
composition of wheat, barley and triticale straw as one
of the most important indicators of the straw usage in
paper production.

2 MATERIALS AND METHODS
2. METODE | MATERIJALI

2.1 Straw samples
2.1. Uzorci slame

The straw used in this research was wheat (lat.
Triticum), barley (lat. Hordeum vulgare L.) and triti-
cale (lat. Triticale sp.) crop residues obtained from the
continental Croatian fields (Table 1). Namely, cereals
chosen for this research provided the highest yield,
measured as kilograms per hectare of harvested land,
and, consequently, the highest quantity of straw as a
harvesting by-product. All used straws are crop resi-
dues from winter varieties (cereal sown in October
2011 and harvested in July 2012). Wheat and barley are
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Table 1 Harvested area, yield per hectare and production of crops in year 2011 in Croatia (Croatian Bureau of Statistics)
Tablica 1. Poznjevena povrSina, prinos zitarica po hektaru i proizvodnja zrnja u 2011. godini u Hrvatskoj (Hrvatski zavod za

statistiku)

(erreal Harvested area, ha Production, t Yield per hectare, t
Zitarica Poznjevena povrsina, ha Proizvodnja, t Prinos po hektaru, t
Wheat / psenica 149 797 782 499 5.20

Maize / kukuruz 305 130 1733 664 5.70

Barley / jecam 48 318 193 961 4.00

Rye / raz 871 2949 3.40

Oat / zob 25 344 77223 3.00
Triticale / psenoraz 9951 35149 3.50

ancient agricultural crops, but triticale (hybrid species
of wheat and rye) is a relatively new cereal, the use of
which has been gradually increasing in agricultural
production.

A week after the harvest season, the collected
straws were thoroughly washed to remove any extrane-
ous impurities and dried before use. Straw as a residue
of wheat, barley and triticale crops was prepared for
the analysis of chemical composition in such a way
that stalks (nods and internodes) of each straw were cut
into small pieces with a razor blade. Pieces of stalk, 1
cm long, were small enough for grounding in an ana-
lytical mill IKA A10. The material was then placed in a
shaker with sieves in order to pass through a mesh
sieve of 0.5 mm. However, the mesh sieve was retained
on 0.25 mm. These samples were analysed using plant
analysis reference procedures by ICP-MS method for
elemental analysis and TAPPI standards for organic
and inorganic compounds.

2.2 Chemical characterization
2.2. Kemijska svojstva

Chemical composition of wheat, barley and triti-
cale straw was determined by applying standard isola-
tion methods for major plant chemical components

Sample
uzorak

Combuston at 525 °C
gorenje pri 525 °C

Ash
pepeo

tretiranje s 72 % H,SO,

Extraction with C,H,OH-C
ekstrakcija s C,H.OH-C H, 1:1

(Fig. 1). Organic (cellulose, a-cellulose, lignin, solvent
extractives, moisture) and inorganic compounds were
determined according to TAPPI standards.

2.2.1 Determination of ash (w__,)
2.2.1. Odredivanje koli¢ine pepela (W)

A sample was ignited in a muffle furnace at 525 °C
and burnt for 3 hours (TAPPI T211 om-12). For the pur-
pose of ash calculation, a separate sample was analysed
for the percentage of moisture by Sartorius moisture
analyser. Ash content was calculated as follows:

Wy = (F2)-100 (M
mu
Where:
m, — weight of moisture-free sample before ignition, g
m, — weight of sample after ignition, g
m_ — oven-dry weight of sample, g.

2.2.2 Solvent extractives (w)
2.2.2. Topljive ekstraktivne tvarr (w,)

A weight chopped sample was extracted with a
mixture of benzene—ethanol (C.H, — C,H,0H) solvent

in a ratio of 1:1 for 8 hours in Soxhlet apparatus. The
material, extracted in a round bottom flask, was dried

Solvent extractives
topljive ekstraktivne tvari

H, 1:1

66

v

Extracted sample
ekstrahirani uzorak

ITreatment with 72 % H,SO ALTretment with HNO,-C,H,OH, 1:4

tretiranje s HNOJ-CZHiOH, 1:4¢

Klasons lignin
klason lignin

Cellulose
celuloza

I
Treatment with NaOH, CH,COOH
tretiranje s NaOH, CH;COOH

a-Cellulose
a-celuloza

Figure 1 Schematic view of isolation methods for straw chemical characterization
Slika 1. Shematski prikaz izolacijskih metoda za odredivanje kemijskog sastava slame
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in an oven at the temperature of 80°C to constant
weight (TAPPI T204 c¢cm-07). The extracted content
was calculated as follows:

m, —m

)-100 )

Wsg =(
m

u

Where:

m, — oven-dry weight of flask, g

m, — oven-dry weight of extract in flask, g
m_ — oven-dry weight of sample, g

2.2.3 Klasons lignin (w, . )
2.2.3. Klason lignin (w,,,)
The extracted sample, prior to being cooked in
distilled water for 4 hours, had been pre-treated by 72
% sulphuric acid (H,SO,) for 2.5 hours. The solid resi-
due lignin was obtained by filtration and drying in an
oven at the temperature of 105 °C to constant weight
(TAPPI T222 om-11). The Klason lignin content was
calculated as follows:
= (u) 100 3)

u

Wiignin
Where:
m, — oven-dry weight of filter paper, g
m, — oven-dry weight of filtrated lignin + weight of
filter paper, g
m_ — oven-dry weight of sample, g

2.2.4 Cellulose (w, )

2.2.4. Celuloza (chu::zl):Dse

Kiischner—Hoffer method was used for the deter-
mination of cellulose. The extracted sample was
cooked in a mixture of nitric acid-ethanol (HNO, —
C,H,OH with a ratio of 1:4) in a hot water bath at the
temperature of 100°C. Solid/liquid ratio was 1:25.
Cooking was done through four extraction cycles until
the sludge became completely bleached. Its filtration
and drying in an oven at the temperature of 105°C to
constant weight provided Kiischner—Hoffer cellulose,
which was calculated as follows:

W =™ 100 4)

cellulose — (
u

Where:

m, — oven-dry weight of filter paper funnel, g

m, — oven-dry weight of funnel + extracted cellulose, g
m_ — oven-dry weight of sample, g

se)

2.2.5 a-Cellulose (w__..
2.2.5. a-celuloza (Wq-ceuumse')o
Cellulose extracted from a sample had been ob-
tained through several consecutive extractions with
17.5 % sodium hydroxide (NaOH) solution at 25 °C

Table 2 Chemical composition of analysed straw
Tablica 2. Kemijski sastav analizirane slame

and then neutralized with 10 % acetic acid solution
(CH,COOH) (TAPPI T203 cm-09). The a-cellulose, as
an insoluble fraction, was isolated by filtration and dry-
ing in an oven at the temperature of 105 °C to constant
weight. The a-cellulose content was calculated as fol-

lows:
4

w — (mafccllulosc -10 ) (5)
a—cellulose — 7™ o
" mcellulose S
S =100 - Wmoislure (6)
Where:
M, iese— WEIght Of 0-cellulose, g
M0 — Weight of cellulose, g

S — weight of moisture-free cellulose sample.

2.3 Inductively coupled plasma - mass
spectrometry (ICP-MS)
2.3. Spektrometrijska (ICP-MS) masena analiza

The element analysis was performed by applying
ICP-MS method. All samples were converted into so-
lution using wet ashing method for organic matter de-
struction (Campbell ef al., 1992; Donohue et al., 1992).
This method enabled the detection of macro elements
(potassium (K), calcium (Ca), magnesium (Mg), phos-
phorus (P)), microelements (boron (B), iron (Fe), cop-
per (Cu), manganese (Mn), molybdenum (Mo), zinc
(Zn)) and metals/metalloids (aluminium (Al), barium
(Ba), bismuth (Bi), cadmium (Cd), cobalt (Co), chro-
mium (Cr), mercury (Hg), nickel (Ni), lead (Pb), sili-
con (Si), vanadium (V)).

3 RESULTS
3. REZULTATI

The chemical composition of straw determined
by standard isolation methods is presented in Table 2.

Plant nutrients (macro elements, microelements,
metal and metalloids) and ash composition of straw are
strongly affected by the type of soil and climate condi-
tions during the growth phase of plant. Table 3 presents
the results of ICP-MS analysis of the studied straw.

4 DISCUSSION
4. RASPRAVA

The aim of this research was to validate three
types of agricultural residues: wheat, barley and triti-
cale as a potential source of raw material in papermak-
ing. Chemical composition of raw materials is the first
indication of the possibility of their use in the process
of cellulose fibre isolation. From the paper industry’s

w, % Wheat / PSenica Barley / Jecam Triticale / PSenoraz
Moisture / Sadrzaj vode 6.94 +0.97 6.62+0.70 7.73 £ 0.82
Ash 525 °C / Pepeo 9.27+0.33 7.14+£0.14 5.27+0.16
Solvent extractives / Topljive ekstraktivne tvari 3.00 +0.57 2.61 £0.28 3.02+0.42
Klason lignin / Klason lignin 24.66 £ 1.63 21.71 £1.17 12.59 +£1.77
Kiischner—Hoffer cellulose / Celuloza 48.28 +1.01 45.89+0.72 52.88 +0.49
a-cellulose / a-cellulose 31.47 37.97 44.22
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Table 3 Nutrients in analysed straw
Tablica 3. Elementi sadrzani u analiziranoj slami

. Wheat Barley Triticale
Nutrient . . . .
Element Psenica Jecam Psenoraz

mg/kg

K 10340.50 5014.50 13975.50
Ca 3300.00 3627.50 2769.00
Mg 1051.00 656.50 897.50
P 595.00 1303.00 479.50
Zn 53.69 181.39 22.78
Fe 47.04 101.68 36.52
Mn 30.74 1.43 72.97
Cu 3.78 90.88 8.14
B 3.55 101.67 0.00
Mo 0.99 0.40 0.05
Al 193.24 160.53 31.80
Bi 117.62 149.41 201.72
Si 71.08 147.98 7.74
Ba 42.01 2.81 53.03
Cr 3.68 12.62 2.66
Pb 1.76 26.63 2.91
Ni 1.57 4.77 2.37
Cd 0.15 0.55 0.11
Co 0.03 0.12 0.03
\% 0.00 65.95 0.81
Hg 0.00 0.00 0.00

perspective, it is preferred that the plant material con-
tains cellulose in the highest share possible and that the
minimum share of other accompanying non-cellulose
components is kept to a minimum.

Chemical characteristics of the straw as a raw
material for cellulose fibres are important for produc-
ing pulp of high chemical purity and high a-cellulose
content. The amounts of cellulose (especially
a-cellulose) and lignin content in the selected raw ma-
terials are the most important indicators of use of raw
materials in paper production. In general, the higher
the lignin content, the lower is the cellulose content
(Han, 1998). It is known that the content of organic and
inorganic components depends not only on plant spe-
cies, but also on botanical classification, stalk height,
farming conditions such as climate, soil and human in-
fluence on the growing phase of plants (McKean et al.,
1997). In case of wood species these chemical compo-
sition variations also exist but they are not as high as in
annual plants. For instance, beech wood that was sam-
pled in different locations with various soil type and
phytocoenoses, the statistically significant differences
were found in the solvent extractives and cellulose
content, while the difference in ash, lignin and wood
polyoses content were negligible [Antonovi¢ et al.
2007]. Therefore, it could be concluded that non-wood
fibrous raw materials have more variations in chemical
composition for the same species than wood (Hunter,
1988). The analysis presented in this research showed
that present amounts of cellulose, lignin and solvent
extractives (Table 2) were similar to those encountered
in softwood and hardwood (Rowell ef al., 2005). Cel-
lulose obtained by Kiischner—Hoffer method was rela-
tively high in all-analysed straw: barley (45.89 + 0.72)
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%, wheat (48.28 = 1.01) % and triticale (52.88 + 0.49)
%, which makes these cereals interesting raw materials
for pulp and paper industry. Lignin content was signifi-
cantly low in triticale straw (12.59 + 1.77) %, while it
was much higher in two other straws: barley (21.71 +
1.17) % and wheat (24.66 + 1.63) %. As expected, ash
content determined at 525 °C was relatively high in all
analysed straws, considering that it is a distinguishing
quality for all non-wood raw materials. Wheat straw
had the highest ash content (9.27 + 0.33) %, which
could be considered as a serious disadvantage in the
pulping and papermaking context. Barley straw has
somewhat lower ash content (7.14 + 0.14) % and the
triticale straw had the lowest ash content (5.27 = 0.16)
%. The issue of potentially high ash content in straw
could be easily solved by fractionating, that is, singling
out the components with less desirable properties, such
as leaves and nodes (pre-treatment), which will have a
positive effect on the ash content, and eventually the
pulp and paper properties (McKean et al., 1997). Ac-
cording to complete chemical composition presented
in Table 2, it is clearly noticeable that triticale straw
contains the highest amount of cellulose (52.88 + 0.49)
% and at the same time the lowest amount of non-cel-
lulose components, especially lignin (12.59 + 1.77) %
and ash (5.27 £ 0.16) %.

As previously noted, low mineral content in the
plant material is preferred in fibre production (Sai-
jonkari-Pahkala, 2001). By ICP-MS analysis in all
straw samples, K was determined in a notably higher
concentration than other macro elements (Table 3).
That is in correlation with the results obtained in other
researches of wheat (Antongiovanni et al., 1991; Rou-
su et al., 2002; McKean et al., 1997) and barley (An-
tongiovanni ef al., 1991). The highest concentration of
K was observed in triticale straw. High concentration
of K was characteristic of all cereal straw. Macro ele-
ments in all-analysed straws followed the sequence
K>Ca>Mg>P.

The amounts of some nutrients in straw have neg-
ative impacts on facilities equipment used during the
raw material conversion to pulp (Si) and some (Cu, Fe,
Co, Mn, Pb and Zn) on the optic and quality of paper as
a final product of paper production (Saijonkari-Pahkala,
2001). These metals may be added to the paper from the
fibre source (straw), which may contain trace elements
from the ground in which it was grown, or by the equip-
ment, water and chemicals used in the paper manufac-
turing process. Their presence can cause disadvanta-
geous changes in paper as it ages and is exposed to
mould, high relative humidity, light, and pollution or/
and some conservation treatments (e.g., oxidative and
reduction bleaching) (Leponiemi ef al., 2010; Sridach,
2010; McKean et al., 1997). From all nutrients, Si is the
most damaging element in the raw material for pulping,
because it complicates the recovery of chemicals, wears
out the installations of paper factories and can affect the
paper quality (Saijonkari-Pahkala, 2001; Gonzalez et
al., 2008; Sotannde et al., 2014 ). According to gained
results of straw chemical composition analysis (Table
3), it could be concluded that barley straw contains the

123



Plazonié, Barbaric¢-Mikocevié, Antonovié: Chemical Composition of Straw... eeeeeseesssss

highest concentration of all analysed microelements.
These microelements are present in wheat straw in a sig-
nificantly lower concentration, while their concentration
is the lowest in triticale straw. This trend does not pertain
only to Mn concentration, as this microelement has been
determined to have the highest concentration in triticale
straw. The results of Si concentration in triticale straw
indicate that this cereal contains significantly less silicon
than the other two analysed straw crops (Table 3). The
concentrations of all analysed nutrients in wheat, barley
and triticale straws (Table 3) are in correlation with
those reported by Koppejan (Koppejan et al., 2008). It
was confirmed that the concentration of Si in barley
straw is high. The amount of undesirable minerals in a
pulping process can be minimised by choosing a suita-
ble straw as the raw material for pulping based on its
chemical composition.

5 CONCLUSION
5. ZAKLJUCAK

Chemical composition of three alternative sourc-
es of fibres was determined. According to the obtained
results, it was evident that straw as non-wood plant ma-
terial has nearly the same cellulose content as most
wood spices, lower content of lignin and higher amount
of ash and solvent extractives. Conducted chemical
component analysis showed that wheat, barley and trit-
icale straw contain a high amount of cellulose, which
justifies their valorisation as a source of fibres in paper-
making industry. All obtained results indicated that
triticale straw contains the highest amount of cellulose
(and o-cellulose) and has, at the same time, the lowest
lignin and ash content. Undesirable minerals in a pulp-
ing process are present in a low content in triticale
straw. It could be concluded from the chemical point of
view, that triticale represents the type of fibre source
that can bring competitiveness and vitality to paper in-
dustry as an alternative non-wood raw material.

Knowledge of the composition of raw materials
and their variations due to agro-climatic conditions of
growth is essential in the chemical treatment to extract-
ed cellulose fibres. For obtaining a quality pulp from
straw, it is important to use the proper method for fibre
isolation in order to avoid the loss of cellulose content
during the separation of non cellulose components
from the lignocellulose structure of straw. It is impor-
tant to point out that the chemical composition of raw
materials is the first indication of their potential use in
cellulose fibre isolation. However, physical, chemical
and morphological characteristics of isolated fibres
also have a great impact on the pulp production and
consequently on paper properties. Therefore, further
research will be devoted to fibre isolation and to find-
ing out which isolation process could provide the high-
est quality fibres based on their physical, chemical and
morphological properties.
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