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Abstract

Fiber dimensions and lignin and cellulose content of various highly productive, non-wood plants and agricultural residues
were examined to assess their suitability for paper production. Plants like kenaf (Hibiscus cannabinus L.) and giant reed (Arundo
donax L.) internodes gave very good derived values, especially slenderness ratio, which is directly comparable to some softwood
and most hardwood species. Cotton (Gossypium hirsutum L.) stalks, miscanthus (Miscanthus x giganteus) and switchgrass
(Panicum virgatum L.) have shorter fibers resulting to poorer flexibility and Runkel ratios, but still satisfactory slenderness
ratios. Finally, fibers from olive tree (Olea europea L.) and almond tree (Prunus dulcis L.) prunings presented relatively short
and thick fibers producing the poorest derived values among all the species examined. Fiber dimensions did not differ significantly
within each species, when samples from different stalks/branches or different positions (base, middle top) were examined. The
only exception were cotton stalks, where those differences did not have any significant effect on fiber derived values.

Chemical analysis of the raw plant materials revealed satisfactory levels of a-cellulose content (close to 40%) and Klason
lignin content (<30%) compared to those of hardwoods and softwoods. Relatively increased (>25%) lignin content in miscanthus,
switchgrass and almond prunings may require additional pulping time and chemical charge compared to those of other non-wood
raw materials. Analysis of samples at various heights/lengths of the plant materials showed that lignin and cellulose content
depends on tissue maturity, but does not change significantly within each species.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction 1998). In view of the shortage of conventional raw ma-
' terials for pulping and the increasing demand for paper

World paper consumption was about 300 million products worldwide, non-wood plants and agricul-
tons in 1996/1997 and is expected to rise above 400 tural residues attracted renewed interest, especially in
million tons by the year 2010 (Hurter and Riccio, Mediterranean countries like Spain, Italy and Greece
with insufficient forest resources. Non-wood plants
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and chemicals use during pulping (Hurter and Riccio,
1998).

In 1998, Greece imported about 400,000t of
newsprint and other paper products at a cost of about
€300 million (Greek National Statistical Service,
Division of Industry and Commerce, 1999). It is, there-
fore, evident that new, domestic sources of pulp and
paper raw materials would not only reduce imports,
but they would also provide an economic incentive to
the agricultural and industrial sectors of Greece.

The importance of plant materials fiber dimensions
and their derived values (slenderness ratio, flexibil-
ity coefficient and Runkel ratio) on pulp and paper
mechanical strength is well documented. Seth and
Page (1988) have shown that, under certain conditions,
tearing resistance depends strongly on fiber length,
whereas Horn (1978) reports that increase in raw mate-
rial fiber length enhances the tearing strength of hard-
wood pulps. Using multiple regression analysis, Horn
and Setterholm (1990) also found that the majority
of variation in burst and tensile strength in hardwood
pulpsheets could be accounted for by fiber length and
cell wall thickness. Kellogg and Thykeson (1975) and
Matolcsy (1975) have also pointed out the significance
of fiber dimensions in predicting wood pulp mechani-
cal properties. In an extensive review of the literature,
Dinwoodie (1965) stressed the importance of the three
derived values on pulp strength, whereas researchers
like Saikia et al. (1997) and Ogbonnaya et al. ( 1997)
have successfully used those derived values to assess
the suitability of various non-wood fiber raw materials
for pulp and paper manufacture.

Paper strength also depends on the lignin and cel-
lulose content of raw plant materials; pulp mechani-
cal strength and especially tensile strength is directly
proportional to cellulose content (Madakadze et al.,
1999), whereas lignin is an undesirable polymer and
its removal during pulping requires high amounts of
energy and chemicals.

The objectives of the present study were to (a) ex-
amine the fiber dimensions and lignin and cellulose
content of several non-wood plants and agricultural
residues, (b) estimate their suitability for paper pro-
duction using various indices and (c) assess their
potential as raw materials for paper production by
comparing their examined properties with those of
softwoods and hardwoods, which are taken as refer-
ence materials traditionally used for paper production.

2. Materials and methods
2.1. Raw materials

Four species_of non-wood plants were selected for
the study: kenaf (Hibiscus cannabinus Everglades
71 variety), giant reed (Arundo donax), switchgrass
(Panicum virgatum) and miscanthus (Miscanthus x
giganteus). The above species have experimentally
been cultivated as energy production crops in Greece
at the Center of Renewable Energy Sources (CRES)
at Pikermi, Attica. All species have shown good
adaptability to the Greek pedoclimatic conditions
with satisfactory biomass production, ranging from
8 to 35t/ha, whereas irrigation and fertilization re-
quirements range from 300 to 700 mm and 40120 kg
N/ha, respectively (Mardikis and Namatov, 1999).

In addition to the above four plants, three types
of agricultural residues were also examined: cotton
(Gossypium hirsutum) stalks, olive tree (Olea euro-
pea) and almond tree (Prunus dulcis) prunings. Cotton
stalks usually remain in the field after cotton collec-
tion at an annual amount of about 475,000t (available
dry weight), whereas olive and almond tree prunings
(amounting to 980,000 and 43,000t respectively) are
either burned in situ or used as a fuel in fireplaces or
wood stoves (Panoutsou et al., 1999).

2.2. Fiber dimensions and derived values ( indices)

2.2.1. Fiber dimensions

Five stalks were obtained from each non-wood
plant species and cotton, whereas five branches (prun-
ings) were collected from olive and almond trees re-
spectively. In order to get more representative results,
three samples from each stalk/branch were taken
at 10% (base), 50% (middle) and 90% (top) of its
height/length respectively, an approach similar to that
followed by Paraskevopoulou (1987, p. 64). For fiber
length determination, small slivers were obtained and
macerated with 10 ml of 67% HNO; and boiled in
a water bath (100° % 2°C) for 10min (Ogbonnaya
et al., 1997). The slivers were then washed, placed in
small flasks with 50ml distilled water and the fiber
bundles were separated into individual fibers using a
small mixer with a plastic end to avoid fiber breaking.
The macerated fiber suspension was finally placed
on a slide (standard, 7.5cm x 2.5cm) by means
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of a medicine dropper (Han et al., 1999). For fiber
diameter, lumen diameter and cell wall thickness de-
termination, cross-sections were obtained from the
same height/length as above and were stained with
1:1 aniline sulfate—glycerine mixture to enhance cell
wall visibility (cell walls retain a characteristic yel-
lowish color). All fiber samples were viewed under a
calibrated microscope; a total of 25 randomly chosen
fibers were measured from each sample for a total
of 75 fiber measurements from each stalk/branch and
375 measurements for each of the four fiber dimen-
sions of each species. For kenaf, measurements were
made for bark/core fibers and for reed for nodes and
internodes fibers.

2.2.2. Derived values

Three derived values were also calculated using
fiber dimensions: slenderness ratio as fiber length/fiber
diameter, flexibility coefficient as (fiber lumen diam-
eter/fiber diameter) x 100 and Runkel ratio as (2 x
fiber cell wall thickness)/lumen diameter (Saikia et al.,
1997; Ogbonnaya et al., 1997). The values were then
compared to those of softwoods and hardwoods to as-
sess the suitability of the plant raw materials for paper
production.

2.3. Lignin and cellulose content of plant raw
materials

The raw plant materials were analyzed for a-cellu-
lose and acid insoluble (Klason) lignin; a-cellulose
was determined using a colorimetric method with the
anthrone reagent. 0.3 g (dry weight) ground (0.5 mm)
samples were treated and boiled (at 100°C) with a
mixture of nitric/acetic acid (1:8, v/v) for 1h to re-
move lignin, hemicelluloses and xylosans after suc-
cessive centrifugations, and diluted with 67% H;SO4
(v/v). Cellulose was then determined at 620 nm using
cold'anthrone reagent (Updegraff, 1969). The method
is suitable for analyzing a large number of samples
and has been used to determine cellulose in other plant
materials (Aguiar, 2001). For each species, three sam-
ples (small cylindrical pieces), one from the base (B),
one from the middle (M) and one from the top (T),
were analyzed for each stalk/branch for a total of 15
samples per species. Due to differences in chemical
composition between nodes and internodes in reed
(Neto et al., 1997), six stalks were analyzed (18 sam-

ples, 9 for nodes and 9 for internodes). Klason lignin
was determined using the APPITA P11s-78 method
(APPITA, 1978); TAPPI method 211-om 93 was em-
ployed for correction of ash content at 525 °C (TAPPI,
1996). The same number of samples as in cellulose
determination was used, except for switchgrass (total
of five samples), whose thin stalks were less than 3 g
(dry weight) required to analyze for lignin.

2.4. Statistical analysis

Data collected was subjected to analysis of variance
(ANOVA, P < 0.05) for each species separately us-
ing appropriate statistical software. Sources of varia-
tion were stalk sampling height and branch length as
well as individual stalks and branches. Error bars in all
graphs refer to 95% Just Significant Confidence Inter-
vals. This approach provides a more accurate picture
of standard error and allows a direct visual compar-
ison of means for analyses within each species (e.g.
reed chemical composition).

3. Results and discussion
3.1. Fiber dimensions and derived values (indices)

The fiber dimensions and their derived indices are
shown in Tables 1 and 2. As a dicot, kenaf has two dis-
tinct kinds of fibers—long bark fibers, which account
for 35% of its fibrous part, and short core fibers, which
account for the rest (Manzanares et al., 1997). Bark
fibers have very good derived values (especially slen-
derness ratio) compared to those of some softwoods
and certainly to most hardwoods. Therefore, papers
made from kenaf bark fibers are expected to have in-
creased mechanical strength and thus be suitable for
writing, printing, wrapping and packaging purposes

(Saikia et al., 1997; Neto et al., 1996). Core fibers,

on the other hand, are shorter and thicker producing a
poor slenderness ratio, which in turn reduces tearing
resistance dramatically. This is partly because short
and thick fibers do not produce good surface contact
and fiber-to-fiber bonding (Ogbonnaya et al., 1997).
However, as shown in Table 3, core fibers are still
highly flexible with a good Runkel ratio and low felt-
ing power and can thus complement the higher me-
chanical strength of the bark fibers (Khristova et al.,
1998). So, the whole stem could produce a pulp of
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Table 1

Fiber dimensions of plant materials

Plant material Length (mm) Diameter (p.m) Lumen diameter (p.m) Cell wall thickness (um)

Non-wood fibers
Kenaf (bark) 232 +£ 021 219 + 46 119 + 34. 42+ 08
Kenaf (core) 0.74 + 0.08 222+ 45 132 + 36 43+ 07
Kenaf (whole)? 1.29 22.1 12.7 43 o
Reed (internodes) 1.22 + 0.07 173 + 24 85424 44 £ 08
Reed (nodes) 1.18 + 0.06 18.8 &+ 2.7 86 £ 23 56 +07
Miscanthus 0.97 + 0.08 142 £ 25 594+22 41+038
Switchgrass 1.15 £ 0.10 131 £ 238 58 £ 39 46 + 09
Cotton® 0.83 + 0.08 19.6 + 3.2 128 + 29 34407

Wood fibers
Olive tree® 0.85 &+ 0.07 15.1 £ 2.0 62+19 45+ 0.8
Almond tree® 0.77 + 0.06 131 +18 43+ 13 44 1+ 08

‘4’ refers to standard deviation.
2 Based on 65% core-35% bark fiber content.
b Stalks.
¢ Prunings.

good quality and strength. Using the whole stem is a
more attractive method as it bears significant practical
and economic advantages: it is a simple process and
free of the additional separation costs. Kugler (1988)
reported that newsprint paper of excellent quality can
be made from whole kenaf stalks and that kenaf pulp
can be mixed with conventional softwood pulps to pro-
duce a wide range of paper grades.

Table 2
Derived values (indices) for plant materials
Plant material Derived values
Slenderness .Flexibility Runkel
ratio - coefficient ratio

Kenaf (bark) 105.9 54.3 0.7
Kenaf (core) 333 59.5 0.5
Kenaf (whole)? 583 575 0.67
Reed (internodes) 70.5 49.2 1.0
Reed (Nodes) 60.0 46.0 13
Miscanthus 68.3 41.5 13
Switchgrass 87.7 442 15
Cotton® 423 65.3 05
Olive tree® 56.2 41.0 14
Almond tree® 58.7 328 20
Softwoodsd 95-120 75 0.35
Hardwoods? 55-75 55-70 0.4-0.7

2 Based on 65% core-35% bark fiber content.

b Stalks.

¢ Prunings.

4 From Smook (1997).

Reed (A. donax) internode fibers were shorter and
thinner than those of kenaf bark, still with a good slen-
derness ratio (close to that of some hardwoods) and
an acceptable Runkel ratio. Their low flexibility is ex-
pected to have an inevitably negative effect on tensile
and bursting strengths as well as on folding endurance
(Ogbonnaya et al., 1997). Node fibers have somewhat
poorer characteristics as they are shorter and thicker
than internode fibers thus producing less advanta-
geous indices (Table 3). Comparing reed pulp with
pulps from hardwoods and especially from eucalyptus
(Eukalyptus globulus) Shatalov and Pereira (2002)
found that, in general, the reed pulps have lower me-
chanical strength, but still higher tearing resistance
probably due to reed’s relatively high slenderness ra-
tio. Nevertheless, pulps from the internode parts of A.
donax are expected to give paper suitable mainly for
newsprint or they can replace conventional pulps (in
relatively low proportions) to produce quality writing
and printing papers especially after beating (Shatalov
and Pereira, 2002; Scott et al., 1995, pp. 74, 77). It is
worth noting, however, that reed stalks and especially
nodes consist of over 55% parenchyma cells which
have a significantly negative effect on pulp mechan-
ical strength (Horn and Setterholm, 1990; Shatalov
and Pereira, 2002). This negative impact is en-
hanced by the shorter and thicker node fibers which
gave poorer indices (especially Runkel ratio). How-
ever, this effect can be minimized by using suitable
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Table 3
Fiber dimensions along the stalk/branch of the plant raw materials
Fiber dimension Stalk height/ Non-wood fibers Wood fibers
branch 1 -
(;:)" chlength s Reed®  Miscanthus Switchgrass  Cotton® - Olive  Almond
‘ ] treed treed
Length (mm) 10 230 a 1.20 0.94 1.12 0.81 0.90 a 0.80 a
50 233 1.22 0.97 1.14 0.83 0.87 0.78
90 237b 1.25 0.99 1.17 0.84 082b 0.74 b
Diameter (um) 10 22.09 17.47 14.18 13.29 20.28 a 15.21 13.22
50 21.65 17.14 14.16 13.21 19.96 15.15 13.04
90 21.52 17.03 14.01 12.91 18.07 b 14.96 12.90
Lumen diameter (j.m) 10 11.03 8.51 6.11 5.87 12.86 a 6.23 4.40
50 10.69 8.29 5.91 5.93 1335 b 6.29 430
90 10.90 8.35 5.97 5.60 1232 ¢ 6.09 428
Cell wall thickness (wm) 10 4.53 4.48 4.04 4.71 37 a 4.49 441
50 4.37 4.42 4.13 4.63 331b 444 437
90 432 434 4.02 4.56 _ 318 443 . 430
Differences in values followed by a different letter for each species and dimension are statistically significant at P < 0.05 (Tukey grouping).
2 Bark.
b Internodes.
¢ Stalks. «©
9 Branches.

screening techniques before pulping along with a rise
in costs.

Miscanthus, switchgrass and cotton stalks presented
shorter fibers than kenaf and reed, with switchgrass
having the longer fibers among the three. Miscanthus
and switchgrass have very good (>60) slenderness
ratios, basically due to their thin fibers. This results in
satisfactory pulp tear indices and bursting strengths
for printing and writing purposes (Cappelletto et al.,
2000; Law et al., 2001). Despite the fact that these
two species presented relatively poor flexibility
and Runkel ratios, Madakadze et al. (1999) and
Cappelletto et al. (2000) have also reported pulp ten-
sile and bursting strengths, which allow for newsprint
paper production. Alternatively, pulp produced from
miscanthus and switchgrass, can be mixed with soft-
wood, hardwood or recycled paper pulps to increase
either printability (Madakadze et al., 1999) or me-
chanical strength (Cappelletto et al., 2000). As in the
case of reed (A. donax), a large proportion (>30%)
of miscanthus and switchgrass stems consist of short
parenchyma cells and vessel elements, which should
be removed before pulping (Law et al., 2001). On the
other hand, cotton stalks have low slenderness ratio,
but still very good flexibility and Runkel ratios, which

can yield pulps with acceptable breaking length, tear
and burst indices suitable for newsprint paper produc-
tion (Jimenez et al., 1993; Scott et al., 1995, pp. 74,
77 and 79).

Finally, olive tree prunings (branches) have short
fibers with thick cell walls, which account for the
relatively poor values in all the derived indices. In
fact, Jimenez et al. (1993), have produced pulpsheets
from olive tree fellings with very low mechani-
cal strength, whereas Lopez et al. (2000) produced
beaten kraft pulpsheets with higher breaking lengths
and burst indices, but still with a very low tear in-
dex. Based upon the fiber derived values we have
observed, almond prunings are expected to produce
pulps with similar mechanical strength to those of
olive tree fellings. Pulps from these two species could
be used as blends to partially replace hardwood pulps
in various paper grades, but still in relatively low
ratios.

3.2. Fiber dimensions along the stems/
branches of plant raw materials

Table 3 presents the change in fiber dimensions
from the bottom to the top of the stem/branches of the
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materials under investigation. Fiber length increases
from base to the top for all the non-wood plants; in a
detailed study on kenaf, Han et al. (1999) observed a
similar pattern of fiber length change, although they
found the shorter fibers in the middle and the longer at

“ the top of the stem. However, a viable comparison with
the above work cannot be made since the authors have
used different sampling, maceration and measurement
techniques and did not provide any statistical analysis
of their results. Olive tree and almond tree branches
exhibited a different trend with the longer fibers at the
base and the shorter at the top. Using the same tech-
niques with those for kenaf, Han et al. (1999) reported
similar patterns of fiber growth in Red Pine (Pinus
resinosa) and Aspen (Populus tremuloides) trunks, but
more detailed analyses are needed before a valid com-
parison between wood and non-wood fiber growth can
be made. Generally speaking, fiber diameter decreased
from bottom to the top, probably due to a similar de-
crease in cell wall thickness; this can be explained by
the fact that cell wall growth is dependent on the ac-
cumulation of metabolism products (cellulose, hemi-
cellulose, lignin, waxes, etc.), which increases with
maturity (Fahn, 1990, p. 29; Vallet et al., 1996). How-
ever, in most cases, differences in fiber dimensions
along the stalks/branches for each of the plant mate-
rials were not statistically significant (ANOVA, P <
0.05) (Table 3). Cotton stalks were a striking excep-
tion, but even in their case, the difference in the de-
rived values is relatively small and therefore rather
unlikely to have any significant impact on pulp me-
chanical properties (Table 4).

Although pulp mechanical strength also depends on
other processing variables (pulping conditions, bleach-
ing, beating, etc.), the use of certain indices associated
with fiber dimensions is still a useful tool in predict-
ing the suitability of various raw plant materials for
papermaking.

Table 4
Changes in derived values along cotton stalks

Height of stalk (%)

Derived values

10 50 90
Slenderness ratio 39.9 41.7 44.6
Flexibility coefficient 63.5 67.3 65.7
Runkel ratio 0.57 0.50 0.52
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Fig. 1. Cellulose content of the raw plant materials (error bars
refer to 95% JSCI).

3.3. Lignin and cellulose content of plant raw
materials

The contents of the basic three chemical substances
(a-cellulose, Klason lignin and ash) of the plant
raw materials are presented in Figs. 1-3. a-cellulose
content was satisfactory (close or above 40%) for
all species, even though a slight overestimation
might have occurred due to possible interferences
of the colorimetric method. According to the rating
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Fig. 2. Lignin content of the raw plant materials (error bars refer
to 95% JSCI).
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Fig. 3. Ash content of the raw plant materials (error bars refer to
95% JSCI).

system designated by Nieschlag et al. (1960), plant
materials with 34% and over a-cellulose content
were characterized as promising for pulp and pa-
per manufacture from a chemical composition point
of view. Kenaf and switchgrass had the highest
cellulose content followed by cotton stalks and
miscanthus.

Klason lignin contents were also at satisfactory
levels (<30%) for all materials except for switch-
grass. Kenaf had the lowest lignin content followed
by cotton stalks, reed and olive tree prunings (Fig. 2).
This, in practice, means that these materials need, in
general, milder pulping conditions (lower tempera-
tures and chemical charges) than those of softwoods
and hardwoods in order to reach a satisfactory kappa
number. It also indicates the potential of these mate-
rials to undergo bleaching more easily and with the
utilization of fewer chemicals. Examples of milder
pulping conditions leading to satisfactory delignifica-
tion levels are abundant in the literature. Saikia et al.
(1997) report such conditions for kenaf, Wiedermann
(1993) for reed, Lopez et al. (2000) for olive tree
prunings and Jimenez et al. (1993) for cotton stalks.
Swithgrass had the highest lignin content followed
by miscanthus and almond prunings. Madakadze
et al. (1999); Law et al. (2001) also suggest relatively
mild pulping conditions for some switchgrass vari-
eties, which appear to contain less than 25% lignin.
In our study, switchgrass contained over 30% lignin,
being closer to values reported by Hurter (1997).

It is thus evident that switchgrass is expected to
need more severe pulping conditions than those of
the rest non-wood plants. Cappelletto et al. (2000)
also recommend very mild pulping conditions for
miscanthus, but this only applies to thermomechan-
ical (TMP) and chemothermomechanical (CTMP)
pulping. Kraft pulping certainly needs higher tem-
peratures and chemical charges to ensure satisfactory
delignification.

Ash content (carbonates, Ca, K and some trace ele-
ments) is higher in switchgrass followed by reed, kenaf
and cotton stalks (Fig. 3); although high ash content
is undesirable, as it passes in the pulp, ash contents
in this study were in the typical range for non-wood
plants and are not expected to have any significant ef-
fect on pulp mechanical strength properties.

3.4. Lignin and cellulose content of plant raw
materials along the stalks/branches

Table 5 presents the ch;nge in chemical composi-
tion along the stalks/branches of the plant raw mate-
rials. There is a general tendency for a decrease in
a-cellulose, lignin and ash content as we move from
the base of the stalks or branches to the top. This was
expected since mature tissues (at the base) accumu-
late higher amounts of metabolic products than the
younger parts at the top. As far as lignin is concerned,
results on content changes along the stems reported
by Neto et al. (1996) for kenaf and Neto et al. (1997)
for reed generally agree with our findings. However,
Nishimura et al. (2002) have found higher lignin con-
tents in the middle parts of kenaf stems and the same
trend is reported for a-cellulose by Neto et al. (1996)
for kenaf, and Neto et al. (1997) for reed. This discrep-
ancy may be attributed either to different methodolo-
gies or different plant varieties that we have used in
our analyses. In a detailed study of maize (Zea mays
L.) stalks, Morrison et al. (1998) reported that lignin
and cellulose deposition increased with tissue matu-
ration, with maximum rate of lignin deposition fol-
lowing that of cellulose. The statistically significant
differences between cellulose and lignin contents es-
pecially between the base and top for some species
should be taken into account before pulping only if
they are associated with specific morphological char-
acteristics such as in the case of reed (Neto et al.,
1997; Shatalov and Pereira, 2002).
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Table 5
Chemical composition along the stalk/branch of the plant raw materials
Chemical composition  Part of Kenaf* Reed Reed Miscanthus  Switchgrass  Cotton® Olive  Almond
) stalk/branch ) (internodes)  (nodes) trec® tree®
a-Cellulose (%) B 438a 377a 339a 437a 426 438 a 417a 407a
M 42.6 36.7 326 41.8 T 414 422 40.7 39.7
T 402b 3440 308b 39.1b 41.0 40.1b 381b 37.1b
(Klason) lignin (%) B 155a 205a 197a 285 - 176 a 215a 273
M 15.0 185b 18.1 27.7 - 154 b 194b 265
T 134b 160c¢c 171b 267 - 134 ¢ 170c¢ 257
Ash (%) B 41a 49 a 55 2.1 - 35 20 22
M 4.0 44 53 1.9 - 37 19 24
T 36b 430 52 1.7 - 34 1.8 23
Differences in values of each chemical component followed by a different letter within each species are statistically significant at. P < 0.05
(Tukey grouping).
2 Whole.
® Stalks.
¢ Branches.

3.5. Cost considerations for paper production from
non-wood plants

Due to their lower lignin content (compared to
wood), non-wood plants can be pulped in one-third of
the time needed for softwoods and hardwoods. Pulp-
ing of non-wood fibers also demands around 30% less
chemical charge, and reduced power consumption in
pulp refining (Young, 1997, pp. 154, 155). Bleach-
ing of non-wood fibers is also relatively easy. The
above information means, in general, a lower cost of
production for some grades of paper from non-wood
plants. Kaldor (1998) and Paavilainen (1998) have
shown the economic feasibility of producing pulp
from non-wood fibers in existing wood pulp mills in
order to avoid new investments for building non-wood
fiber pulp mills with higher operating costs. Pulp
mills which would work with the “fee land” system
could have high quality kenaf fibers at half price com-
pared to that of Southern pine (Pinus ellioti Engelm.)
(Kaldor, 1998).

In a production cost study in Northern Greece,
Panoutsou et al. (2000) showed that giant reed could
be sold at around € 60/t assuming an average biomass
yield of 25 t/ha (dry weight) and excluding transporta-
tion and chopping costs. Huisman et al. (1997) have
also calculated the cost of supply chains of chopped
miscanthus at 127 ECU/t in the Netherlands for a
biomass yield of 12 t/ha. Assuming an average, annual

inflation rate of 2% in the EU, and that 1IECU = €1
this cost becomes around € 140/t. However, with a
reasonable assumption of a 25 t/ha yield for Greece
(Mardikis and Namatov, 1999), this price is actually
halved. Bearing in mind that hardwood bleached pulp
price is around € 400-450/t, there is still a wide mar-
gin of about €300/t to cover pulping, bleaching and
equipment costs for paper production from non-wood
fibers in Greece.

4. Conclusion

The investigation of fiber dimensions and lignin
and cellulose content of various non-wood plants and
agricultural residues along with the use of certain
indices showed that kenaf is suitable for producing
paper of various grades, whereas reed, switchgrass,
miscanthus and cotton stalks are suitable for produc-
ing mainly writing and printing papers or mixing with
conventional wood pulps to produce paper of vari-
ous uses. Olive tree and almond tree prunings have
shorter and thicker fibers producing relatively poor
index values. Pulps from these species are expected
to be of relatively low mechanical strength suitable
only for replacing hardwood pulps in low or moderate
proportions to produce newsprint or tissue paper.

The high biomass output of the non-wood plants
and the vast amounts of agricultural residues could
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provide large amounts of non-wood fibers, which
could substitute for most of the imported pulp in
Greece. Assuming an average of 45-50% screened
pulp yield (Young, 1997, pp. 146-147) and the de-
velopment of local industries, Greece could almost
rely on its own raw materials for the production of
all newsprint and tissue paper (current imports over
170,000t) at reasonable costs.

Acknowledgements

This study was funded by the General Secretariat of
Research and Technology of Greece and OikoTechnics
Institute (Program 97 YTI-34, Code 70/3/5013).

References

Aguiar, C.L., 2001. Biodegradation of the cellulose from sugarcane
bagasse by fungal cellulase. Cienc. Tecnol. Aliment. 3 (2),
117-121.

APPITA P11s-78, 1978. Klason Lignin in Wood and Pulp. APPITA
Testing Committee, Australia.

Cappelletto, P., Mongardini, F,, Barberi, B., Sannibale, M., Brizzi,
M., Pignatelli, V., 2000. Papermaking pulps from the fibrous
fraction of Miscanthus x giganteus. Ind. Crops Prod. 11, 205-
210.

Dinwoodie, J.M., 1965. The relationship between fiber morphology
and paper properties: a review of literature. Tappi 48 (8), 440—
447.

Fahn, A., 1990. Plant Anatomy. Pergamon Press, New York.

Greek National Statistical Service, 1999. Division of Industry and
Commerce Bulletin.

Han, J.S., Mianowski, T., Lin Y.-y., 1999. Validity of plant fiber
length measurement—a review of fiber length measurement
based on kenaf as a model. In: Sellers, T., Reichert, N.A.
(Eds.), Kenaf Properties, Processing and Products. Mississippi
State University, pp. 149-167.

Huisman, W., Venturi, P., Molenaar, J., 1997. Costs supply chains
of Miscanthus giganteus. Ind. Crops Prod. 6, 353-366.

Horn, R.A., 1978. Morphology of pulp fiber from hardwoods and
influence on paper strength. USDA Forest Service. Research
Paper FPL 312, For. Prod. Lab, Madison, WI, USA.

Horn, R.A., Setterholm, V.C., 1990. Fiber morphology and new
crops. In: Janick, J., Simon, J.E. (Eds), Advances in New
Crops. Timber Press, Portland, OR, pp. 270-275.

Hurter, R.W., 1997. Nonwood Plant Fiber Characteristics. TAPPI
1997 short course notes, TAPPI, Atlanta, USA.

Hurter, R.W,, Riccio, FA., 1998. Why CEOS don’t want to hear
about nonwoods—or should they? In: TAPPI Proceedings, NA
Nonwood Fiber Symposium, Atlanta, GA, USA, pp. 1-11.

Jimenez, L.A., Baldovin, FL., Herranz, J.L.F,, 1993. Evaluation
of agricultural residues for paper manufacture. Tappi J. 76 (3),
169-173. '

Kaldor, EA., 1998. The logistics and feasibility of utilizing kenaf
fibers for commercial scale processing in existing chemical
pulp mills. In: TAPPI Proceedings, NA Nonwood Fiber
Symposium, Atlanta, GA, USA, pp. 161-173.

Kellogg, R.M., Thykeson, E., 1975. Predicting kraft mill paper
strength from fiber properties. Tappi 58 (4), 131-135.

Khristova, P., Bentcheva, S., Karar, 1., 1998. Soda-AQ pulp blends
from kenaf and sunflower stalks. Bioresour. Technol. 66, 99—
103.

Kugler, D.E., 1988. Kenaf Newsprint: A Report on the Kenaf
Demonstration Project. Cooperative State Research Service,
USDA.

Law, K.N., Kokta, B.V.,, Mao, C.B., 2001. Fibre morphology and
soda-sulphite pulping of switchgrass. Bioresour. Technol. 77,
1-7.

Lopez, F., Ariza, J., Perez, I, Jiménez, L., 2000. Comparative
study of paper sheets from olive tree wood pulp obtained by
soda, sulphite or kraft pulping. Bioresour. Technol. 71, 83-86.

Madakadze, 1.C., Radiotis, T., Li, J., Goel, K., Smith, D.L., 1999.
Kraft pulping characteristics and pulp properties of warm
season grasses. Bioresour. Technol. 69, 75-85.

Manzanares, M., Tenorio, J.L., Ayerbe, L., 1997. Sowing time,
cultivar, plant population and application of N fertilizer on
kenaf in Spain’s central plateau. Biomasss Bioenerg. 12 (4),
263-271.

Mardikis, M., Namatov, E., 1999. Energeiakes kalliergies. Georgia
kai Ktinotrophia 6, 13-20 (in Greek).

Matolcsy, G.A., 1975. Correlation of fiber dimensions and wood
properties with the physical properties of kraft pulp of Abies
balsamea L. (Mill.). Tappi 58 (4), 136-141.

Morrison, T.A., Jung, A.G., Buxton, D.R., Hatfield, R.D., 1998.
Cell-wall composition of maize internodes of varying maturity.
Crop Sci. 38, 455-460.

Neto, P, Fradinho, D., Coimbra, M.A., Domingues, F,
Evtuguin, D., Silvestre, A., Cavaleiro, J.A.S., 1996. Chemical
composition and structural features of the macromolecular
components of Hibiscus cannabinus L. grown in Portugal. Ind.
Crops Prod. 5, 189-196.

Neto, P., Nunes, A., Coimbra, M.A., Domingues, F.,, Evtuguin, D.,
Silvestre, A., Cavaleiro, J.A.S., 1997. Variations in chemical
composition and structure of macromolecular components in
different morphological regions of Arundo donax L. Ind. Crops
Prod. 6, 51-58.

Nieschlag, H.J., Nelson, G.H., Wolff, J.A., Perdue, R.E., 1960. A
search for new fiber crops. Tappi 43 (3), 193.

Nishimura, N., Izumi, A., Kuroda, K., 2002. Structural
characterization of kenaf lignin: differences among kenaf
varieties. Ind. Crops Prod. 15, 115-122.

Ogbonnaya, C.I., Roy-Macauley, H., Nwalozie, M.C., Annerose,
D.J.M.,, 1997. Physical and histochemical properties of kenaf
(Hibiscus cannabinus L.) grown under water deficit on a sandy
soil. Ind. Crops Prod. 7, 9-18.

Paavilainen, L., 1998. Modern non-wood pulp mill-process
concepts and economic aspects. In: TAPPI Proceedings, NA



254 C. Ververis et al./Industrial Crops and Products 19 (2004) 245-254

Nonwood Fiber Symposium, Atlanta, GA, USA, pp. 227-
230.

Panoutsou, C., Alexopoulou, E., Nicolaou, A., 1999. Greece:
National Report on Biomass. AFB IV and Bioguide III.

Panoutsou, C., Kipriotis, E., Soldatos, P.,, 2000. Estimation of
energy crops breakeven points in Northern Greece. In: Kyritsis,
S., Beenakers, A.A.C.M., Helm, P, Grassi, A., Chiaramondi,
D. (Eds.), Proceedings of the 1st World Conference on Biomass
for Energy and Industry, vol. I, 5-9 June 2000, Seville, Spain.
James & James Ltd., pp. 463-466.

Paraskevopoulou, A., 1987. Variation of wood structural features
of cypress (Cupressus sempervirens) in Greece. Ph.D. Thesis,
Institute of General Botany, University of Athens.

Saikia, S.N., Goswami, T., Ali, F,, 1997. Evaluation of pulp and
paper making characteristics of certain fast growing plants.
Wood Sci. Technol. 31, 467-475.

Scott, W.E., Abbott, J., Trosset, S., 1995. Properties of Paper: An
Introduction. TAPPI Press, Atlanta, GA, USA.

Seth, R.S., Page, D.H., 1988. Fiber properties and tearing
resistance. Tappi J. 71 (2), 103-107.

Shatalov, A.A., Pereira, H., 2002. Influence of stem morphology
on pulp and paper properties of Arundo donax L. reed. Ind.
Crops Prod. 15, 77-83.

Smook, G.A., 1997. Handbook for Pulp and Paper Technologists.
Angus Wilde Publications, Vancouver.

TAPPI 211 om-93, 1996. Ash in wood, pulp, paper and paperboard:
combustion at 525 °C. Committee of the Process and Product
Quality Division, TAPPI, Atlanta, GA, USA.

Updegraff, D.M., 1969. Semimicro determination of cellulose in
biological materials. Anal. Biochem. 32, 420-424.

Vallet, C., Chabbert, B., Czaniski, Y., Monties, B., 1996.
Histochemistry of lignin deposition during schlerenchyma
differentiation in alfalfa stems. Ann. Bot. 78, 625-632.

Wiedermann, A., 1993. Reeds. In: Kocurek, M.J. (Ed.), Pulp and
Paper Manufacture, Secondary Fibers and Non-wood Pulping.
TAPPI Press, Atlanta, GA, USA, pp. 94-104.

Young, R.A., 1997. Processing of agro-based resources into pulp
and paper. In: Rowell, RM., Young, R.A., Rowell, JK.
(Eds.), Paper and Composites from Agro-based Resources.
CRC Press/Lewis Publishers, New York, pp. 137-245.



